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1. Overview 

1.1.  Abstract 

Pancreatic ductal adenocarcinoma (PDAC) has become one of the leading causes of 

cancer related death worldwide due to its aggressive local behavior and early metastatic 

spread. The heterogenic composition of the tumor itself and its microenvironment 

decreases the efficacy of common chemotherapeutic drugs. As a result, a combination 

of high-dose cytostatic agents, the FOLFIRINOX-regimen, has to be employed as a 

treatment strategy for advanced PDAC. But even this strict therapeutic setup promises 

a survival benefit of only a couple of months, while posing the risk of severe adverse side 

effects.  

Many studies have shown that overexpression of the cell surface protein CD44 is 

common in pancreatic ductal adenocarcinoma and is associated with advanced local 

aggressiveness of tumors, formation of metastases and significant reduction in overall 

survival. CD44 interacts with hyaluronic acid and other components of the extracellular 

matrix and is involved in signal transduction on known tumor-promoting subcellular 

pathways. Furthermore, CD44 and especially its isoform CD44v6, which contains an 

alternatively spliced exon, convey undesirable cancer stemness traits to PDAC tumors.  

To overcome the limitations and difficulties of chemotherapeutic treatment in PDAC, in 

this study a targeted drug delivery system is implemented. An exceptionally elegant 

approach to this case is comprised of aptamers, RNA-molecules that are often referred 

to as ‘nucleic acid antibodies’. The binding affinity of aptamer oligonucleotides can be 

prompted towards any desired molecular target through a process of mutagenesis and 

evolutionary selection (the SELEX-cycle). The molecules are significantly smaller than 

antibodies, nontoxic, nonimmunogenic and easily modifiable by incorporation of altered 

nucleotides into their RNA-backbone.  

In this work, aptamers with selective specificity for CD44 were generated, their binding 

properties were evaluated, and the molecules were modified by incorporation of 5-

Fluorouracil in place of every Uracil residue. The respective drug is part of the 

FOLFIRINOX-regimen in the clinical treatment of PDAC. No specific aptamer selectivity 

could be achieved for the exon variant 6 of CD44 in an experimental subset. The 5FU-

modified CD44-specific aptamers showed a strong cytostatic effect on pancreatic cancer 

cells in vitro, which scaled with the degree of cellular CD44 expression and was specific 

for 5FU administration. Interestingly, the generated aptamers exerted supraadditive 

inhibitory effects on pancreatic cancer cell growth. The observation could be explained 

by in silico modeling of the molecular interaction, which revealed severe obstruction of 

the hyaluronan binding pocket of CD44 by the generated aptamers.  
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More work is needed to obtain a deeper understanding of the mechanistic processes 

that are caused by treatment with the generated CD44-specific aptamers. However, in 

general, this novel approach is a step toward overcoming the limitations that are 

associated with PDAC treatment on multiple molecular levels. 
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1.2. Zusammenfassung 

Das duktale Adenokarzinom des Pankreas (PDAC) ist aufgrund seines aggressiven 

lokalen Wachstums und der frühen metastatischen Aussaat zu einer der führenden 

Ursachen für krebsbedingte Todesfälle weltweit geworden. Die heterogene zelluläre 

Zusammensetzung des Tumors selbst und des Microenvironments limitieren die 

Wirksamkeit gängiger Chemotherapeutika. Für die Behandlung des fortgeschrittenen 

PDAC muss daher eine Kombination hochdosierter Zytostatika, das FOLFIRINOX-

Regime, eingesetzt werden. Doch selbst dieses aggressive therapeutische Setup 

verspricht lediglich einen Überlebensvorteil von wenigen Monaten, birgt jedoch das 

Risiko schwerwiegender unerwünschter Nebenwirkungen. 

Mehrere Studien haben gezeigt, dass das Oberflächenprotein CD44 beim duktalen 

Adenokarzinom des Pankreas häufig überexprimiert ist und mit fortgeschrittener lokaler 

Tumoraggressivität, Metastasenbildung und einer signifikanten Verschlechterung des 

Gesamtüberlebens einhergeht. CD44 interagiert mit Hyaluronsäure sowie anderen 

Komponenten der extrazellulären Matrix und ist an der Signalübertragung über bekannte 

tumorfördernde subzelluläre Signalwege beteiligt. Darüber hinaus sind CD44 und 

insbesondere seine Isoform CD44v6, die ein alternativ gespleißtes Exon enthält, 

Kontributoren von Stammzell-ähnlichen Merkmalen in pankreatischen Tumorzellen.  

Als neuer Ansatz zur Überwindung von Limitationen der chemotherapeutischen 

Behandlung des PDAC wird in dieser Arbeit ein „targeted drug delivery“-System 

implementiert. Eine besonders elegante Herangehensweise stellen dabei die 

sogenannten Aptamere dar. Dies sind RNA-Moleküle, die oft als „Nukleinsäure-

Antikörper“ bezeichnet werden. Aptamer-Oligonukleotide, die spezifisch an eine 

beliebige molekulare Zielstruktur binden, können durch einen Prozess von 

Zufallsmutationen und evolutionärer Selektion (dem SELEX-Zyklus) generiert werden. 

Die Moleküle sind deutlich kleiner als Antikörper, nicht toxisch, nicht immunogen und 

einfach modifizierbar durch den Einbau chemisch veränderter Nukleotide in das 

Rückgrat der RNA. 

Im Rahmen dieser Arbeit wurden Aptamere mit selektiver Spezifität für CD44 generiert, 

im Hinblick auf ihre Bindungskinetik evaluiert und durch Einbau von 5-Fluorouracil 

anstelle jedes Uracil-Moleküls modifiziert. Dieses Medikament ist Teil des FOLFIRINOX-

Regimes zur medizinischen Behandlung des PDAC. In einem experimentellen 

Nebenversuch konnte keine spezifische Aptamer-Selektivität für die Exon-Variante 6 von 

CD44 erreicht werden. Die modifizierten, CD44-spezifischen Aptamere zeigten in vitro 

eine starke zytostatische Wirkung auf Bauchspeicheldrüsen-krebszellen, welche mit 

zunehmender zellulärer CD44-Expression anstieg und spezifisch auf die Wirkung von 

5FU zurückgeführt werden konnte. Interessanterweise konnte ein supraadditiver 
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Hemmeffekt durch die Aptamere auf das Wachstum der Krebszellen beobachtet werden. 

Dieser Effekt konnte durch ein in-silico berechnetes Modell der molekularen 

Interaktionen erklärt werden, das eine starke Obstruktion der Bindungsstelle für 

Hyaluronsäure auf CD44 durch die generierten Aptamere zeigte. 

Weiterführende experimentelle Arbeit ist erforderlich, um ein tiefgreifendes Verständnis 

über die subzellulären Prozesse zu erlangen, die durch Administration der CD44-

spezifischen Aptamere induziert werden. In Zusammenschau der Ergebnisse ist dieser 

neu entwickelte Ansatz ein wichtiger Schritt für die Weiterentwicklung der PDAC-

Therapie, da er das Potential der konventionellen Behandlungsstrategien auf mehreren 

molekularen Ebenen erweitert.  
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2. Introduction 

2.1.  Clinical significance of PDAC 

Pancreatic ductal adenocarcinoma comprises one of the leading causes of cancer 

related death worldwide with a dismal  5-year survival rate of only 11%, while rather 

moderate improvement of 6% regarding the clinical survival outcome has been observed 

over the last years [1], [2]. By 2023 PDAC has reached the top 4th rank of cancer caused 

mortality in women and men [1]. While its incidence is lower compared to other malignant 

diseases, there is a continuous annual increment of 1%, which poses the risk of PDAC 

becoming the second leading cause of cancer-related death worldwide by 2030 [1, 3].  

 

 

Figure 1. Incidence and survival rates depending on cancer type (CJC 2023) [1]: Pancreatic 

cancer is comprising 3% of the estimated new cancer cases while reaching the top 4 with 8% of 

cancer related deaths worldwide. 
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Among the most prominent reasons for this tumor behavior is the lack of early symptoms 

and thus diagnosis mainly in late stages of cancer (>80%) with limited treatment options, 

mostly due to infiltration of adjacent organs and vessels [4]. Surgery remains the only 

curative approach but is solely applicable in the small fraction of tumors that are locally 

controlled [5]. Most patients have to rely on aggressive chemotherapy that promises a 

progression-free survival benefit of a median of 6 to 12 months [5, 6].  

The first-line treatment option for “fit” patients is comprised by the FOLFIRINOX regimen 

(5-Fluorouracil, Oxaliplatin, Irinotecan, and Leucovorin), that poses the risk of severe 

adverse effects like cytopenia, diarrhea, pain and fatigue [7], [8], [9]. For patients with 

higher frailty, a limited treatment approach has to be employed, usually by 

gemcitabine/nab-paclitaxel or even by gemcitabine-monotherapy, which limits the 

survival rates considerably [10].  

One of the main reasons for the relatively low efficacy of antitumor drugs in PDAC is the 

complex heterogeneity of the tumor itself and of its microenvironment [11], [12], [13]. 

Strong desmoplastic behavior facilitates the generation of a stromal barrier that impedes 

the desirable distribution of drugs within the tumor, leading to increased harm to 

bystander tissue by the chemotherapeutic agents [14]. The extracellular tumor matrix 

and the cancer-associated fibroblasts contribute significantly to tumor differentiation and 

progression [15]. Furthermore, a subpopulation of cancer cells with stem-like traits 

(cancer stem cells) enhances the capacity of self-renewal of the tumors, thus conveying 

strong chemoresistance [16]. These subpopulations also play a crucial role in cancer 

differentiation, by orchestrating epithelial-to-mesenchymal transition (EMT) [17], [18] and 

there is evidence that they facilitate organ specific metastatic tumor spread [19]. 

PDAC tumors are generally considered to be rather immunologically inactive with lower 

inflammatory activity and immune cell infiltration [20], [21]. One reason for that is the 

comparably low level of mutational occurrences, which leads to formation of fewer 

neoantigen structures, that could serve as immune system activators [22]. This 

complexity of the PDAC microenvironment is the reason, why the recently implemented 

immune checkpoint inhibiting drugs (ICIs), that have shown extraordinary treatment 

efficacy in many solid malignant diseases, show a rather limited therapeutic effect in 

most pancreatic cancers [23], [24]. 

The most promising approach to overcome these limitations is the implementation of a 

targeted drug delivery system that can orchestrate therapeutic agents directly to tumor 

cells while sparing adjacent tissue and the stromal surrounding, thus reducing cytotoxic 

side effects [25].  
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There is one FDA-approved target-specific PDAC therapy in 2023 comprised by the 

EGFR-inhibitor drug erlotinib in combination with gemcitabine. A randomized phase III-

trial showed a statistically significant survival benefit of that treatment in late-stage 

pancreatic cancer, however the overall improvement of median survival averaged at only 

0.33 months compared to the combination of placebo with gemcitabine [26], [27].  

Over 85 % of pancreatic tumors show a variation of a KRAS mutation [28], but direct 

targeting of KRAS and its downstream pathways, such as RAF/MEK/ERK and PI3K/Akt, 

has faced setbacks as inhibitors often activated feedback pathways, thus diminishing the 

clinical therapeutic effects [29], [30], [31]. 

The overexpression of vascular endothelial growth factor (VEGF) has been shown to be 

associated with tumor progression, metastatic dissemination and worse prognosis in 

PDAC [32], [33]. Unfortunately, assessed VEGF-inhibitors have largely been ineffective, 

mostly due to PDAC's dense stroma, which leads to reduced vascularization, thus 

hindering efficient drug delivery and diminishing the therapeutic potential [34], [35]. 

The dense fibrous stroma itself, that comprises over 90% of the tumor mass, has also 

been considered as a therapeutic target because of its crucial role in PDAC 

pathophysiology [36]. There have been approaches of targeting components of the 

extracellular matrix environment like hyaluronic acid (HA) by hyaluronidases and matrix-

metalloproteases. The effects of those treatment regimens varied considerably and 

some of the clinical trials had to be halted due to increased drug toxicity and worse 

survival outcomes [37], [38]. But recent evaluations showed that some combinations like 

the matrix-metalloprotease 9 plus gemcitabine/gemcitabine and nab-paclitaxel have 

promising effects while maintaining a low risk profile [39].  

Lastly, cancer stem cells (CSCs) and their signaling pathways (Notch, WNT, JAK/STAT) 

are constantly evaluated as targets for directed treatment approaches. There have been 

promising results of reduction of CSC frequency, thus enhancing chemotherapy effects 

in preclinical and early-phase studies [40]. But overall, many studies have shown limited 

treatment outcomes in their respective settings, suggesting that targeting CSCs alone 

may not be sufficient [41], [42]. 

Overall, the field of targeted therapy in pancreatic cancer is continuously expanded in 

various approaches, due to being one of the most promising frontiers for overcoming the 

limitations associated with PDAC treatment. There is substantial need for reaching 

improvement of survival rates and clinical strategies in pancreatic cancer therapy 

because of its growing epidemiologic relevance. 
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2.2. The role of CD44 in pancreatic cancer 

The CD44 protein, also known as the “Indian blood group” [43], is a cell surface receptor 

whose main binding targets are hyaluronic acid (HA) [44] and other components of the 

extracellular matrix [45]. CD44 consists of an aminoterminal domain that binds to 

extracellular HA, a stem region, a transmembrane segment, and an intracellular part, as 

visualized by Ponta et al. [46].  

 

 

 

Figure 2. Visualization of the CD44 protein from Ponta et al. [46]: The different regions of the 

CD44 protein are displayed in relation to the cell membrane. ‘SS’ indicates disulfide bonds, ‘P’ 

indicates serine phosphorylation, the colored shapes indicate post-translational modification sites. 

On the right side, the stem region of CD44 is enriched with all possible exon variants that can be 

obtained by alternative splicing. 

 

The whole protein can vary in size from 82kDa to 200kDa [47] due to two distinct 

processes that modify the properties of CD44: On the one hand, extensive post-

translational modification [48], on the other hand, insertion of variable polypeptides into 

the stem region by alternative splicing [49]. The transmembrane region of the protein 

carries the function of receptor regulation by associating CD44 with lipid raft domains, 

hence bringing different surface receptors into close proximity  [50]. The cytoplasmic tail 

of CD44 interacts with proteins of the erzin-radixin family, which link the cell surface to 
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the actin cytoskeleton [51] but it also interacts with crucial kinase signaling pathways, 

making the CD44 protein a coreceptor [52].  

CD44 is known to be overexpressed in pancreatic cancer, reaching a level of CD44-

positivity of up to 73% of tumor tissue samples [53], [54]. The protein expression level is 

associated with advanced local tumor aggression, lymph node invasion and metastasis 

formation [55]. A study by Li et al. (Int J Clin Exp Pathol. 2015) comparing the median 

overall survival time of PDAC patients with respect to CD44 showed a significant 

difference of 28 months in the CD44-negative group, compared to 17 months in the 

CD44-positive group [54]. 

Mechanistic analyses indicate that CD44 transduces tumorigenic signaling through the 

interaction of its cytoplasmic domain with the tyrosine kinase c-Src [56]. This interaction 

is able to induce downstream activation of multiple known oncogenic pathways such as 

STAT3, PI3K, and MAPK [54], [56], [57] that induce, hold and promote tumor 

aggressiveness. Homophilic CD44-receptor interaction has also been reported to 

activate PAK2/PTK2 or EGFR signal pathways [58]. There is evidence, that CD44 is a 

major driver of epithelial-mesenchymal transition and the formation of metastases by 

regulation of membrane-bound matrix metalloproteases [59], [60]. 

Furthermore, CD44 is one of the stemness markers of cancer cells and seems to strongly 

contribute to tumorigenesis of clonal populations [61]. Especially in pancreatic cancer, 

the interaction of CD44 with the extracellular matrix microenvironment promotes 

stemness characteristics such as self-renewal and drug resistance in tumor cells [62].  

A subtype of CD44 has been shown to be directly associated with cancer cell 

differentiation in PDAC: The splice variant containing exon 6 (CD44v6) [63]. The 

presence of exon v6 is crucial for HGF / c-Met-signaling [64] which facilitates systemic 

spread of tumor cells. Higher expression of CD44v6 is associated with significantly lower 

overall survival [65].  

Recent studies have shown that chemotherapeutic treatment of pancreatic cancer cells 

can induce a phenotypic switch leading to increased invasiveness and drug resistance 

through facilitation of an isoform change from CD44v to CD44s, leading to increased 

activity of ABC-transporter expression and capacity for DNA repair, underlining the 

importance of CD44 in PDAC pathophysiology [66], [67]. Many preclinical studies show 

that inhibition of the CD44-ligand interactions and CD44-exression lead to significant 

reduction of cancer cell proliferation, drug resistance, stemness traits and invasiveness 

[68], [69].  

The field of clinical investigation regarding the role of CD44 in PDAC is still sparsely 

elucidated. Gocke et al. (BMC Cancer, 2021) show in a retrospective tissue analysis, 
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that the presence of CD44 and CSC markers in postoperative patient samples correlates 

considerably with the probability of PDAC recurrence [70]. Similar results were obtained 

by Chih-Po et al. (in vivo, 2018), who showed that CD44-expression was an independent 

predictor of tumor reoccurrence after 6 months following resection [71]. 

Taking all of the above into account, CD44 and its splice variant v6 comprise very 

promising cellular targets for a directed chemotherapeutic approach. The proteins of the 

CD44 family are enriched in PDAC and associated with unfavorable characteristics, so 

the depletion of this population seems very beneficial for cancer therapies. 

 

 

2.3. Aptamers as an advantageous targeted drug delivery system 

In the year 1990, Tuerk and Gold identified a nucleic acid oligomer with protein-binding 

capabilities and used mutagenesis and selectional pressure to increase its target affinity 

and selectivity by several magnitudes [72]. This method was refined and expanded by 

Ellington and Szostak to a process of ‘Systematic Evolution of Ligands by Exponential 

enrichment’ (short: SELEX), which allowed for the selection of nucleic acid molecules 

with high affinity to virtually any molecular target [73]. They named the enriched 

oligonucleotides “aptamers”, which basically means “fitting particles”.  

Modern implementations of the SELEX method employ a library of DNA or RNA 

molecules with conserved flank regions (for primer-based amplification) and a variable 

center region composed of random nucleotides (for variable binding properties). This 

DNA/RNA pool is subjected to multiple rounds of exposure to a target molecule, followed 

by retrieval and amplification of bound oligonucleotides. If necessary, negative selection 

steps can be included in order to dispose of unwanted off-target cross-binding. Upon 

completion of the SELEX-cycle, only sequences with the most favorable desired binding 

properties are enriched [74].  

The aptamer-oligonucleotides comprise a very versatile targeting system with several 

advantages over traditional selective molecules, such as antibodies. First, the molecular 

weight of aptamers is significantly lower than the weight of protein-based molecules, 

enabling better tissue penetration and more desirable biodistribution [75]. Second, the 

whole selection process can be easily implemented in most laboratories without 

advanced technical requirements, rendering aptamers very cost-efficient. Furthermore, 

the aptamer platform offers a wide variety of possible chemical properties through 

inclusion of altered nucleotides. For example, modification of the 2’-residue of 

nucleotides by fluoridization makes RNA-aptamers resistant to nuclease degradation 

[76], incorporation of 5-Fluoro-UTP instead of UTP conveys cytostatic drug effects to the 
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aptamers [77] while other alterations increase the diversity of possible three-dimensional 

configurations. Another advantage of aptamers lies in the fact that they can be analyzed 

and synthesized solely on the basis of their nucleic acid code. This facilitates the 

generation of antidotes by implementation of complementary antisense oligonucleotides 

that can specifically neutralize aptamer-mediated effects [78]. And finally, systemic 

aptamer administration has been shown to induce fewer cytotoxic and immunogenic 

responses compared to the side effects commonly observed for protein-based drugs 

[79], [80]. Because of the above-mentioned, favorable properties, aptamers can be 

utilized in novel approaches of combined, diagnostic and therapeutic targeting of cancer 

cells, as depicted by Mahajan, Li et al. [77]. 

 

 

 
Figure 3. Aptamers: A Novel Targeted Theranostic Platform by Mahajan, Li et al. [77]: Due 

to their chemical versatility, aptamers can be modified in numerous ways and utilized as a platform 

for theranostic targeting by combined incorporation of chemotherapeutical agents for cancer 

treatment, radionuclides for PET/MRI imaging, and fluorescent dyes for in vivo imaging. 

 

Although the concept of aptamers has been known for many years, no loss of interest 

can be observed, and the system is still modified, expanded, and implemented in a 

variety of clinical and preclinical applications [81]. The advantages of aptamers add 

multiple layers of possibilities to the concept of targeted drug delivery. In general, this 

approach promises to overcome many limitations associated with the utilization of 

conventional antibody-based strategies.  
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In the year 2004 the first aptamer therapeutic was approved by FDA. Pegaptanib 

(“Macugen”) is an RNA oligonucleotide that inhibits VEGF and is clinically in use for 

intravitreal treatment of oculovascular diseases like age related macular degeneration 

[82]. In August of 2023, a second RNA-aptamer gained FDA approval. Pegol (“Izervay”) 

showed considerable effects in treatment of geographic macular atrophy by inhibition of 

the complement protein C5 [83]. By now, no aptamers for the treatment of cancer are 

approved. 

A query of the Clinical Trials Database (www.clinicaltrials.gov) shows, that there are 

currently 36 clinical studies listed, that involve aptamers (Dec 2023). 3 of these studies 

focus on cancer diagnosis and treatment, one on distinction of malignant from benign 

colorectal cancers via labeled ssDNA-aptamers [84], one on molecular biosensors for 

detection of bladder cancer (NCT02957370) and one on treatment of retinal tumors via 

a pegylated anti-VEGF aptamer [85]. 

The majority of research regarding aptamer applications in cancer is still carried out in 

the preclinical domain. There are multiple creative, promising approaches of aptamer 

utilization as a theranostic platform [81], [86], [87].  

It is possible to select aptamers with inhibitory effects on tumorigenic cellular pathways, 

which is hard to achieve by implementation of antibodies or peptides [88]. Furthermore, 

aptamers can be employed as regulatory inhibitors, for example as blockers of Cas9, 

that lose their inhibitory effect upon binding to a specific target, as shown by Zhao et al. 

(Nucleic Acids Res. 2021) [89].  

Aptamers can be elegantly fused to oligonucleotide agents like si- or sh-RNA via non-

covalent binding, thus generating chimeric molecules [90]. This property is assessed in 

a variety of scientific approaches, like the knock-down of HER2-signaling in breast 

cancers [91]. An especially promising approach is the implementation of aptamer-carried 

si-RNA for immune checkpoint modulation, like reduction of PD-L1-expression, which is 

of rising interest in the field of recent cancer research [92], [93]. Aptamers also hold an 

advantageous possibility, that cannot easily be matched by antibodies: the generation of 

so-called “decoy”-aptamer combinations, that mimic polynucleotide targets of cellular 

proteins, thus disrupting tumor signaling pathways [94].  

Of course, the broadest field of application for aptamers is the direct targeting of 

structures of interest with therapeutic or diagnostic intent. There are various studies in 

the field of cancer research assessing aptamers for liquid tumor biopsies [95], [96], for 

potential treatment of hematologic malignancies [97], [98], for potential treatment solid 

tumors and depletion of cancer stem cell populations [99], [100], [77].  
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Despite their versatility, the numerous advantages and the vast amount of research 

being conducted, there are not many aptamers in actual clinical transition compared to 

antibody-based targeting strategies.  

One of the main reasons might be the fact, that that most of the research is carried out 

in individual laboratories, which is a big advantage of the platform. While the production 

of monoclonal antibodies is usually restricted to specialized institutions, aptamers offer 

greater accessibility for individual research groups, but this comes at a cost. Generated 

aptamers have shown to rarely be perfectly applicable for clinical application directly after 

initial selection [101]. Hence, most of the time there is the necessity to undergo a tedious 

refinement process.  

For example, aptamers have to be assessed for their nuclease resistance in vivo, in 

order to be applicable to higher-order systems. It often necessary to modify the aptamers 

by addition of 2'F-pyrimidine-residues to improve their stability [102].  

Secondly, a known challenge is comprised by the fact, that aptamers tend to be cleared 

from the bloodstream by renal filtration in vivo, leading to a shortened half-life [103]. A 

possible solution to this is the PEGylation of the oligonucleotides, thus increasing their 

size, albeit with the risk of alteration of their binding properties [104].  

Oftentimes, the initially selected aptamer pool does not show the full binding potential, 

making it necessary to alter the nucleotide structures by mutagenesis or chemical 

modifications [105]. 

Since the field of aptamer development is relatively new and the implemented concepts 

differ significantly, there is very limited consistency and standardization in the 

abovementioned processes [106]. This may lead to the effect, that many of the promising 

aptamer prototypes are slower in transitioning to clinical applicability, since a lot of re-

assessment has to be employed, often without a standardized efficient production 

pipeline [107]. 

But on the other hand, this technology gives many researchers the chance to implement 

creative ideas. Most authors estimate that the vast potential of aptamers will outweigh 

the challenges once the platform has reached more maturity [81]. As concluded by Zhou 

and Rossi in ‘Nature Reviews Drug Discovery’: “The aptamer field has likely touched 

only the tip of the iceberg” [108]. 
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3. Research objectives  

 

 

Figure 4. Generation and evaluation of CD44-specific aptamers for cancer treatment: The 

goal of this work was to generate an alternative approach of targeted drug delivery for the 

treatment of PDAC. The concept of RNA-based aptamers was implemented to target the cell 

surface protein CD44 in pancreatic cancer cells. In an experimental subset, the specificity of those 

aptamers was prompted toward the exon variant 6 of CD44. The CD44-targeted aptamers were 

modified by incorporation of the cytostatic drug 5-Fluorouracil and their effects on pancreatic 

cancer cells were assessed in vitro and in silico. 
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4. Materials and methods 

All materials were obtained from publicly accessible sources of laboratory equipment 

provided by official manufacturers. The software used was licensed through the medical 

department of LMU Munich, the AG Mayerle working group, or through a personal LMU-

student-access. Every quantitative experiment was carried out at 3 biologically distinct 

time points in sets of technical triplicates. 

 

 

4.1.  Laboratory materials 

4.1.1. Equipment 

Laboratory equipment Source 

Analytical Balance Kern, Göggingen, Germany 

BD Accuri™ C6 Plus personal flow 

cytometer 

BD Biosciences, Franklin Lakes, USA 

Beach scale Kern, Göggingen, Germany 

Binder™ Classic.Line Incubator Binder, Tuttlingen, Germany 

Biological safety cabinet, HeraSafe™ Thermo Fisher Scientific, Waltham, USA 

Branson Ultrasonics™ Sonifier 250 D Emerson, Saint Louis Missouri, USA 

CoolNat ice machine Ziegra, Isernhagen, Germany 

DNA/RNA UV-cleaner box Biosan, Riga, Lettland 

Eppendorf™ Research™ Plus Pipettes Eppendorf, Hamburg, Germany 

Fusion Fx Vilber Lourmat UV 

Transilluminator 

Vilber Lourmat GmbH, Eberhardzell, Germany 

Heracell 240 CO2 Incubator BMG Labtech, Ortenberg, Germany 

Herafreeze HFU T series freezer -80°C  Thermo Fisher Scientific, Waltham, USA 

Incubator Hood TH15 Edmund Bühler GmbH, Bodelshausen, 

Germany 

inoLab pH 720 WTW, Weilheim, Germany 

IX50 Phase contrast inverted microscope Olympus, Shinjuku, Japan 

Labogaz 206 bunsen burner Campingaz, Hattersheim, Germany 

Laboratory freezer -150°C Thermo Fisher Scientific, Waltham, USA 

Liebherr™ laboratory refrigerator 4°C  Liebherr-Hausgeräte Ochsenhausen GmbH, 

Ochsenhausen, Germany 

Liebherr™ MediLine freezer -25°C  Liebherr-Hausgeräte Ochsenhausen GmbH, 

Ochsenhausen, Germany 

MastercyclerR pro vapo.protect Eppendorf, Hamburg, Germany 

Milli-Q Integral water purification system Merck, Darmstadt, Germany 
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Mini PROTEANR Tetra Cell Bio-Rad, Herkules, USA 

Mini-Sub-Cell GT Electrophoresis Cell Bio-Rad, Herkules, USA 

Mr. Frosty™ Isopropanol freezing chamber  Thermo Fisher Scientific, Waltham, USA 

MTS-Shaker IKA Werke GmbH, Staufen im Breisgau, 

Germany 

Neubauer Improved Bright-Line counting 

chamber 

BLAUBRAND®, Wertheim, Germany 

Pipetboy acu 2 Integra, Biebertal, Germany 

PIPETMAN® classic Gilson, Middleton, USA 

PowerPac™ Basic Power Supply Bio-Rad, Herkules, USA 

Qbit 4 Fluorometer Thermo Fisher Scientific, Waltham, USA 

SpectraMaxR Plus 384 microplate reader Molecular Devices, San Jose, USA 

Systec™ vertical autoclave, V-Series, VX Systec, Linden, Germany 

Tabletop centrifuge 5418 Eppendorf, Hamburg, Germany 

Tabletop centrifuge 5427R Eppendorf, Hamburg, Germany 

Tabletop centrifuge 5702R Eppendorf, Hamburg, Germany 

Tabletop centrifuge Allegra 64R Beckman Coulter, Indianapolis, USA 

Trans-Blot® Turbo™ Transfer System Bio-Rad, Herkules, USA 

Triple Distribution System Microwave 

M1712N 

Samsung, Suwon, South Korea 

TS1 ThermoShaker Biometra GmbH, Göttingen, Germany 

UVC 30 Sterilization lamp Kendro Laboratory Products, North Carolina, 

USA 

W22 waterbath Medingen, Hohenfels-Liggersdorf, Germany 

 

 

4.1.2. Consumables 

Consumables Source 

Cell culture flasks T75 stand. Vent. Cap Sarstedt, Nürnbrecht, Germany 

Cell culture plates (6-well, 24-well) Greiner Bio-One, Kremsmünster, Austria 

Cell culture plates (96-well) Eppendorf, Hamburg, Germany 

Cryogenic tube (2ml) STARLAB, Hamburg, Germany 

Falcon round bottom polypropylene tubes 

with cap 

Thermo Fisher Scientific, Waltham, USA 

Feather disposable scalpel Feather, Osaka, Japan 

Gel blotting sheets, GB003, 

Whatman™,70×100 mm 

VWR International GmbH, Ismaning, Germany 

Inoculation loops sterile, 1 μl Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Nitrocellulose blotting membrane GE Healthcare, Little Chalfont, UK 
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PCR 8er-SoftStrips & SoftCaps Biozym Scientific GmbH, Oldendorf, Germany 

PCR-clean reaction tubes (1,5ml, SafeLock) Eppendorf, Hamburg, Germany 

Petri dish, PS, 94 x 16 mm, sterile Greiner Bio-One, Kremsmünster, Austria 

pH-indicator strips pH 0 - 14 Universal 

indicator 

Merck, Darmstadt, Germany 

Pierce™ Centrifuge Columns, 10 mL Thermo Fisher Scientific, Waltham, USA 

Pipette  tips (10µl, 200µl, 1000µl) Sarstedt, Nürnbrecht, Germany 

Pipette filter tips (10µl, 100µl, 1000µl) Sarstedt, Nürnbrecht, Germany 

Reaction tubes (0,5ml, 1,5ml, 2ml) Eppendorf, Hamburg, Germany 

Reaction tubes (15ml, 50ml) Sarstedt, Nürnbrecht, Germany 

Serological pipettes, sterile (5ml, 10ml, 

25ml) 

Sarstedt, Nürnbrecht, Germany 

Syringe filter ROTILABO® CME, 0,22 µm Roth AG, Arlesheim, Switzerland 

Zeba™ Spin Desalting Columns, 7K 

MWCO, 0.5 mL 

Thermo Fisher Scientific, Waltham, USA 

 

 

4.1.3. Software 

Software Source 

BD Accuri™ C6 Plus Cell Analyzer BD Biosciences, Franklin Lakes, USA 

BindUP Paz I et al., Nucleic Acids Res, 2016 

BioRender biorender.com, Toronto, Canada 

EndNote X9 Thomson Reuters, New York City, USA 

FCS Express 6 plus Reader De Novo, Pasadena, USA 

FusionCaptAdvance (7.17.02a) Vilber Lourmat GmbH, Eberhardzell, Germany 

GraphPad Prism 9 GraphPad Software Inc., La Jolla, USA 

HADDOCK (version 2.2) Dominguez et al., J. Am. Chem. Soc (2003); 

Zundert et al., J. Mol. Biol. (2016) 

ImageJ Wayne Rasband, NIH, Maryland, USA 

LocARNA Freiburg RNA Tools, IIF, Germany 

MC-FOLD Institute For Research In Immunology And 

Cancer, Montreal, France 

MEME MEME Suite, Timothy L. Bailey et al., Nucleic 

Acids Res, 2009 

Microsoft Office (Word, Excel) Microsoft, Redmont, USA 

Primer-BLAST National Center for Biotechnology Information, 

Bethseda, USA 

PyMOL (version 2.5) The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC 
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R (version 4.0.4) Open-source 

R studio (version 1.4.1106) Open-source 

Softmax Pro 7.0 Molecular Devices, San Jose, USA 

 

 

4.1.4. Antibodies 

Antibodies Source 

6x-His Tag Monoclonal Antibody 

(4E3D10H2/E3) 

Thermo Fisher Scientific, Waltham, USA (Cat # 

MA1-135) 

CD44 (8E2) Mouse-anti-Human antibody Cell Signaling, Massachusetts, USA (Cat # 

5640) 

CD44v6 (VFF-18) Mouse-anti-Human 

antibody, FITC-labeled 

Bio-Rad, Herkules, USA (Cat # MCA5950F) 

Horse-anti-mouse IgG, HRP-linked 

secondary antibody  

Cell Signaling, Massachusetts, USA (Cat # 

7076) 

AffiniPure Donkey Anti-Mouse IgG (H+L) 

secondary antibody, FITC-labeled  

Jackson ImmunoResearch Laboratories Inc., 

Cambridge, UK 

Fc Receptor Binding Inhibitor Polyclonal 

Antibody, eBioscience 

Thermo Fisher Scientific, Waltham, USA 

 

 

4.1.5. Cell lines and bacterial cells 

Cell lines Characteristics 

Hek 293T Human embryonic kidney cell line 

UPCI-SCC-040 Human squamous cell carcinoma cell line 

UD-SCC-2 Human squamous cell carcinoma cell line 

Capan 1 Human pancreatic adenocarcinoma cell line 

MiaPaCa 2 Human pancreatic adenocarcinoma cell line 

Panc 1 Human pancreatic adenocarcinoma cell line 

Bacterial cells  

E. coli; Subcloning Efficiency™ DH5α 

Competent Cells 

Thermo Fisher Scientific, Waltham, USA 
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4.1.6. Plasmids 

Plasmids Source 

Human CD44 ORF mammalian expression 

plasmid, N-His tag 

Sino Biological Inc., Peking, China (Cat # 

HG12211-NH) 

pcDNA™ 3.1 (+) mammalian expression 

vector 

Thermo Fisher Scientific, Waltham, USA (Cat # 

V79020) 

 

 

4.1.7. Enzymes and kits 

Enzymes and kits Source 

FastDigest BamHI Thermo Fisher Scientific, Waltham, USA 

FastDigest EcoRI Thermo Fisher Scientific, Waltham, USA 

Hi Yield® Plasmid Mini DNA Isolation Kit Süd-Laborbedarf GmbH, Gauting, Germany 

Klenow Fragment (10 U/µL) Thermo Fisher Scientific, Waltham, USA 

Proteinase K, recombinant, PCR grade Thermo Fisher Scientific, Waltham, USA 

QIAGEN Plasmid Midi Kit Quiagen, Hilden, Germany 

QIAquick PCR Purification Kit Quiagen, Hilden, Germany 

Qubit™ Protein Assay Kit Thermo Fisher Scientific, Waltham, USA 

QUIAEX II (Gel Extraction Kit) Quiagen, Hilden, Germany 

REDTaq® ReadyMix™ PCR Reaction Mix Merck, Darmstadt, Germany 

RevertAid RT Reverse Transcription Kit Thermo Fisher Scientific, Waltham, USA 

RiboLock RNase Inhibitor (40 U/µL) Thermo Fisher Scientific, Waltham, USA 

RNAse A (10mg/ml) Quiagen, Hilden, Germany 

RNAse H (5U/µl) Thermo Fisher Scientific, Waltham, USA 

RNAse free DNAse I (1U/µl) Thermo Fisher Scientific, Waltham, USA 

T7 DNA Ligase New England Biolabs, Massachusetts, USA 

T7 RNA Polymerase (20U/µl) Thermo Fisher Scientific, Waltham, USA 

ZR small-RNA PAGE Recovery Kit Zymo Research Europe GmbH, Freiburg, 

Germany 

 

 

4.1.8. Chemicals and reagents 

Chemicals and reagents Source 

5Fluorouracil (500mg) Pharmacy KUM, Großhadern, Germany 

5Fluoro-UTP (100mM) Jena bioscience, Jena, Germany 

Acid-Phenol:Chloroform, pH 4.5 (with IAA, 

125:24:1) 

Thermo Fisher Scientific, Waltham, USA 
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Agarose SERVA (gel electrophoresis) SERVA, Heidelberg, Germany 

Albumine fraction V (Bovine serum albumin, 

BSA) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Ammonium Acetate Sigma-Aldrich, St. Louis, USA 

Ammonium persulfate (APS) Sigma-Aldrich, St. Louis, USA 

Ampicillin sodium salt, CELLPURE® ≥91 % Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Beta-mercaptoethanol Sigma-Aldrich, St. Louis, USA 

Boric acid Sigma-Aldrich, St. Louis, USA 

Bromophenol blue Sigma-Aldrich, St. Louis, USA 

Cyanin-3-hydrazid Lumiprobe, Hannover, Germany 

Dimethylformamid (DMF) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Dimethylformamid (DMSO) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Dithiothreitol (DTT) Thermo Fisher Scientific, Waltham, USA 

DNA loading dye (6X) Thermo Fisher Scientific, Waltham, USA 

dNTPs, 10mM Thermo Fisher Scientific, Waltham, USA 

Dulbecco's Modified Eagle's Medium 

(DMEM), high glucose with L-glutamine 

Sigma-Aldrich, St. Louis, USA 

EDTA Solution (0,5M), pH 8.0 Thermo Fisher Scientific, Waltham, USA 

Ethanol for molecular biology Merck, Darmstadt, Germany 

Fetal Bovine Serum (FBS) Sigma-Aldrich, St. Louis, USA 

Formamide, Deionized Sigma-Aldrich, St. Louis, USA 

GeneRuler 100bp Plus DNA Ladder Thermo Fisher Scientific, Waltham, USA 

GeneRuler Low Range DNA Ladder (10-

1000bp) 

Thermo Fisher Scientific, Waltham, USA 

Gibco™ Opti-MEM™ I Reduced Serum 

Medium 

Thermo Fisher Scientific, Waltham, USA 

Glycerol Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Glycine Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

HisPur™ Ni-NTA Resin Thermo Fisher Scientific, Waltham, USA 

Hydrochloric acid, ROTIPURAN® 37 % 

fuming, p.a., ACS, ISO 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

IGEPAL® CA-630 (Nonidet P-40) Sigma-Aldrich, St. Louis, USA 

Imidazole Merck, Darmstadt, Germany 

Kanamycin Sulfate - Calbiochem Merck, Darmstadt, Germany 

LB agar (Lennox) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

LB medium Luria/Müller Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Lipofectamine™ 2000 Transfection Reagent Thermo Fisher Scientific, Waltham, USA 

Low range ssRNA Ladder (50-1000bp) New England Biolabs, Massachusetts, USA 

Magnesium acetate  Sigma-Aldrich, St. Louis, USA 

Magnesium chloride Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Methanol Merck, Darmstadt, Germany 
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MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) 

Sigma-Aldrich, St. Louis, USA 

NTP set (ATP, CTP, GTP, UTP, 100mM) Thermo Fisher Scientific, Waltham, USA 

Nuclease free water Ambion, Naugatuck USA 

PageRuler Plus™ prestained Protein 

Ladder 

Thermo Fisher Scientific, Waltham, USA 

Penicillin/Streptomycin (100 IU Penicillin, 

100µg/ml Streptomycin) 

Sigma-Aldrich, St. Louis, USA 

Phosphate-buffered-saline (1x, PBS) Sigma-Aldrich, St. Louis, USA 

Pierce™ ECL Western Blotting Substrate Thermo Fisher Scientific, Waltham, USA 

Pierce™ Phosphatase Inhibitor Tablets Thermo Fisher Scientific, Waltham, USA 

Pierce™ Protease Inhibitor Tablets Thermo Fisher Scientific, Waltham, USA 

PMSF Protease Inhibitor Thermo Fisher Scientific, Waltham, USA 

Poly(ethylene glycol), BioUltra, 4,000 Sigma-Aldrich, St. Louis, USA 

Potassium chloride Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Propidium iodide Sigma-Aldrich, St. Louis, USA 

Ribonucleoside Vanadyl Complex New England Biolabs, Massachusetts, USA 

RNAse exitus VWR International GmbH, Ismaning, Germany 

ROTIPHORESE®NF-Acrylamid/Bis-Lösung 

30 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium acetate Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium acetate (3M), pH 5.2 Thermo Fisher Scientific, Waltham, USA 

Sodium azide  Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium chloride Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium deoxycholate Sigma-Aldrich, St. Louis, USA 

Sodium dodecyl sulfate pellets (SDS) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium hydroxide pellets Merck, Darmstadt, Germany 

Sodium periodate Honeywell, Charlotte, USA 

SYBR™ Green II RNA Stain Thermo Fisher Scientific, Waltham, USA 

SYBR™ Safe DNA Gel Stain Thermo Fisher Scientific, Waltham, USA 

Tetramethylethylenediamine (TEMED) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

TRIS base Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Triton™ X-100 Sigma-Aldrich, St. Louis, USA 

Trypan blue solution 0.4% 

 

Sigma-Aldrich, St. Louis, USA 

Trypsin-EDTA solution (10x) Sigma-Aldrich, St. Louis, USA 

Tween®20 Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Xylene Cyanol Carl Roth GmbH + Co. KG, Karlsruhe, Germany 
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4.1.9. Buffers and soultions 

Solution Composition 

Cell culture medium 
 

Dulbecco's Modified Eagle's Medium 

(DMEM) 

500ml 

Fetal Bovine Serum (FBS) 10% (v/v) 

Penicillin/Streptomycin (100 IU Penicillin, 

100µg/ml Streptomycin) 

1% (v/v) 

  

Flow cytometry (FC) buffer  

MgCl2 5mM 

BSA 1% (w/v) 

Sodium azide 0,05% (w/v) 

PBS to 500ml 
  

LB-Medium 
 

LB-Medium Luria/Müller 12,5g 

dd H2O 500ml 
  

LB Agar plates (Ampicillin or Kanamycin)  

LB Agar Lennox 10g 

dd H2O 250ml 
 

autoclave and let cool to 45°C 

Ampicillin or 50µg/ml 

Kanamycin 25µg/ml 
 

plate out in dishes 
  

TSS 
 

Polyethylene.glycol 4000 5g 

DMSO 2,5ml 

MgCl2 300mg 

LB-Medium to 50ml 
  

Lysis buffer 
 

Tris-HCl, pH 7.4 50mM 

NaCl 150mM 

Nonidet P-40 1% (v/v) 

Sodium deoxycholate 0,25% (w/v) 

Protease inhibitor 1X 

Phosphatase inhibitor 1X 
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Protein wash buffer 
 

Tris-HCl, pH 8 20mM 

NaCl 300mM 

Imidazole 20mM 

Glycerol 10% (v/v) 

Protease inhibitor 1X 

Phosphatase inhibitor 1X 
  

Protein elution buffer 
 

Tris-HCl, pH 8 12mM 

NaCl 180mM 

Imidazole 250mM 

Protease inhibitor 1X 

Phosphatase inhibitor 1X 
  

Protein storage buffer 
 

Tris-HCl, pH 8 50mM 

KCl 200mM 

EDTA 0,1mM 

PMSF 0,5mM 

DTT 1mM 
  

Laemmli buffer (4X), pH 6.8  

Tris base 125mM 

SDS 2% (w/v) 

Glycerol 10% (v/v) 

Bromophenol blue 0,5% (w/v) 

Beta-mercaptoethanol 2% (v/v) 
  

TRIS-Glycine-SDS (10X) running buffer, pH 8.0 

Tris base 250mM 

Glycin 1,9M 

SDS 35mM 
  

Transfer buffer 
 

TRIS-Glycine-SDS (1X) running buffer, pH 

8.0 

80ml 

Methanol 20ml 
  

TBS-T (10X), pH 7.3 
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Tris base 0,1mM 

NaCl 1,5M 

Tween®20 0,5% (v/v) 
  

Nucleic acid diffusion buffer 

Ammonium acetate 0,5M 

Magnesium acetate 10mM 

EDTA 1mM 

SDS 0,1% (w/v) 
  

SELEX buffer (1X) [74]  

Tris-HCl, pH 7.4 50mM 

NaCl 150mM 

MgCl2 1mM 

Nonidet P-40 0,05% (v/v) 

Ribonucleoside Vanadyl Complex 10mM 
  

Proteinase K buffer [74]  

SDS 0,5% (w/v) 

EDTA, pH 8 4mM 
  

RIPA lysis buffer 
 

Tris base, pH 8 50mM 

NaCl 150mM 

Triton™ X-100 1% (v/v) 

Sodium deoxycholate 0,5% (w/v) 

SDS 0,1% (w/v) 
  

Propidium iodide (PI) staining solution 

in PBS 
 

Triton™ X-100 0,1% (v/v) 

Propidium iodide 10µg/ml 

RNAse A (DNAse free) 100µg/ml 
  

2X RNA loading dye 
 

Formamide 95% (v/v) 

SDS 0,02% (w/v) 

Bromophenol blue 0,02% (w/v) 

Xylene Cyanol 0,02% (w/v) 

EDTA 1mM 
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4.2. Cell culture conditions 

All steps involving handling of the cultured cells were performed under a laminar flow 

hood maintaining sterile conditions. Buffers and chemicals were used and stored 

according to the manufacturer’s instructions. For routine culture cells were kept in TC 

flasks with filter caps in 12ml of cell culture medium at 37°C and 5 vol% CO2. Before 

harvesting of adherent cultures for splitting or assays, cells were washed with 1x PBS, 

covered with 2.5ml of 1x Trypsin and incubated at 37% °C for different timespans 

(depending on cell line). Trypsin activity was blocked by adding 7.5ml of culture medium 

and detached cells were collected and transferred to 15ml-Falcon tubes. The cell 

suspension was pelleted by centrifugation for 5min at 200g at room temperature, the 

supernatant was discarded, and the cells were resuspended in suitable amounts of 

medium or buffer. For counting, an aliquot of cell suspension was mixed with Trypan blue 

reagent in a 1:1 ratio and 10µl were transferred to a Neubauer counting chamber. Cells 

in grid quadrants were counted under an optical microscope. For the generation of frozen 

stocks, cells were grown until 90% of confluency, harvested, spun down, resuspended 

in FBS + 10% DMSO, aliquoted into cryovials and frozen to -80°C in an isopropanol 

chamber. For long-term storage cells were transferred to a freezer at -150°C. When 

reculturing frozen cell stocks, cells were quickly thawed in a 37°C water bath, transferred 

to 10ml pre-warmed culture medium, spun down and resuspended in a suitable amount 

of fresh culture medium. 

 

 

4.3.  Flow cytometry 

For flow cytometry assays, cells were harvested, counted, and transferred to standard 

Eppendorf vials (500 000 cells per tube). All further steps were performed at 4°C, 

centrifugation conditions were set at 200g for 5min, and the incubation was carried out 

on a shake plate (1000rpm) in the dark. Cells were washed with 300µl of FC buffer and 

treated with Fc receptor inhibitor for 20min. Cells were spun down and resuspended in 

100µl of FC buffer-diluted antibody.  

- For the CD44v6 evaluation, a murine monoclonal antibody (VFF-18) labeled with 

FITC was used in 1:50 dilution. Cells were incubated for 45min, followed by 3-5 

washing steps with 300µl FC buffer. The final pellet was resuspended in 300µl of 

FC buffer and immediately analyzed by flow cytometry. Cells that were treated 

with 100µl of FC buffer instead of antibody served as control.  

- For CD44s evaluation, an unlabeled murine monoclonal primary antibody (8E2) 

was used in 1:400 dilution. Cells were incubated for 45min, followed by 3-5 
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washing steps with 300µl FC buffer. The final pellet was resuspended in 100µl of 

a 1:200 dilution of a monoclonal donkey anti-mouse secondary antibody with 

FITC-label. The final pellet was resuspended in 150µl FC-buffer and immediately 

analyzed by flow cytometry. Cells that were treated with 100µl of only secondary 

antibody served as control.  

For readout, the flow cytometer machine (Accuri C6 Plus, BD Biosciences) was used. 

Cell samples were read until 150µl fluid had passed in medium fluidics (35µl/min) and 

the FITC-signal was evaluated through the FL-1 filter.  

FCS express by DeNovo software was used for the gating of FSC/SSC and FSC-a/FSC-

h to filter for dead cells and doublets. The fluorescence intensity of the gated samples 

and controls was evaluated, and the adapted resolution metric [109] (GeoRD) was 

calculated using geometric mean and geometric standard deviation:  

GeoRD = 
𝑔𝑒𝑜𝑚𝑒𝑡𝑟.𝑚𝑒𝑎𝑛 (𝑠𝑎𝑚𝑝𝑙𝑒)−𝑔𝑒𝑜𝑚𝑒𝑡𝑟.𝑚𝑒𝑎𝑛 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝑔𝑒𝑜𝑚𝑒𝑡𝑟.𝑆𝐷 (𝑠𝑎𝑚𝑝𝑙𝑒)∗𝑔𝑒𝑜𝑚𝑒𝑡𝑟.𝑆𝐷 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 

GeoRD values were compared between the correspondingly treated cell lines using the 

unpaired t test (two groups) or one-way ANOVA with Turkey post hoc correction for 

multiple comparisons (>2 groups). Statistical calculation was performed using the 

GraphPad Prism 9 software and plotting was performed using open-source R Studio. 

 

 

4.4.  SDS-PAGE and Western blot 

For the separation of proteins, an SDS-PAGE minisystem was used. The gels were 

prepared with a 10% separating phase and a 4% stacking phase, 1,5mm thickness and 

10 pockets. Protein samples were mixed with Laemmli buffer and heated to 95°C for 

5min prior to loading. The gels were run in 1X TRIS-Glycine-SDS at 70V (constant) for 

30min, followed by 125V (constant) for 1h.  

The blotting was performed semi-dry in TRSI-Glycine-SDS-Methanol at 25V for 30min. 

The membranes were blocked with 5% BSA in 1X TBS-T for 1h at room temperature. 

Primary antibodies were diluted to working concentrations in 1% BSA in 1X TBS-T and 

applied to the membrane for 1h at room temperature or 12h at 4°C. Subsequently, the 

membranes were washed 3 times with 1X TBS-T. Secondary antibodies were diluted to 

working concentrations in 1% BSA in 1X TBS-T and applied to the membrane for 1h at 

room temperature. The membranes were washed for another 3x with 1X TBS-T and 

developed with ECL substrate. The HRP signal was evaluated by Fusion Fx Vilber 

Lourmat with exposure times optimized by the machine software. 
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4.5. Bacterial plasmid expansion 

All steps including bacteria were conducted in a clean environment in proximity to a 

Bunsen burner providing constant upward airflow. DH5-- E. coli bacteria were 

expanded in LB medium, collected by centrifugation at 3000g for 5min at 4°C and 

resuspended in 200µl TSS solution to ensure chemical competence (cc). The stocks of 

cc E. coli were stored at -80°C. For amplification of a plasmid vector, an aliquot of cc 

DH5-- E. coli bacteria were thawed slowly (on ice). Up to 500ng of plasmid was added 

and the bacteria were heated for 2min at 42°C, then kept on ice for 30min. After 

expansion in 1ml of fresh LB medium at 37°C for 2h shaking at 1200rpm, the bacterial 

culture was plated on agar plates with suitable selection conditions (Ampicillin or 

Kanamycin). Bacteria plates were cultured overnight in an incubator at 37°C. Single 

clone colonies were picked and transferred to 10ml of LB medium in Falcon round bottom 

polypropylene tubes with a cap. Depending on desired amount of plasmid,  

the clones were cultured at 37°C shaking at 200rpm for either 

- 12h, followed by plasmid cleanup according to the HiYield Plasmid Mini DNA Kit 

(SLG) or 

- 4h, followed by scale-up culture in 100ml LB-medium in a 250ml conical flask 

overnight and consecutively by purification of plasmids according to the Plasmid 

MIDI Kit (QUIAGEN) 

The plasmids were eluted in water and their concentration and purity were assessed 

using the SpectraDrop microplate reader. The aliquots were stored at -20°C. 

 

 

4.6. Mammalian CD44 protein expression 

A human CD44 ORF mammalian expression plasmid with a N-His tag was purchased 

from Sino Biological Inc. and amplified following the bacterial plasmid expansion protocol 

(4.5.).  The plasmid contained the genetic code for the whole CD44 protein including all 

exon variants (v2-v10), which was verified by sequencing (Eurofins Genomics 

sequencing service). The mammalian expression system was used to maintain possible 

posttranslational modifications to the CD44 protein. A fresh aliquot of frozen human 

embryonic kidney cells (Hek 293T, P5) was seeded, passaged 3 times, and grown to 

80% confluency under general cell culture conditions (4.2.). 30µg of CD44-plasmid and 

75µl of Lipofectamine 2000 were mixed dropwise in 4ml of OptiMEM medium and 

carefully added per flask of Hek 293T cells. Cells were kept in this medium mix for 24h, 

then washed with OptiMEM and kept in 10ml OptiMEM. The medium was collected after 
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2 and 4 days. On the 4th day the cells were treated with lysis buffer, collected in a tube, 

and sonicated. Cell debris was separated by centrifugation at 20 000g for 20min at 4°C. 

In the next step, 2ml of Ni-NTA agarose beads were transferred to a 10ml Pierce Spin 

column with filter and equilibrated with 6 bed volumes of Protein wash buffer. Hek 293T 

cell lysate was added and incubated with beads for 1h at 4°C with agitation. Then, the 

fractions of the collected media were passed through the resin. The beads were washed 

with 9 volumes of Protein wash buffer. After that, 2ml of Protein elution buffer were added 

and elution flowthrough was collected in 10 fractions. To identify the elution fractions with 

the highest protein enrichment, Western blot analysis of the fractions was performed with 

1:1000 anti His-tag primary antibody for 1h at room temperature and 1:10 000 HRP-

linked secondary antibody for 1h at room temperature. The ones with the highest protein 

content were pooled, and buffer exchange to Protein storage buffer was performed using 

Zeba Spin Desalting Columns. The final protein concentration was quantified by Qbit 

fluorometry. The protein aliquots were stored at -80°C. 

 

 

4.7. The SELEX-cycle 

The protocol for the SELEX cycle was based on the setting proposed in ‘SELEX to 

identify protein binding sites on RNA’ by James L. Manley [74]. The CD44 protein that 

was generated by mammalian expression was used for aptamer selection. It was 

supposed to carry all CD44 exon variants (v2-v10) and post-translational modifications 

typical for eukaryotic systems. SELEX was performed for 12 cycles in total, the first 6 

rounds following the basic protocol, and then 6 rounds following the advanced protocol. 

The whole process was carried out in two identical replicate set of conditions (H1 and 

H2). Sequence details for all SELEX-primers and oligonucleotides can be found in 8.1. 

(Supplement 1).  

All steps involving handling of RNA were conducted under conditions that minimize the 

risk of RNAse-contamination. Only RNAse-free chemicals and filtered pipet tips were 

used, and instruments and working surfaces were cleaned with RNAse-Exitus Plus. 

 

 

4.7.1. Overview 

The following scheme gives insight into the sequence composition of primers and sums 

up all individual steps of one SELEX cycle. Detailed information about each step, 

especially the selection process, will be provided in the corresponding chapters. 
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Figure 5. Schematic representation of the SELEX process: A DNA library containing a region 

of 25 random nucleotides served as the template for generation of a pool of random RNA 

aptamers. Those aptamers were subjected to a selection process, and sequences showing 

desired properties were retrieved and used to regenerate a (1x selected) library. This library 

served as a template for the next SELEX cycle [110]. 

 

 

4.7.2. Library pool preparation 

Library 

Primer 

18_25 

5‘ CGGGGATCCATGGGCACTATTTATATCAACN25AATGTCGTTGGTGGCCC 3‘ 

Forward 

Primer 

17_24 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATT 3‘ 

Table 1. SELEX-library primers 

 

The SELEX library (18_25) and a partially complementary forward primer (17_24) were 

purchased from Invitrogen in lyophilized form and dissolved in water up to a working 

concentration of 10µM. The forward primer carried an EcoRI restriction enzyme cutting 

side (blue) and a T7-promotor region (green), which is recognized by the T7-RNA 

polymerase. The Library primer carried a cutting side of the BamHI restriction enzyme 

(orange) and a region of 25 randomly assembled nucleotides (red). That variable region 

allows 425 ≈ 1015 possible nucleotide combinations. The primers were annealed and then 

elongated using the Klenow fragment for 3h at 37°C.  

 

Klenow library elongation 100µl 

Klenow buffer (10X, supplied with enzyme) 10µl 

Library Primer (10µM) 18_25 8,5µl 

Forward Primer (10µM) 17_24 8,5µl 

Nuclease free water 63µl 

Heat to 75°C 15min 

Cool to room temperature, add  

dNTP Mix (2,5mM) 8µl 

Klenow Enzyme (10U/µl) 2µl 

Incubate at 37°C 3h 
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This method was chosen over conventional PCR due to the assumption that it would 

show a lower tendency to favor certain sequences, therefore providing a more uniform 

distribution of different oligonucleotides in the library pool and a higher efficiency in the 

generation of double-stranded DNA from single-stranded oligonucleotide templates 

[111]. The Klenow reaction product was precipitated by adding 1/10 volume of 3M 

sodium acetate (pH 5.2) and 3 volumes of ethanol. After cooling to -80°C for 30min, the 

DNA was spun into a pellet by centrifugation at 20 000g for 30min at 4°C. The pellet was 

dried and resuspended in water. The library DNA was further purified by separation on 

a 15%-PAGE in 1X TBE buffer and visualized under UV after treatment with 1X SybrSafe 

DNA Gel Stain in 1X TBE. The correctly sized bands were excised. The DNA was 

retrieved using the Quiaex II gel extraction kit and concentration and purity were 

assessed on a SpectraDrop microplate reader. Purified DNA library was stored in water 

at -20°C. 

 

 

4.7.3. In vitro transcription 

To generate a pool of RNA aptamer oligonucleotides, in vitro transcription of the DNA 

library was performed using the T7-RNA polymerase enzyme. To prevent RNA 

degradation by possible RNAse contamination, RiboLock RNAse inhibitor was added to 

the reaction.  

 

In vitro transcription 100µl 

Transcription buffer (5X, supplied with 

enzyme) 

20µl 

DNA template (1,7pmol/µl) 10µl 

NTP-Mix (A-, C-, G-, UTPs, 20mM each) 10µl 

Nuclease free water 56µl 

RiboLock RNAse inhibitor (40U/µl) 1µl 

T7 RNA polymerase (20U/µl) 3µl 

Incubate at 37°C 5h 

 

Subsequently, a DNA digestion step was included by adding of 10µl of RNAse free 

DNAse I (2U/µl) and incubation for 30min at 37°C. To terminate the reaction, 5µl of 0,5M 

EDTA (pH 8.0) was added, and the mixture was heated to 72°C for 5min. The aptamer 

RNA was precipitated (as described above for DNA) and the pellet was resuspended in 
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water. For further purification, RNA was mixed 1:1 with 2x denaturation loading dye and 

linearized by heating to 95°C for 5min and snap-cooling on ice. The reaction product was 

loaded onto a prewarmed 15% polyacrylamide gel in 1x TBE containing urea at a 

concentration of 8mol/l and run at a constant voltage of 150V for 1h.  

 

8M Urea gel for RNA separation 10ml 

Bis- polyacrylamide (30%) 4,7ml 

Urea 4,8g 

TBE (10X) 1ml 

Water to 10ml 

TEMED 15µl 

APS (10%) 50µl 

Pre-run at 150V constant 30min 

 

The gel was soaked in 1X SybrGreen II RNA Gel Stain in 1X TBE for 20min at room 

temperature and visualized under UV light. Correctly sized bands were excised, and 

RNA was recovered using a RNA-PAGE-Recovery Kit (by Zymo Research). The product 

was eluted in water and the concentration and purity of the mixture were assessed using 

a SpectraDrop microplate reader. RNA was stored at -80°C. 

For the first SELEX cycle, SELEX buffer was prepared in 1X and 2X composition. 2X 

SELEX buffer was added 1:1 to the cleaned RNA to obtain a final concentration of 15µM 

in 100µl. The mixture was heated to 65°C for 5min and slowly cooled to room 

temperature to ensure proper folding of the aptamers. The possibility of nonenzymatic 

degradation of RNA by heating above 50°C in presence of Mg2+ ions [112] was ruled out 

by a visual control of RNA integrity on a urea-PAGE, as described above.  

 

 

4.7.4. Basic selection step 

In the first 6 rounds of SELEX, the ‘basic’ selection was applied. The aptamer library was 

selected with regard to binding affinity to the whole CD44-protein (bearing variants v2-

v10) without forcing specificity for the v6-exon region. 
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Figure 6. Schematic representation of the basic selection step: The RNA-aptamer pool was 

precleared against empty Ni-NTA-agarose beads to filter out sequences with matrix avidity. The 

remaining aptamers were subjected to the actual selection process for binding properties to the 

CD44 protein. After washing, the protein was digested and bound sequences were retrieved [110].  

 

For the basic selection step of the aptamer pool, 50µl of HisPur Ni-NTA agarose resin 

beads were transferred to a 1,5ml tube, washed by addition of 250µl of SELEX buffer, 

and spun for 2min at 2000g at room temperature. The folded RNA library pool (see 4.7.3) 

was added to the Ni-NTA agarose matrix and incubated at room temperature for 30min 

on a 1000rpm shaker to keep the beads in suspension. Consecutively, the beads were 

spun down, and the precleared aptamer pool was collected with the supernatant.  
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A fresh portion of 50µl of Ni-NTA agarose beads was prepared, washed, and 

resuspended in 200µl of 1x SELEX buffer. 5µg of purified CD44 protein (with His-tag) 

from mammalian expression (see 4.6) was added and the mixture was kept at room 

temperature for 1h at 1000rpm to allow complex formation between His tag and Ni-NTA. 

The beads were washed 3 times by spinning in 250µl SELEX buffer for 2min at 2000g 

at room temperature. 

The final protein-bead pellet was suspended in the precleared aptamer pool and kept at 

room temperature for 45min at 1000rpm. Consecutively, the beads were washed 5 times 

by spinning in 250µl SELEX buffer. The final pellet was suspended in 200µl water. Then, 

200µl of 2x Proteinase K buffer and 2,5µl of Proteinase K (600U/µl) were added and the 

reaction was incubated at 37°C for 20min shaking at 1000rpm. To retrieve the aptamer 

molecules, 400µl of acidic phenol chloroform in a ratio of 5:1 (pH 4.5) was added to the 

reaction and the mixture was vortexed for 30s. Centrifugation at 20 000g for 90s 

separated the reaction into an upper aqueous phase and a lower organic phase. The 

aqueous phase was collected carefully without disturbing the organic phase and its 

volume was estimated. RNA was precipitated by adding of 1/10 volume of 3M sodium 

acetate (pH 5.2) and 3 volumes of 100% ethanol, cooling to -80°C for 30min and 

centrifuging for 30min at 20 000g and 4°C. The RNA pellet was air-dried, dissolved in 

10µl of water, and the concentration and purity were evaluated using a SpectraDrop 

microplate reader. RNA was stored at -80°C. 

Following each selection step, the retrieved aptamer RNA was amplified by RT-PCR 

(see 4.7.6.) and T7-in vitro transcription (see 4.7.3.) to replenish the aptamer pool for the 

next selection cycle.  

 

 

4.7.5. Advanced selection step 

In the second 6 rounds of SELEX, an ‘advanced’ selection method was applied with the 

aim of forcing the binding specificity of the aptamer pool to the v6 exon region of the 

CD44 protein. The overall setup was identical to the previously described protocol, with 

the addition of one antibody in a subset of selection rounds. 

 



 35 

 

Figure 7. Schematic representation of the advanced selection step: The RNA-aptamer pool 

was precleared against empty Ni-NTA agarose beads, followed by a second negative selection 

step against full CD44 with the v6 exon region blocked by a specific antibody. Subsequently, a 

positive selection step was performed against unblocked CD44, the protein was digested and 

the bound sequences were recovered [110].  

For the advanced selection protocol, the RNA aptamer pool was prepared as described 

in 4.7.3. and precleared against the empty matrix (see 4.7.4.). In a separate tube, Ni-

NTA beads loaded with CD44 protein were prepared as previously described, but after 

washing they were resuspended in 200µl of SELEX buffer and 5µg of CD44v6-specific 

antibody (VFF-18 clone) were added. The mixture was kept at room temperature for 
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45min at 1000rpm to allow proper antibody binding, and then washed 3 times by being 

spun in 250µl of SELEX buffer. Subsequently, the aptamer pool was added, and the 

mixture was incubated at room temperature for 30min at 1000rpm. The beads were spun 

down, the supernatant with negatively selected aptamers was collected and immediately 

applied to a positive selection step against the full, unblocked CD44 protein as described 

in the basic selection protocol. Bound RNA was retrieved, amplified, and prepared for 

the next selection cycle (see 4.7.4.). 

 

 

4.7.6. Pool replenishment 

Reverse 

Primer 

(17_25) 

5‘ CCCGACACCGCGGGATCCATGGGCACTATTTATATCAA 3‘ 

Table 2. Reverse SELEX-primer 

 

After each selection step, enriched RNA aptamers were amplified before being subjected 

to the next round of SELEX. In order to achieve this, reverse transcription was performed 

using the RevertAid First Strand cDNA Synthesis Kit (by Thermo Fisher). A reverse 

primer (17_25) was purchased from Invitrogen in lyophilized form and adjusted to 10µM 

working concentration in water. The reverse primer carried a cutting side of the BamHI 

restriction enzyme (orange). The RT reaction was prepared as described in the kit 

protocol.  

 

Reverse transcription 20µl 

RNA after selection (approx. 25µM) 1µl 

Reverse Primer (10µM) 17_25 1,5µl 

Nuclease free water 10µl 

Heat to 65°C 5min 

Snap cool on ice, add  

5X RT-buffer  4µl 

dNTP Mix (10mM) 2µl 

Ribolock (20U/µl) 0,5µl 

Reverse transcriptase (200U/µl) 1µl 

Incubate at room temperature 10min 

Incubate at 42°C 1h 
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The reaction was heat inactivated for 15min at 70°C, followed by digestion of RNA by 

addition of 0,5µl of RNAse H (5U/µl) and incubation at 37°C for 20min. The generated 

cDNA was diluted from the reaction mixture (1:20 in water) and immediately amplified in 

a PCR reaction. 

 

SELEX PCR reaction 150µl 

Nuclease free water 60µl 

REDTaq® ReadyMix™ (Sigma Aldrich) 75µl 

Forward Primer (10µM) 17_24 4,5µl 

Reverse Primer (10µM) 17_25 4,5µl 

Aptamer-cDNA (1:20) 6µl 

 

The PCR reaction mixture was separated in PCR-strips and run on a cycler. The optimal 

annealing temperature settings were evaluated empirically by gradient PCR. 

 

 

 

The PCR product was loaded onto a 3% agarose gel in 1X TBE containing 1X SybrSafe 

DNA Gel Stain and ran at constant 70V for 1h. The DNA was visualized under UV light 

and the bands were excised and recovered using the Quiaex II gel extraction kit. The 

DNA was eluted in water and concentration and purity were assessed using a 

SpectraDrop microplate reader. It was stored at -20°C. From this DNA product, in vitro 

transcription could be performed (as described in 4.7.3.) to prepare the RNA aptamer 

pool for the following selection step. 

 

SELEX PCR settings  

95°C 5min 

95°C 30s 

x 35 50°C 30s 

72°C 30s 

72°C 10min 

4°C hold 
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4.7.7. Aptamer cloning for sequence readout 

After 12 rounds of SELEX (6 rounds following the basic selection protocol, then 6 rounds 

following the advanced selection protocol), a population of aptamers was enriched. To 

separate individual aptamer sequences and read the genetic code, a cloning approach 

was implemented. The plasmid vector pcDNA3 with a resistance gene to ampicillin was 

purchased from Invitrogen.  

After 12 rounds of SELEX, the RNA-aptamer pool was transformed into DNA by RT-PCR 

(see 4.7.6.). After that, every oligonucleotide was carrying an EcoRI and a BamHI 

restriction enzyme cutting side. The same cutting sides can be found on the plasmid in 

close proximity to each other. 2µg of aptamer DNA and 2µg of pcDNA3 plasmid were 

individually subjected to a double digestion using FD-EcoRI and FD-BamHI restriction 

enzymes (by Thermo Fisher Scientific).  

 

Restriction enzyme digestion 50µl 

Aptamer DNA/Plasmid DNA 2µg 

10X FD-buffer (supplied with enzyme) 5µl 

FD-EcoRI  2,5µl 

FD-BamHI 2,5µl 

Nuclease free water to 50µl 

Incubate at 37°C 20min 

 

After heat inactivation at 75°C for 5min, a portion of digested aptamer DNA was loaded 

onto a 3% agarose gel in 1XTBE containing 1X SybrSafe DNA Gel Stain and digested 

plasmid-DNA was loaded onto a 1% agarose gel, correspondingly. Undigested controls 

were included for each step to see a small band-shift, indicating successful DNA-aptamer 

digestion and plasmid linearization, indicating successful plasmid digestion. The DNA 

was visualized under UV light. The digested aptamer and plasmid DNA were purified 

using the QIAquick PCR Purification Kit (by Quiagen). The DNA was eluted in water and 

concentration and purity were assessed using a SpectraDrop microplate reader.  

For the ligation reaction, digested aptamer DNA and digested plasmid DNA were mixed 

in a molar ratio of 2:1. 

 

Ligation 50µl 

Digested aptamer/plasmid DNA (2:1) 24µl 

2X Ligation buffer (supplied with enzyme) 24µl 
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T7 DNA Ligase 2µl 

Incubate at room temperature 40min 

 

Chemically competent DH5-- E. coli bacteria were prepared as described in 4.5. The 

ligation reaction mixture was added, and the bacteria were heat shocked and plated on 

ampicillin-agar plates. The plates were incubated at 37°C overnight. In this setting, each 

ligated plasmid would carry the information for one single aptamer sequence, and each 

bacterium would take up only one plasmid, so each single-clone colony would represent 

one individual aptamer sequence. Following this logic, 40 bacterial colonies were picked, 

each one was transferred to 10ml of LB medium in round bottom polypropylene tubes 

with cap, and expanded overnight in a shaking incubator at 37°C and 200rpm. The 

plasmids of each colony were purified using the HiYield Plasmid Mini DNA kit (by SLG). 

The purified plasmids were eluted in water and sent to Eurofins Genomics for sequencing 

(starting from the SP6 promoter of the pcDNA3-plasmid). The conserved T7-promotor 

region was used as a landmark to locate the aptamer sequences and read the nucleotide 

code of the variable regions. 

 

 

4.7.8. Generation of working aptamer molecules 

Aptamer 

Forward 

Primer 

5‘ CGCGAATTCTAATACGACTCACT 3‘ 

Aptamer 

Reverse 

Primer 

5‘ GACACCGCGGGATCCAT 3‘ 

Aptamer 

H1_1 

Oligo 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATTATGGAAGG

TAGGAGGAGATTGTCAGTTGATATAAATAGTGCCCATGGATCCCGCGGTGTC 

3‘ 

Aptamer 

H2_1 

Oligo 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATTTAAATCAAC

ATAGGTGGATGGTGGTGTTGATATAAATAGTGCCCATGGATCCCGCGGTGTC 

3‘ 

Aptamer 

H2_2# 

Oligo 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATTGACATCAG

CCAGGGTGTAGGGGGAGGTTGATATAAATAGTGCCCATGGATCCCGCGGTG

TC 

3‘ 

Table 3. Aptamer oligonucleotides and primers 

 

To regenerate individual aptamer molecules, aptamer-template oligonucleotides and 

corresponding forward/reverse primer pairs were generated using the NCBI Primer 
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BLAST tool. Oligonucleotides were obtained from Eurofins Genomics in lyophilized form 

and dissolved in water to a working concentration of 10µM. The oligonucleotides were 

amplified by PCR. 

 

Aptamer PCR reaction 150µl 

Nuclease free water 60µl 

REDTaq® ReadyMix™ (Sigma Aldrich) 75µl 

Aptamer Forward Primer (10µM)  6,5µl 

Aptamer Reverse Primer (10µM)  6,5µl 

Aptamer-template oligos (10µM) 3µl 

 

The PCR reaction mixture was separated into PCR strips and run on a cycler. The 

optimal annealing temperature settings were evaluated by gradient PCR. 

 

 

 

  

 

 

 

Individual working RNA aptamers were generated by in vitro transcription (as described 

in 4.7.3).  

 

 

 

 

 

 

 

Aptamer PCR settings  

95°C 5min 

95°C 30s 

x 35 52°C 30s 

72°C 30s 

72°C 10min 

4°C hold 
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4.8. Aptamer sequence analysis 

For comparison of the enriched aptamer sequence codes, two open source online tools 

were used. The LocARNA-Alignment & Folding tool by Freiburg RNA Tools [113] 

(http://rna.informatik.uni-freiburg.de) allowed multiple alignment of sequences and the 

generation of a consensus structure. It was run with the default settings except for the 

RNA folding temperature (25°C instead of 37°C). The second tool used was the MEME 

suite (version 5.3.3, https://meme-suite.org/meme/tools/meme) [114] for discovery of 

motifs. It was run in classical mode for RNA, any number of motif repetition, the number 

of motifs to find was set to 16, the 0-order model served as background and motif length 

span was set from 3 to 25 nucleotides. The calculated E-value was “an estimate of the 

expected number of motifs with the given log likelihood ratio (or higher), and with the 

same width and site count, that one would find in a […] set of random sequences” [115].  

 

 

4.9. Coupling of Cy3 dye to aptamers 

To label aptamer molecules, Cy3 hydrazide fluorescent dye from Lumiprobe was used. 

The labeling method was based on a nonenzymatic reaction of hydrazide with the 

oxidized cis-diol of the 3’ terminal ribose, similar to the method proposed by Kodzius et 

al. [116]. The gel-purified working aptamer RNA (prepared as described in 4.7.8.) was 

adjusted in 100mM sodium acetate (pH 4.5) to a final volume of 90µl and a maximum 

RNA concentration of 0,25mM. Then, 10µl of freshly prepared 100mM NaIO4 solution 

were added, and the mixture was incubated at 4°C in the dark for 2h. RNA was 

precipitated by adding of 1/10 volume of 3M sodium acetate (pH 5.2) and 3 volumes of 

100% ethanol, cooling to -80°C for 30min and centrifuging for 30min at 20 000g and 4°C. 

The pellet was dried and resuspended in 100mM sodium acetate (pH 6.0). Cy3-

hydrazide (dissolved in DMF) was added to a final concentration of 3mM, and the 

reaction mixture was incubated at 4°C in the dark for 6h. RNA was precipitated, the pellet 

was washed with 70% ethanol and resuspended in PBS + MgCl2. Concentration and 

purity were evaluated using a SpectraDrop microplate reader.  

 

 

 

http://rna.informatik.uni-freiburg.de/
https://meme-suite.org/meme/tools/meme
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4.10. Evaluation of aptamer specificity by flow cytometry 

For flow cytometry assays, aptamers were generated according to 4.7.8. and labeled 

with Cy3 as described in 4.9. The Cy3 coupled aptamers were suspended in PBS + 

MgCl2, linearized by heating to 65°C for 5 min and slowly cooled to room temperature, 

allowing proper folding. Following that step, log dilution rows in FC buffer were prepared.  

Cells cultured from different cell lines were harvested and washed as described in 

section 4.3. After washing, the cell suspension was subjected to 20min of blocking at 

4°C by 100µl of highly concentrated SELEX library RNA (transcript of SELEX template 

from round 0 consisting of unselected, random aptamer sequences). The cells were 

washed 1x with FC buffer and suspended in 100µl of log dilution rows of Cy3 labeled 

aptamers and incubated for 45min at room temperature on a shaker in the dark. 

Following incubation, cells were washed 7x with 300µl FC buffer and the finally 

suspended in 300µl of buffer. As a control, cells were treated with pure Cy3 dye in FC 

buffer at equimolar concentrations under the same conditions.  

For readout, the flow cytometer machine (Accuri C6 Plus, BD Biosciences) was used. 

Cell samples were read until 150µl fluid had passed in medium fluidics (35µl/min) and 

the Cy3 signal was evaluated through the FL-1 filter.  

FCS express by DeNovo software was used for the gating by FSC/SSC and FSC-a/FSC-

h to filter for dead cells and doublets. The median fluorescent intensity was evaluated 

and corrected for the intensity signal of the control treatment with equimolar, pure Cy3. 

The data were normalized to the percentage of change over control considering the 

highest control signal as 100%. Data were plotted and the area under the curve (AUC) 

was evaluated for each biological replicate. The AUC values were compared using an 

unpaired t-test. Statistical calculations and plots were made using the GraphPad Prism 

9 software. 

 

 

4.11. UV-crosslinking of aptamer RNA to cellular CD44 

To ensure a sufficient amount of cells, MiaPaCa2 cells were harvested at high confluency 

and 300 000 cells were seeded per well of a 6-well tissue culture plate. Cells were 

incubated for 24h to achieve optimal adherence. 

A very high amount of aptamer RNA was prepared as described in to 4.7.8. and diluted 

in PBS + 5mM MgCl2 to 500µl and a concentration of 20µM. The aptamers were heated 

to 65°C for 5 min and slowly cooled to room temperature to ensure proper folding. The 



 43 

same amount of SELEX library RNA (transcript of SELEX-template from round 0 

consisting of random unselected aptamer sequences) was generated as control.  

Cells were washed 1x with PBS and covered with 500µl of aptamer suspension, library 

RNA suspension or PBS + 5mM MgCl2 as controls. The plate was incubated for 45min 

at room temperature on a shaker. After that, it was directly placed on ice and transferred 

under a sterilization UV-lamp (UVC30, 230V, 50Hz, 0,14A, 2x15W, 254nm) with a 

distance of 10cm from the UV-bulbs. The plate was irradiated for 10min on ice (without 

cover).  

Following that step, the supernatant was discarded, and cells were lysed using 200µl 

RIPA lysis buffer per well. The lysate was kept on ice for 10min, then subjected to 

vigorous sonication to break up the cell membranes. The lysate was kept on ice for an 

additional 10min, thoroughly vortexed and centrifuged at 20 000g for 15min at 4°C. The 

supernatant was collected, and the protein concentration was measured by Qbit 

fluorometry. Cell lysates from aptamer treatment, control SELEX library RNA treatment 

and control PBS + 5mM MgCl2 treatment were loaded and run on an SDS-PAGE gel as 

described in 4.4. After the run, the gel was soaked in 50ml of running buffer with addition 

of 5µl of 10 000X SybrGreen II RNA stain for 30min at room temperature on a shaker in 

darkness. The RNA signal was visualized in a UV transilluminator (>5s of exposure time 

was required). The gel was then blotted and stained for CD44s as described in 4.4. The 

signals of RNA and CD44s from the gel and the blot were optimized with ImageJ and 

compared by overlapping the images using the ladder signal as reference. 

 

 

4.12. MTT proliferation assay  

For MTT proliferation assays, Capan 1 and Panc 1 cells were harvested, counted, and 

plated in a 96-well plate in 50µl of medium at a density of 5000 cells per well. Cells were 

incubated for 24h to achieve optimal adherence.  

Working 5FU-RNA aptamers were prepared as described in 4.7.8. for aptamers H1_1, 

H2_1, and H2_2# by replacing UTP in the NTP mix with 5FUTP (20mM). 

Working RNA aptamers were prepared as described in 4.7.8. for aptamers H1_1, H2_1 

and H2_2#, without addition of 5FU. 

Pure 5FU was diluted in PBS+MgCl2 at a stock concentration of 400mM. 

Aptamers were linearized by heating to 65°C for 5 min and slowly cooled to room 

temperature, allowing proper folding. 
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Dilution rows from every working stock were prepared in cell medium in 2X concentration 

and 50µl of each concentration aliquot was added per well. Cells were treated with 

different concentrations of 5FU-aptamers, aptamers, or 5FU for 72h. After that, 20µl of 

MTT reagent (2,5mg/ml) were added per well and the cells were incubated at 37°C and 

5 vol% CO2 for 4h. The medium was discarded and 200µl of DMSO per well were added, 

followed by a 30min incubation in darkness. OD values at 570nm were assessed using 

a SpectraDrop microplate reader and the percentage of viable cells per well was 

calculated relative to untreated control. ED50 values were objectively calculated for each 

treatment and each biological replicate using an R script (see 8.2. Supplement 2). The 

ED50 values for 5FU-aptamers were corrected according to the Uracil content of each 

aptamer by multiplication (H1_1: x17U, H2_1: x19U, H2_2#: x15U). The corrected ED50 

values for 5FU-aptamers were compared with the ED50 values for 5FU alone by unpaired 

t-test. An efficiency factor was calculated by division of ED50 values for 5FU by the 

(corrected) ED50 values for 5FU-aptamers. Statistical calculations were performed using 

the GraphPad Prism 9 software. 

To visualize the potentiation of the effect of treatment with 5FU-aptamers, isobolograms 

were prepared for Capan 1 and Panc 1 using Microsoft Excel. The mean ED50 for the 

5FU treatment was marked on the x-axis and the mean ED50 for the aptamer treatment 

was marked on the y-axis. The points were connected by a line of additivity. Every point 

below that line would indicate an effect that is more than just additive (synergism), and 

every point above the line would indicate an effect that is opposite to additivity 

(antagonism). Each 5FU-aptamer was represented as a point in the graph by setting its 

corrected ED50 as the x value (representing 5FU content at ED50) and its uncorrected 

ED50 as the y value (representing aptamer content at ED50). The accumulation of data 

points below the line of additivity indicated that 5FU-aptamers showed a stronger 

treatment effect than the sum of the effects of 5FU content and aptamer content alone. 

 

 

4.13. Cell cycle analysis  

For cell cycle analysis, Capan 1 cells were harvested, counted, and plated on a 24-well 

plate in 250µl of medium at a density of 100 000 cells per well. Cells were incubated for 

24h to achieve optimal adherence.  

Working 5FU-RNA aptamers were prepared as described in 4.7.8. for aptamers H1_1, 

H2_1, and H2_2# by replacing UTP in the NTP-mix with 5FUTP (20mM). 

Working RNA aptamers were prepared as described under 4.7.8. for aptamers H1_1, 

H2_1, and H2_2#, without addition of 5FU. 
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Pure 5FU was diluted in PBS+MgCl2 at a stock concentration of 400mM. 

Aptamers were linearized by heating to 65°C for 5 min and slowly cooled to room 

temperature, allowing proper folding. 

5FU-aptamers were diluted in cell medium to a concentration of 2X of their individual 

ED50 values (derived from MTT assays): 

- H1_1 5FU-Apt: 2X 19nM = 38nM 

- H2_1 5FU-Apt: 2X 19nM = 38nM 

- H2_2# 5FU-Apt: 2X 41nM = 81nM 

Aptamers without 5FU were diluted in cell medium at the same concentration as their 

respective 5FU-coupled version (derived from MTT assays), since no ED50 values could 

be calculated for pure aptamers: 

- H1_1 Apt: 2X 19nM = 38nM 

- H2_1 Apt: 2X 19nM = 38nM 

- H2_2# Apt: 2X 41nM = 81nM 

5FU was diluted in medium to a concentration of 2X of its ED50 value (derived from MTT 

assays). Additionally, 5FU was diluted in medium to a concentration of 2X of the 

corrected ED50 values of each 5FU-aptamer, representing treatment with an amount of 

5FU equimolar to the 5FU content of each aptamer variant: 

- 5FU: 2X 3124nM = 6248nM 

- FU at ED50 of H1_1: 2X 323nM = 646nM 

- FU at ED50 of H2_1: 2X 361nM = 722nM 

- FU at ED50 of H2_2#: 2X 615nM = 1230nM 

250µl of 2X drug concentrations per well were added and cells were treated for 24h. After 

incubation, cells were harvested and transferred to standard Eppendorf vials. The cell 

pellet was washed with PBS and resuspended in 300µl of PBS by up and down pipetting. 

Immediately, 700µl of ethanol (pre-chilled to -20°C) were added per tube and the 

suspension was vortexed. Cells were fixed in that 70% ethanol solution for 12h at 4°C. 

After fixation, cells were washed 2 times with 500µl PBS, and every pellet was 

suspended in 1ml of propidium iodide (PI) staining solution. Cells were incubated at room 

temperature for 30 min on a shaker in darkness. Following this step, cells were washed 

2 additional times with 500µl PBS, and each pellet was suspended in 300µl of flow 

cytometry buffer.  

For readout, a flow cytometer machine (Accuri C6 Plus, BD Biosciences) was used. Cell 

samples were read until 150µl fluid had passed in medium fluidics (35µl/min) and the PI 

signal was evaluated through the FL-2-filter.  
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FCS express by DeNovo software was used for the gating by FSC/SSC and FSC-a/FSC-

h to filter for dead cells and doublets. The FL2-A signal was plotted against the count 

and markers were assigned for each cell cycle phase, depicting the percentage of cells 

per marked area (marker positions were calibrated on the controls and the settings were 

then preserved for all samples). The percentages of cells in each cell cycle phase were 

compared to the untreated control by one-way ANOVA with Turkey post hoc correction 

for multiple comparisons. Statistical calculations and plots were made using the 

GraphPad Prism 9 software.  

 

 

4.14.  Modeling of aptamer binding (HADDOCK) 

To calculate an in-silico model of binding between the aptamer and CD44, a high 

resolution crystal structure of the human CD44 hyaluronan binding domain complex 

(4PZ3) was obtained from RCSB PDB as a .pdb file [117] 

(https://www.rcsb.org/structure/4PZ3). The file was uploaded to the BindUP server 

(http://bindup.technion.ac.il) [118] and 3 positively charged patches of each protein chain 

were calculated. The aptamer-RNA sequences were pasted into the mask of the MC-

Fold-MC-Sym pipeline (http://www.major.iric.ca/MC-Fold/) [119], refined, relieved, and 

analyzed by p-score. The highest ranked .pdb files were downloaded for each aptamer. 

The binding of aptamers to CD44 was modeled using the HADDOCK2.2 server 

(https://milou.science.uu.nl/services/HADDOCK2.2/haddockserver-easy.html) [120]. 

RNA and protein molecules were uploaded as .pdb files and all chains were considered. 

Active residues were chosen as follows: For aptamers, the residues of the variable 

region, for CD44, the residues of each positively charged patch. Passive residues were 

defined automatically around active ones. All defined binding clusters were classified 

according to the HADDOCK score calculated from the weighted sum of “van der Waals 

intermolecular energy, electrostatic intermolecular energy, distance restraint energy 

(only unambiguous and AIR (ambig) restraints), radius of gyration restraint energy, direct 

RDC restraint energy, intervector projection angle restraint energy, pseudo contact shift 

restraint energy, diffusion anisotropy energy, dihedral angle restraints energy, symmetry 

restraints energy (NCS and C2/C3/C5 terms), buried surface area, binding energy (Etotal 

complex - Sum[Etotal components] ), desolvation energy” [121]. The HADDOCK scores 

of the binding clusters were compared by median for each positively charged protein 

patch. Calculation of statistical significance was not indicated since only the lowest 

HADDOCK score was of interest. The binding of the top ranked clusters was visualized 

using the PyMOL2.5 software (https://pymol.org/2/#page-top) [122]. 

https://www.rcsb.org/structure/4PZ3
http://bindup.technion.ac.il/
http://www.major.iric.ca/MC-Fold/
https://milou.science.uu.nl/services/HADDOCK2.2/haddockserver-easy.html
https://pymol.org/2/#page-top
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5. Results 

 

5.1. Generation of aptamers in 12 cycles of SELEX 

A library of RNA molecules bearing the potential to form 1015 different structural variants 

was subjected to the SELEX cycle. A CD44 protein that contains all constantly expressed 

exons, as well as all common exon variants (v2-v10), served as a target for selection. In 

the first 6 rounds of SELEX, a basic enrichment approach was applied to filter for general 

specificity toward CD44(v). The following 6 rounds were conducted under advanced 

settings with the attempt to force binding specificity of the aptamers toward the variant 

6-exon region. The whole process was carried out in 2 identical setups. After 12 rounds 

of SELEX, the enriched aptamers were cloned and read individually by sequencing. 
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Figure 8. Schematic representation of the whole SELEX cycle: In the 6 rounds of basic 

selection, the RNA aptamer pool was precleared against the empty matrix and then subjected to 

the selection process for binding properties toward the CD44(v) protein. In the following 6 rounds 

of advanced selection, the preselected aptamer pool was subjected to a negative selection step 

against CD44 with the v6 exon region blocked by a specific antibody, prior to standard positive 

selection [110].  

 

 

5.1.1. Enriched aptamer sequences 

The whole SELEX cycle was carried out in 2 identical setups (H1 and H2). After 12 

selection rounds, the enriched aptamer pool was cloned using a bacterial plasmid 

system. 20 single-clone colonies per setup were picked to read out individual aptamer 

codes by sequencing. Of the 40 sequenced clones, 36 carried aptamer information, the 

remaining 4 turned out to be empty vectors. There was strong redundancy among the 

36 enriched aptamer sequences resulting in only 8 unique aptamer codes. The variable 

region of the enriched RNA aptamers is shown. Abundance indicates the number of reads in the 

sequencing process of 36 clones.  
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Label Aptamer code Abundance 

H1_PosNeg1 AUGGAAGGUAGGAGGAGAUUGUCA 16 

H1_PosNeg3 AGCGAGGGAGGAGGCCGCAUGAUGC 1 

H1_PosNeg4# AUGGAAUGUAGGAGGACAUUGUCAG 1 

H1_PosNeg8 AUGGAAGGUAGGAGGAUGGUUCCAU 1 

H1_PosNeg16 GGAGAGGAGGAAGAUGGUUCCAU 1 

H2_PosNeg1 UAAAUCAACAUAGGUGGAUGGUGGU 7 

H2_PosNeg2# GACAUCAGCCAGGGUGUAGGGGGAG 8 

H2_PosNeg15 UAGAUCAACAUAGGUGGAUGGUGGU 1 

 Table 4. Enriched aptamer sequences after 12 rounds of SELEX 

 

 

5.1.2. Analysis of aptamer sequence motifs 

The enriched aptamer sequences showed similarities in the RNA code. To evaluate 

homology and sequence alignment, the LocARNA-Alignment & Folding tool [113] was 

used. It provided an ontology tree, depicting the degree of relation between sequences, 

as well as a homology-analysis of aligned sequences. 

 

 

Figure 9. Analysis of aptamer sequences with the LocARNA Alignment & Folding tool [113]: 

The upper panel shows the degree of relation between sequence codes in an ontology tree. The 

closer the brackets are to the sequence names, the more similarity can be found between those 

sequences. The lower panel shows the degree of homology between sequences for each 

nucleotide position, indicated by height of the grey bar. 

...((((.((........)).)))....)..

H1_PosNeg4# AUGGAAUGUA--GGAGGACAUUGU----CAG 25
H1_PosNeg8 AUGGAAGGUA--GGAGGAUGGUUC----CAU 25
H1_PosNeg1 AUGGAAGGUA--GGAGGAGAUUGU----CA- 24
H1_PosNeg16 --GGAGAGGA--GGAAGAUGGUUC----CAU 23
H2_PosNeg_1 UAAAUCAACAUAGGUGGAUGGUGG----U-- 25
H2_PosNeg_15 UAGAUCAACAUAGGUGGAUGGUGG----U-- 25
H2_PosNeg_2# GACAUCAGCCAGGGUGUAGGGGGA----G-- 25
H1_PosNeg3 A---GCG---AGGGAGGAGGCCGCAUGAUGC 25

.........10........20........30
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The ontology analysis revealed that the sequences from SELEX-setup H1 showed closer 

similarity to each other than to sequences from SELEX-setup H2 and vice versa. Hence, 

a slightly different population of aptamers was enriched in each setup. Differences in 

nucleotide codes were more abundant at the ends of the sequences, while the middle 

was dominated by a rather conserved pattern, as depicted by homology analysis. This 

conserved region was enriched throughout both SELEX setups (H1&H2), indicating that 

this pattern may be crucial for binding to the target during SELEX.  

To get deeper insight about the conserved regions, the aptamer sequences were 

subjected to the MEME suite motif discovery algorithm (v. 5.3.3) [115].  The tool looks 

for structural motifs of different lengths throughout all input sequences and assigns a 

score to discovered motifs.  
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Figure 10. Discovery of motifs in the aptamer sequences with the MEME-suite tool: A color 

identifier is assigned to every discovered motif. The E-value is an estimate of the probability that 

a motif of similar quality can be found if all input sequence codes were to be shuffled. Hence, it 

describes the probability that the motif is a random sequence artifact [115]. Only the red motif 

shows a statistically significant E-value. The lower panel depicts motif locations on the aptamer 

sequences. The height of the colored bars correlates inversely with the probability that each motif 

would generate an equally scored match if the individual input sequence was to be shuffled. 

 

The red motif could be found centered on every aptamer code with significant 

reproducibility. Minor, nonsignificant motif variations clustered towards the ends of the 

aptamer sequences, as proposed before. Hence, the red motif code was most likely 

responsible for aptamer binding toward the target of selection in the SELEX process.  

To find out whether the novel advanced SELEX approach was sufficient to generate 

aptamers with specificity for the CD44v6 exon or if only specificity for the whole CD44 

protein was achieved, the binding properties of the aptamers were assessed for using 

cellular systems.  

The most abundantly enriched aptamers H1_1, H2_1 and H2_2# were chosen for further 

biological assays. Their respective molecular weights comprised 33,6kDa for H1_1, 

33,9kDa for H2_1 and 34,0kDa for H2_2#. Full details on the aptamer RNA sequences 

are listed in section 8.1. (Supplement 1). 

 

 

5.2. Evaluation the expression of CD44v6 and CD44s in cell line systems 

As a prerequisite for biological experiments with the generated aptamers, a suitable 

cellular system had to be chosen. Based on prior experiments and a query of openly 

accessible cell line transcriptome databases, human cell lines with high and low 

expression of CD44v6 and CD44s were preselected. Cell lines were also chosen with 

regard to accessibility in our laboratory. For confirmation, selected cell lines were 

assessed for CD44v6 and CD44s expression by flow cytometry. 
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5.2.1. Assessment of CD44v6 expression of cell lines  

The expression of CD44 exon variant 6 (CD44v6) was measured in two human cell lines. 

Nonfixated cells were subjected to staining with a labeled antibody specific for CD44v6 

(VFF-18). After gating, corrected mean fluorescent intensity values were compared. 

 

 

Figure 11. CD44v6 expression of cell lines: Protein expression was assessed by flow 

cytometry. After gating, the geometric mean of fluorescent intensity was corrected for background 

and dispersal, and from that the resolution metric was calculated. The scale is logarithmic. 

 

Regarding this result, UPCI-SCC-040 and UD-SCC-2, two squamous cell carcinoma 

lines derived from head and neck cancers, were chosen for further experiments. Since 

the expression of CD44v6 was 1000-fold higher in UPCI-SCC-040 than in UD-SCC-2, 

the first was chosen as a positive control and the second as a negative control for future 

assessment of aptamer specificity toward CD44v6. 
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5.2.2. Assessment of CD44s expression of cell lines  

Standard CD44 (CD44s) expression was measured in four human cell lines. Nonfixated 

cells were subjected to staining with a CD44s-specific primary antibody followed by a 

labeled secondary antibody. After gating, corrected mean fluorescent intensity values 

were compared. 

 

 

Figure 12. CD44s expression of cell lines (1): Protein expression was assessed by flow 

cytometry. After gating, the geometric mean of fluorescent intensity was corrected for background 

and dispersal, and from that the resolution metric was calculated. The scale is logarithmic. 

 

MiaPaCa2 and Panc 1 showed high CD44s expression while Capan 1 had an 

intermediate/low expression profile. All three lines are immortalized cell clones of 

Pancreatic ductal adenocarcinoma. The human embryonic kidney cell line Hek 293T 

showed virtually no expression of CD44s, so it was chosen as a negative control.  

Subsequently, the CD44s expression of the previously mentioned head and neck cancer 

cell lines UPCI-SCC-040 and UD-SCC-2 was compared. No differences in CD44s 

expression were found between the cell lines.  
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Figure 13. CD44s-expression of cell lines (2): Protein expression was assessed by flow 

cytometry. After gating, the geometric mean of fluorescent intensity was corrected for background 

and dispersal, and from that the resolution metric was calculated. The scale is logarithmic. 

 

 

5.3. Evaluation of aptamer-to-target specificity  

To assess the specificity of the generated aptamers toward their protein targets, a 

modified approach of flow cytometry was implemented. The aptamers H1_1, H2_1, and 

H2_2# were labeled with the Cy3 fluorescent dye and their binding properties were 

tested on the selected cell lines expressing CD44v6 or CD44s.  

 

 

5.3.1. Assessment of aptamer binding to CD44v6 by flow cytometry 

The low CD44v6-expressing cell line UD-SCC-2 and the high CD44v6-expressing cell 

line UPCI-SCC-040 were chosen to evaluate whether the advanced SELEX setup 

generated sufficient aptamer specificity toward the variant 6 region of CD44. Nonfixated 

cells were subjected to staining with labeled aptamers. After gating, normalized median 

fluorescent intensity values were assessed and the areas under the curve (AUC) were 

compared for both cell lines. 
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Figure 14. Evaluation of binding of the aptamers to the v6 exon region of CD44: Flow 

cytometry was performed with Cy3-labeled aptamers H1_1, H2_1, and H2_2# after binding to the 

high-expressing CD44v6 cell line UPCI-SCC-040 and the low-expressing CD44v6 cell line UD-

SCC-2. The median fluorescent intensity was measured and normalized with respect to the 

maximum value. The area under the curve for each graph was compared using an unpaired t test. 

 

No differences in signal intensity could be found between high and low CD44v6-

expressing cell lines. Both curves are rising sharply, so it can be assumed, that the 

aptamers are binding to the cell surface but not specifically to the v6 region of CD44.  

Hence, the addition of modified advanced selection cycles to the SELEX process could 

not generate sufficient aptamer specificity toward the v6 region of CD44. 

The next logical step was to assess whether the aptamers are reliably binding to the 

CD44 protein itself. Since the cell lines UPCI-SCC-040 and UD-SCC-2 do not show 

differences in CD44s expression (see 5.2.2., Figure 10), the results shown above are in 

line with that hypothesis. 
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5.3.2. Assessment of aptamer binding to CD44 by flow cytometry 

The same approach of modified flow cytometry was applied using the MiaPaCa2 cell line 

as a high-expressing CD44 model and the Hek 293T cell line as a negative control.  
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Figure 15. Evaluation of aptamer binding to CD44: Flow cytometry was performed with Cy3-

labeled aptamers H1_1, H2_1, and H2_2# after binding to the high CD44s-expressing cell line 

MiaPaCa2 and the low CD44s-expressing cell line Hek 293T. The median fluorescent intensity 

was measured and normalized with respect to the maximum value. The area under the curve for 

each graph was compared using an unpaired t test. 

 

A significant difference in the area under the curve for signal intensity could be found 

after aptamer staining when comparing the high CD44 expressing cell line MiaPaCa2 

with the low CD44 expressing cell line Hek 293T. The results indicate that the aptamers 

specifically bind to the CD44s protein.  

 

 

5.3.3. Confirmation of aptamer binding to CD44s by UV cross-linking 

To fully confirm that the aptamers are binding to the CD44 protein specifically, a 

pragmatic experiment was performed. High CD44-expressing MiaPaCa2 cells were 

seeded in dishes and incubated with an extremely high amount of (H1_1/H2_1/H2_2#) 

aptamers and an unselected mock aptamer library as a control. After a sufficient binding 
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time, cell plates were irradiated with UV light to ensure cross-link formation between 

bound aptamer RNA and cell surface proteins, as described by  Wagenmakers et al. 

[123]. Cells were harvested and thoroughly lysed using RIPA buffer and sonication. The 

lysates were loaded onto an SDS-PAGE and the gel was stained with RNA dye. A picture 

of the (strongly magnified) RNA signal was saved. Then, Western blotting was 

performed, the blotting membrane was stained for CD44s, and a picture of the protein 

signal was saved. The RNA-band signal and the protein-band signal were overlapped 

using the size ruler ladder as a reference. 
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Figure 16. Aptamer cross-linking to CD44s on the cell surface: After incubation of an identical 

amount of aptamer RNA and control RNA with MiaPaCa2 cells and UV cross-linking, the cell 

membrane lysate was analyzed on SDS-PAGE. The RNA signal and the CD44 protein signal 

were obtained. One signal was enhanced with a green filter, the other signal with a red filter, and 

the images were overlapped using the ladder as a reference. Bad picture quality could not be 

avoided due to the need of strong signal magnification. 

 

The strong RNA signal of all aptamer bands overlaps perfectly with the signal of the 

CD44 protein, indicating that the aptamers bind specifically to CD44. No RNA bands can 

be found in the PBS-only control. The mock aptamer library control shows several, very 

faint RNA-bands, indicating unspecific binding to the cell surface, as expected. This 

assay confirms that the SELEX cycle generated aptamers that bind specifically to the 

CD44 protein. 

 

 

5.4. In vitro biological effects of CD44-specific aptamers enhanced with 

5-Fluorouracil 

To assess the biological efficacy of the generated aptamers in cancer treatment, the 

RNA backbones of the molecules were modified. Instead of each Uracil residue, 5-

Fluorouracil (5FU) was incorporated into the aptamer RNA during synthesis. 5FU is a 

chemotherapeutic drug commonly used in the clinical treatment of pancreatic ductal 

adenocarcinoma [9].  

The number of 5-Fluorouracil molecules differs between individual aptamers: 

H1_1:  17 residues of 5-Fluorouracil. 

H2_2:  19 residues of 5-Fluorouracil. 

H2_2#: 15 residues of 5-Fluorouracil. 

All concentration values were corrected for the individual 5-Fluorouracil content of the 

aptamer prior to statistical comparison. 
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5.4.1. The effect of aptamers on cancer cell proliferation 

An MTT proliferation assay was performed using the cancer cell line Panc 1 as a high 

CD44 expressing system and the cancer cell line Capan 1 as an intermediate/low CD44 

expressing system. Cells were treated with different concentrations of unmodified 

aptamers, pure 5FU and 5FU-modified aptamers. After 72h, the number of viable cancer 

cells was assessed. ED50 values were calculated for each agent and corrected values 

for 5FU-modified aptamers were compared to the effect of pure 5FU. Additionally, an 

efficiency factor was calculated by dividing the ED50 value of pure 5FU by the corrected 

ED50 value of the 5FU-modified aptamer. The factor can be used to quantify the 

amplification of 5FU potency by combination of the drug with the CD44-directed aptamer 

targeting system. 

The intermediate/low CD44-expressing cancer cell line Capan 1 showed the following 

results: 
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Figure 17. MTT-proliferation assay with 5FU-aptamers on Capan 1 cancer cells: A constant 

amount of Capan 1 cancer cells per well was seeded of a 96-well plate. Cells were treated with 

increasing concentrations of pure aptamer, pure 5FU and 5FU-modified aptamer for 72h. After 

incubation, MTT reagent was added and the number of cells in each well was quantified. The 

ED50 values were calculated for each treatment. The values of 5FU-modified aptamers were 

corrected for the individual 5FU amount by multiplication of the initial ED50 by the Uracil content 

0

50

100

   0.1   10.0 1000.0

concentration (nM) 

%
 M

T
T

 P
ro

lif
e
ra

ti
o
n

agent

5FU

5FU−Aptamers

Aptamers

Aptamer H2_1 on Capan 1

0

50

100

   0.1   10.0 1000.0

concentration (nM) 

%
 M

T
T

 P
ro

lif
e
ra

ti
o
n

agent

5FU

5FU−Aptamers

Aptamers

Aptamer H1_1 on Capan 1

0

50

100

   0.1   10.0 1000.0

concentration (nM) 

%
 M

T
T

 P
ro

lif
e

ra
ti
o

n

agent

5FU

5FU−Aptamers

Aptamers

Aptamer H2_2# on Capan 1

0

50

100

   0.1   10.0 1000.0

concentration (nM) 

%
 M

T
T

 P
ro

lif
e
ra

ti
o
n

agent

5FU

5FU−Aptamers

Aptamers

Aptamer H2_1 on Capan 1



 63 

of the aptamer. The corrected values of the replicates were compared using an unpaired t test. 

Additionally, the efficiency factor was calculated by division of the ED50 value of pure 5FU by the 

ED50 value of 5FU-modified aptamer. 

 

The results show that 5FU-modified aptamers are 5-10 times more efficient in inhibiting 

proliferation than 5FU alone in intermediate/low CD44 expressing Capan 1 cancer cells. 

Therefore, the specific targeting of 5FU to CD44 by the aptamer carrier system 

significantly enhances the cytostatic effect of 5FU. 

The same assay was repeated with the high CD44-expressing cancer cell line Panc 1 

showing the following results: 
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Figure 18. MTT-proliferation assay with 5FU-aptamers on Panc 1 cancer cells: A constant 

amount of Panc 1 cancer cells per well was seeded of a 96-well plate. Cells were treated with 

increasing concentrations of pure aptamer, pure 5FU and 5FU-modified aptamer for 72h. After 

incubation, MTT reagent was added and the number of cells in each well was quantified. The 

ED50 values were calculated for each treatment. The values of 5FU-modified aptamers were 

corrected for the individual 5FU amount by multiplication of the initial ED50 by the Uracil content 
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of the aptamer. The corrected values of the replicates were compared using an unpaired t test. 

Additionally, the efficiency factor was calculated by division of the ED50 value of pure 5FU by the 

ED50 value of 5FU-modified aptamer. 

 

Once again, it becomes evident that incorporation of 5-Fluorouracil into targeted 

aptamers significantly enhances the cytostatic effect of 5FU. The effect of 5FU-modified 

aptamers was 87-154 times stronger than that of 5FU alone in the high CD44 expressing 

cell line Panc 1. In the intermediate/low CD44-expressing cell line Capan 1, the efficiency 

factors reached only 5 to 10. Therefore, the efficiency of the 5FU-modified aptamers is 

strongly correlated with the amount of CD44 expression of cancer cells.  

An additional observation can be deduced from the graphs: The aptamer-only controls 

(green lines) also show a restricting effect on cancer cell proliferation, even without the 

presence of 5FU. This indicates that the aptamers interfere with some biological 

pathways of the cancer cells that are connected to the CD44 protein. To resolve, whether 

the effect of 5FU-modified aptamers is merely the combination of the effects of 5FU alone 

and of aptamers alone (additive), or if the effect is more than additive (synergistic), or 

even the opposite (antagonistic), isobologram graphs were prepared. Each datapoint 

above the line of additivity indicates antagonistic effects, while each point below the line 

indicates synergistic effects of the two agents within each 5FU-enchanced aptamer. 
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Figure 19. Isobologram graphs depicting the effects of 5FU-modified aptamers on Capan 

1 and Panc 1 cancer cell lines: The x-axis depicts 5FU concentation, the y-axis depicts aptamer 

concentration. A line of additivity is drawn between the mean ED50 value of pure 5FU and the 

mean ED50 value of pure aptamers, marked on the respective axes. The 5FU-modified aptamers 

were located as data points on the graph by using the corrected concentration of 5FU at ED50 as 

x coordinate and the (uncorrected) concentration of aptamer at ED50 as y coordinate. 

 

It is evident that the properties of pure 5-Fluorouracil and pure aptamers become highly 

synergistic in the 5FU-modified aptamers. The effect is stronger in the high CD44 

expressing cell line Panc 1 than in the intermediate/low CD44 expressing cell line Capan 

1 (the dots are closer to 0). Hence, the generated aptamers are more than mere carriers 

of 5FU – they strongly enhance the efficiency of the drug in a synergistic way. 

 

 

5.4.2. The effects of aptamers on the cancer cell cycle 

To further elucidate the mechanistic effects of aptamer treatment on cancer cells, cell 

cycle analysis by propidium iodide (PI) staining was performed. Capan 1 cells were 

treated with different agents at the previously calculated ED50 (see 5.4.1). The assay 

included:  
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- untreated controls  

- treatment with 5FU only at its ED50 concentration (3124 nM) 

- 5FU-modified aptamers at their individual ED50 concentrations 

o H1_1-5FU-aptamer (19 nM) 

o H2_1-5FU-aptamer (19 nM) 

o H2_2#-5FU-aptamer (41 nM) 

- aptamers without 5FU at the same corresponding concentrations as above 

o H1_1-aptamer (19 nM) 

o H2_1-aptamer (19 nM) 

o H2_2#-aptamer (41 nM) 

- 5FU only with concentration corresponding to the equimolar amount inside of the 

5FU-modified aptamers.  

o 5FU equimolar to H1_1-5FU-aptamer (323 nM) 

o 5FU equimolar to H1_1-5FU-aptamer (361 nM) 

o 5FU equimolar to H1_1-5FU-aptamer (615 nM) 

After treatment, the cells were fixated and stained with propidium iodide. Its fluorescent 

intensity was assessed by flow cytometry to quantify the amount of intracellular DNA. 

Cell fractions were attributed to cycle phases, as shown by Guo et al. [124]. The exact 

same marker positions were preserved for all samples and the percentages of cells per 

phase were compared. Figure 20 (A) shows an example of the cell cycle distribution as 

measured after different treatments. Figure 20 (B) summarizes all the different treatment 

groups with their corresponding statistical significance. 

 

(A) Control

 

5FU at ED50

 

H1_1 5FU-Apt at ED50
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(B)  

 

Figure 20. Cell cycle analysis of Capan 1 cells after aptamer treatment: (A) A constant 

amount of Capan 1 cancer cells was seeded per well in a 24-well plate. Cells were treated with 

pure 5FU at its ED50, 5FU-enchanced aptamers at their ED50, pure aptamers at the same 

concentration and pure 5FU at equimolar concentration as in the treatment group ‘5FU-modified 

aptamers at ED50’. After 24 hours the cells were fixated and stained with PI. The fluorescent signal 

was measured by FC and markers were applied to quantify cell populations in each cell cycle. 

The markers were kept in preserved positions for each measurement. (B) The percentage of cells 

per cell cycle was compared to untreated controls by one-way ANOVA with Turkey post hoc 

correction for multiple comparisons. Since the replicates showed slight variabilities and not all 

cells could be included in the range of the markers, the bars do not reach 100%.   
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Treatment with a sufficient amount of 5FU (at its ED50-concentration) and with 5FU-

enchanced aptamers at their ED50 significantly increased the portion of cells in the G1 

phase and reduced the portion of cells in G2/M. Aptamers alone failed to induce that 

effect. The results indicate that, on the one hand, sufficient 5FU treatment causes G1 

arrest in proliferating cancer cells. On the other hand, the cytostatic effect of 5FU is 

strongly amplified by the incorporation of 5FU into our CD44-targeted aptamers. The 

application of equimolar amounts of pure 5FU does not induce the same effect as the 

modified aptamers.  

Since the cytostatic effect of 5FU-modified aptamers strongly exceeds the effect of 

equimolar 5FU in cancer cells, it seems probable that the aptamers themselves also 

contribute to the observed cytostatic effects, although not through G1 arrest. To 

elucidate, which cellular pathways could be involved in the mechanism of action of our 

aptamers, an in-silico approach was implemented.  

 

 

5.5. In silico modeling of aptamer binding to the CD44s protein 

To model the interaction between the RNA aptamers and the CD44 protein, the 

HADDOCK2.2 server tool was chosen [120], that could be addressed under 

https://milou.science.uu.nl/services/HADDOCK2.2/haddockserver-easy.html. The 

server returns a ‘HADDOCK score’ for each possible binding cluster between RNA and 

protein based on the weighted sum of various properties: 

- van der Waals intermolecular energy 

- electrostatic intermolecular energy 

- distance restraints energy 

- radius of gyration restraint energy 

- direct RDC restraint energy 

- intervector projection angle restraints energy 

- pseudo contact shift restraint energy 

- diffusion anisotropy energy 

- dihedral angle restraints energy 

- symmetry restraints energy 

- buried surface area 

- binding energy and desolvation energy [121] 

https://milou.science.uu.nl/services/HADDOCK2.2/haddockserver-easy.html
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Inclusion of many parameters in an optimized score promises a valid estimation of the 

most realistic cluster of interactions between protein and RNA.  

A high-resolution crystal structure of the human CD44s extracellular domain complex 

(4PZ3) was obtained from RCSB PDB as a .pdb file [117]  

(https://www.rcsb.org/structure/4PZ3). Six positively charged patches were located on 

the protein surface using the BindUP server tool [118] (http://bindup.technion.ac.il).  

Tertiary RNA structures for each aptamer (H1_1, H2_1, and H2_2#) were calculated 

using the MC-Fold-MC-Sym-pipeline [119]  (http://www.major.iric.ca/MC-Fold/). After 

refinement, the top-ranked RNA .pdb files based on minimal free energy were obtained 

for each aptamer. 

 

 

5.5.1. Estimation of the most favorable binding patch of CD44 

The coupling simulation of tertiary RNA aptamer structures to the six positive patches on 

the CD44s extracellular protein domain was performed on the HADDOCK2.2 server, 

yielding HADDOCK scores for each interaction. Lower scores indicate a more favorable 

binding composition.  

 

 

https://www.rcsb.org/structure/4PZ3
http://bindup.technion.ac.il/
http://www.major.iric.ca/MC-Fold/
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Figure 21. Comparison of HADDOCK scores of CD44-aptamer interaction clusters: The 

HADDOCK scores of the binding clusters were compared by median for each positive protein 

patch (A1-B3) and for each aptamer. Lower scores indicate more favorable binding properties. 

Calculation of statistical significance is not indicated since only the lowest HADDOCK scores are 

of interest.   
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It becomes evident that patch B2 shows the lowest HADDOCK score for each aptamer 

interaction. That domain of the extracellular region of the CD44s protein has the highest 

probability of being the actual target of binding of the three aptamers.  

 

 

5.5.2. Visualization of aptamer binding to CD44 

To understand the biological significance of these findings, the structures and their 

interactions were visualized using the PyMOL2.5 software [122] 

(https://pymol.org/2/#page-top). Figure 22 (A) shows the CD44s extracellular protein 

domain with its known binding site for interaction with hyaluronic acid [125] and patch 

B2, the proposed binding site of the aptamers. Next, the protein model that was used in 

the HADDOCK calculations is shown. Figure 22 (B) shows the aptamers H1_1, H2_1, 

and H2_2# (front and side view) in the optimal calculated binding configuration according 

to the HADDOCK score on the B2 patch of the CD44 protein. 

 

 

 

   

Arg45 

Ile100 

Ala103 

His96 

Patch B2 

https://pymol.org/2/#page-top
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Figure 22. Visualization of aptamer binding to the CD44s protein: The upper panel shows 

the CD44s model with the hyaluronan binding site from Banerji et al. [125] next to the model that 

was obtained from RCSB PDB for HADDOCK calculations. The highlighted residues correspond 

to the marked amino acids in the referenced protein model. Patch B2 on the protein is marked in 

blue. The lower panel shows the top-ranked clusters of aptamers H1_1, H2_1, and H2_2# 

according to the HADDOCK score binding to the B2 patch of the CD44s extracellular protein 

domain. Each complex is shown from the front and from the side for better orientation.  

 

Considering the results of the HADDOCK calculation and visualization of the molecular 

binding clusters, the following assumptions can be deduced: All aptamers favor the same 

specific patch on the surface of the extracellular domain of the CD44s protein as their 

binding target. When coupled to that domain in the most realistic configuration, all 

aptamers clearly obstruct the hyaluronan binding pocket of CD44 between Arg45 and 

Ile100. These observations show a possible mechanism by which the generated 

aptamers may be able to influence cellular pathways of cancer cells.  
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6. Discussion  

The treatment of advanced pancreatic ductal adenocarcinoma poses a challenge in 

clinical routine due to its complex heterogeneity and aggressiveness [11], [12], [13], [14], 

[16], [17]. In this study, we generated an approach to overcome the limitations of 

conventional chemotherapy by implementing a targeted drug delivery system. We 

enriched aptamers specific for the CD44 protein, which is overexpressed in PDAC and 

associated with undesirable tumor traits and reduced overall survival [53], [55], [54], [56], 

[57], [61], [62], but it was not possible to direct aptamer specificity toward the subregion 

of exon variant 6 on CD44. Finally, we were able to successfully integrate the cytostatic 

drug 5FU into our aptamers and show significant antitumor treatment effects dependent 

on CD44 expression.  

 

 

6.1. Evaluation of the modified SELEX protocol 

To synthesize specific aptamers for CD44 and its variant 6, we developed a modified 

SELEX protocol. First, a recombinant CD44 protein containing all exon variants was 

generated in a mammalian expression model (see 4.6.). Mammalian expression was 

necessary to preserve post-translational modifications of the protein as expected in vivo. 

Then a pool of random aptamer oligonucleotides was selected for binding properties to 

that protein (see 4.7.4.). In the advanced SELEX setup, we tried to direct the binding 

specificity of the aptamers towards the region of exon 6 on the CD44 protein by 

incorporation of a negative selection step (see 4.7.5.).  

The modified SELEX cycle yielded 3 strongly enriched aptamer sequences (H1_1, H2_2 

and H2_2#) (see 5.1.1.). All of those sequences showed highly conserved motif patterns 

in the center (see 5.1.2.), indicating directed selection pressure during the SELEX 

process. The enriched aptamers were labeled with a fluorescent dye, and their binding 

specificity was assessed in cell line systems by flow cytometry. No specific binding to 

exon variant 6 of CD44 could be observed, only specificity towards standard CD44 (see 

5.3.1. and 5.3.2.). CD44 could be confirmed as the cellular target of our selected 

aptamers by gel electrophoresis (see 5.3.3.). 

In conclusion, we were able to generate aptamers specific for the standard CD44 

extracellular protein domain, but the implementation of the modified SELEX protocol 

failed to convey binding specificity to the variant exon 6 of CD44. One possible 

explanation for the failure can be found during the negative selection step of the 

advanced SELEX setup. The antibody that was used to block the v6 exon during aptamer 

selection has a size of approximately 150kDa [126] while the whole CD44 protein can 
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show a size of 82kDa to 200kDa [47]. The region of variant exon 6 spans a range of only 

42 amino acids out of the 742 amino acids of the protein [127]. Hence, it is possible that 

the antibody, which is almost the same size as the protein, does not cleanly cover the 

small region of 42 amino acids of the variant 6 exon on CD44. It is rather binding to a 

tertiary metastructure of CD44v6 and thus the v6 pocket might still be accessible for 

aptamers during negative selection. Additionally, the interaction of CD44v6 with the 

antibody could cause conformational changes to the protein, as described by Škerlová 

et al. [128]. This could release other aptamer structures that were already bound from 

the complex, and therefore reduce the efficiency of the negative selection step during 

advanced SELEX. Another possible explanation lies in the fact that the small region of 

exon variant 6 is rather hidden below the main bulk of the hyaluronan binding domain of 

CD44 and thus might not be accessible for the RNA aptamers. According to Chen et al., 

this region is so cramped that it cannot even be resolved by crystallography [129]. Taking 

into account the size of the aptamer RNA in relation to the protein (see 5.5.), it is possible 

that the aptamers were not able to access the exon variant 6 pocket at all.  

A possible improvement for future attempts to generate aptamers specific for CD44v6 

would be to use two different proteins during the SELEX-cycle: one version of CD44 

containing exon v6 for positive selection and a version without v6 for negative selection. 

This approach would dispose of all interferences that might be caused by the 

implementation of an antibody. Also, the fact that the pocket of exon variant 6 might be 

not accessible wouldn’t matter anymore. The aptamers’ binding specificity would be 

directed towards tertiary metastructures of CD44 that are only present if exon v6 is, and 

not towards v6 itself.   

 

 

6.2. Evaluation of cytostatic effects of CD44-specific aptamers in vitro 

Despite the setback with respect to the side project, we were able to generate specific 

aptamers for the CD44s protein. The enriched aptamer sequences H1_1, H2_2 and 

H2_2# were enhanced by exchanging every Uracil residue with 5-Fluorouracil during 

transcription (see 4.7.3.). The modified aptamers were then evaluated for their biological 

effects on proliferation and cell cycle in pancreatic cancer cell line systems (see 4.12. 

and 4.13.). 

An intermediate/low CD44 expressing pancreatic cancer cell line and a high CD44 

expressing one were treated with 5FU-modified aptamers. In both cases, the reduction 

of proliferation that was achieved by aptamer treatment was significantly stronger 

compared to equimolar 5FU-only controls. The efficacy of aptamer treatment increased 
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markedly with higher expression of CD44 (see 5.4.1.). That effect was stronger than just 

an addition of the effects of pure aptamers and pure 5FU, confirming that our 5FU-

modified aptamers are more than mere drug carriers (see 5.4.1., Isobolograms). Even in 

a cell culture system, where the accessibility of chemotherapy is the same for all cancer 

cells, the aptamers have shown superior anticancer activity compared to 5FU alone. 

These observations reveal a promising advantage that is especially important for in vivo 

application: Lower doses of drugs are necessary to induce cytostatic effects in cancer 

cells, thus reducing cytotoxicity to bystander cells [130]. By combination of these 

properties with CD44-specific targeting, our aptamers could be able to significantly 

reduce the adverse side effects associated with the cytostatic treatment of pancreatic 

cancer.  

The analysis of cancer cell cycle distribution after treatment with 5FU-modified aptamers 

showed a significant accumulation of cells in the G1 phase and a reduction in the 

population transitioning to G2/M. The same effect was only reached by a 10-fold amount 

of free 5FU (see 5.4.2.). Consistent with the findings of Mahajan et al. and Gao et al. 

[77], [131], this alteration of the cell cycle indicates a state of G1 arrest, that is induced 

by 5FU treatment. Therefore, the main effect of our modified aptamers is exerted by the 

delivery of 5FU to the cancer cells and not by some other unspecific side interaction. 

Of course, additional work needs to be done before transitioning to experimental models 

of higher order. A knockout of CD44 in cancer cell lines must be performed to clearly 

show the CD44 dependence of cytostatic aptamer effects. Furthermore, a mechanistic 

analysis of cellular aptamer uptake by inhibition of all possible pathways and assessment 

of intracellular aptamer processing is required, as described by Mahajan et al. [77].  

 

 

6.3. Evaluation of the aptamer binding site on CD44 and its biological 

relevance  

Besides the strong enhancement of 5FU-efficacy by modified aptamers, an additional 

observation caught our attention: Aptamers alone, without 5FU, also showed 

considerable inhibition of cell proliferation, almost reaching a reduction of 50% (see 

5.4.1.). But interestingly, this effect was not based on cell cycle arrest, as it was observed 

with the 5FU-modified counterparts (see 5.4.2.). Therefore, there might be a way by 

which aptamers alone exhibit a biological effect on cancer cells. To elucidate possible 

pathways of action, we calculated the most probable binding sites of our aptamers based 

on the crystal structure of CD44 (see 4.14.). 
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The computed estimation shows that each individual aptamer consistently favors one 

specific binding patch of the CD44 protein (see 5.5.1.). When that specific patch is 

mapped on the protein surface, it becomes evident that the binding region of our 

aptamers lies in close proximity to the domain of interaction with hyaluronic acid [125]. 

Visualization of the aptamer models bound to that patch discloses that the hyaluronan 

binding pocket of CD44 becomes severely obstructed by our generated aptamers (see 

5.5.2.). Therefore, our aptamers could exert a biological effect on cancer cells by 

interfering with binding of hyaluronan to its receptor molecule CD44. 

The interaction of CD44 with hyaluronic acid is known to be an important driver of tumor 

aggression in many cancer entities [132], [133]. One of the main proposed mechanisms 

is the cross-linking of CD44 receptor domains through large molecules of hyaluronic acid, 

thus bringing lipid rafts loaded with cell surface receptors into close proximity [134]. This 

activates different ErbB receptor tyrosin kinases, TGF-beta1 receptors and their 

corresponding mediated downstream pathways [135], [136], [137]. Hyaluronan-CD44 

dependent effects include PI3K/Akt activation with consecutive overexpression of MDR1 

and enhanced drug resistance [138], FAK stimulation that leads to resistance to 

apoptosis [139], and src/MAPK activated cell proliferation [140]. Strong expression of 

hyaluronic acid was even shown to be associated with shorter survival in patients with 

PDAC [141]. Although in vivo, the stromal cancer microenvironment is usually the main 

source of hyaluronan [142], cultured pancreatic cancer cells also synthesize and excrete 

hyaluronic acid, although to a minor extent [143], [144]. Taking all of this into 

consideration, the hypothesis can be proposed that our aptamers exert a cytostatic effect 

on cancer cells by interference with hyaluronan/CD44-axis pathways. Similar 

approaches have already shown that the inhibition of interaction between CD44 and 

hyaluronic acid in tumor cells had antitumoral effects such as increased apoptosis rate 

[145], reduced proliferation [146] and increased drug sensitivity [138].  

More work needs to be done to elucidate how exactly the interaction of our aptamers 

with CD44 affects the downstream pathways of the protein receptor in cancer cells. This 

can be achieved by evaluating the phosphorylation patterns of the signaling mediators, 

as it was done by Mahajan et al. [77]. Overall, there are many possible benefits to our 

novel aptamers that must be evaluated in experimental models of higher order. The 

specificity towards CD44 has the potential to overcome stromal barriers, the strong 

enhancement of 5FU cytotoxicity might lead to superior cancer growth impairment while 

reducing therapy associated side effects to bystander cells. And finally, the interaction 

with the hyaluronan binding domain of CD44 could lead to a variety of beneficial 

antitumor effects. Taking all these different findings into acount, our generated aptamers 

comprise a very promising new approach for the treatment of pancreatic cancer. 
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8. Supplement 

8.1. Supplement 1: Sequence information 

8.1.1. SELEX library primers 

Library 

Primer 

18_25 

5‘ CGGGGATCCATGGGCACTATTTATATCAACN25AATGTCGTTGGTGGCCC 3‘ 

Forward 

Primer 

17_24 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATT 3‘ 

Reverse 

Primer 

(17_25) 

5‘ CCCGACACCGCGGGATCCATGGGCACTATTTATATCAA 3‘ 

 

 

8.1.2. Aptamer oligonucleotide primers 

Aptamer 

Forward 

Primer 

5‘ CGCGAATTCTAATACGACTCACT 3‘ 

Aptamer 

Reverse 

Primer 

5‘ GACACCGCGGGATCCAT 3‘ 

Aptamer 

H1_1 

Oligo 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATTATGGAAGG

TAGGAGGAGATTGTCAGTTGATATAAATAGTGCCCATGGATCCCGCGGTGTC 

3‘ 

Aptamer 

H2_1 

Oligo 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATTTAAATCAAC

ATAGGTGGATGGTGGTGTTGATATAAATAGTGCCCATGGATCCCGCGGTGTC 

3‘ 

Aptamer 

H2_2# 

Oligo 

5‘ CGCGAATTCTAATACGACTCACTATAGGGGCCACCAACGACATTGACATCAG

CCAGGGTGTAGGGGGAGGTTGATATAAATAGTGCCCATGGATCCCGCGGTG

TC 

3‘ 
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8.1.3. Aptamer RNA sequence details 

Aptamer 

H1_1 

RNA 

5‘ CGCGAAUUCUAAUACGACUCACUAUAGGGGCCACCAACGACAUUA

UGGAAGGUAGGAGGAGAUUGUCA 

GUUGAUAUAAAUAGUGCCCAUGGAUCCCGCGGUGUC 

3‘ 33,6 

kDa 

Aptamer 

H2_1 

RNA 

5‘ CGCGAAUUCUAAUACGACUCACUAUAGGGGCCACCAACGACAUUU

AAAUCAACAUAGGUGGAUGGUGGU 

GUUGAUAUAAAUAGUGCCCAUGGAUCCCGCGGUGUC 

3‘ 33,9 

kDa 

Aptamer 

H2_2# 

RNA 

5‘ CGCGAAUUCUAAUACGACUCACUAUAGGGGCCACCAACGACAUUG

ACAUCAGCCAGGGUGUAGGGGGAG 

GUUGAUAUAAAUAGUGCCCAUGGAUCCCGCGGUGUC 

3‘ 34,0 

kDa 

 

 

8.2. Supplement 2: MTT proliferation assay readout R-script 

library(svglite) library(RColorBrewer) library(ggplot2) library(ggsignif) 

library(readxl) library(drc) library(magrittr) library (dplyr) library(ggpubr) 

library(ggthemes) library (cowplot) library(scales) library(pBrackets)  

mtt.dat.anova <- read_xlsx("Datasheet")  

### replace zero to 0.001 for concentration  

mtt.dat.anova <- mtt.dat.anova[] mtt.dat.anova$concentration[mtt.dat.anova$concentration 

== 0] <-0.01 mtt.dat.anova <- mtt.dat.anova[!is.na(mtt.dat.anova$cell_count),]  

### mean and sd 

mtt.dat <- mtt.dat.anova %>% group_by(cell_line, agent, concentration) %>% 

summarize(mean = mean(cell_count),  

sd = sd(cell_count)) cell_lines <- unique(mtt.dat$cell_line)  

p <- ggplot(mtt.dat, aes( x = concentration, 

y = mean, 

color = agent  

)) + geom_errorbar(  

aes(ymax = mean + sd, ymin = mean - sd), lwd = 1, 

alpha = 0.5  

)+ 

scale_color_manual(values = brewer.pal(length(  

unique(mtt.dat$agent) ), "Set1")) + geom_jitter(  
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data = mtt.dat.anova, 

aes(x = concentration, y = cell_count, fill = agent), size = 2, 

width = 0.1, 

shape = 21, 

color = "black"  

)+ 

scale_fill_manual(values = brewer.pal(length(  

unique(mtt.dat$agent) 

), "Set1")) + 

xlab("concentration (nM) ") + 

ylab("% MTT Proliferation") + scale_x_continuous(breaks = log_breaks(n = 5),  

trans = log10_trans(), labels = function(n) {  

format(n, scientific = FALSE) }  

)+ 

scale_y_continuous(expand = c(0, 0), limits = c(0, 140)) + stat_smooth(  

method = "drm", 

method.args = list(fct = L.4(  

names = c("b", "lower", "upper", "ed50") )),  

se = FALSE, 

aes(y = mean, color = agent), size = 2  

)+ 

geom_hline(yintercept = 50, lty = "dotted") +  

annotation_logticks(sides = "b") + ggtitle("Aptamer H2_2# on Panc 1") + 

theme(legend.position = c(0.1, 0.2)) + theme_classic2()  

print(p)  

ED50 <- 

drm(cell_count ~ concentration,  

agent, 

data = mtt.dat.anova, 

fct = LL.4(names = c("b", "lower", "upper", "ed50")))  

summary(ED50) 

ed.summary <- ED(ED50, c(50), interval = "delta")  
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