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ABSTRACT 
The field of nucleic acid therapeutics has in the last decade experienced substantial growth. 
This is evident from a multitude of new publications, an increasing number of clinical trials 
and several approved therapeutics on the market. Therapeutic oligonucleotides (ONs) are 
designed to treat mostly genetic disorders, caused by the expression of non-functional or toxic 
ribonucleic acids (RNA) or proteins. They can be divided into protein-, RNA- and DNA 
targeting ONs. While the first two have already had approved therapies, the last is still in its 
infancy.  

This thesis focuses on the improvement and assessment of DNA targeting ONs, also termed 
anti-gene ONs. Paper I evaluates a strand-invading anti-gene ON (AGO) for the treatment of 
Huntington’s disease (HD) and its mRNA down-regulating effect during in vitro differentiation 
from induced pluripotent stem cells to neurons. It shows that the locked nucleic acid 
(LNA)/DNA mixmer ON with a phosphorothioate (PS) backbone directed against the repeat 
region of the huntingtin (HTT) gene downregulates HTT mRNA and protein without affecting 
the process of differentiation. 

In Paper II, anti-gene LNA/DNA mixmer clamp-type ONs, which hybridize to the target by 
forming both Watson-Crick (WC) and Hoogsteen hydrogen bonds, are optimized to achieve 
improved invasion into double stranded DNA. By positioning an intercalating moiety between 
or on the WC and Triplex Forming ON (TFO) arms, the AGOs achieve efficient invasion at 
nanomolar concentrations in vitro. Furthermore, the corresponding PS modified ONs are tested 
in HD cell model for their effect on mRNA expression, where they cause significant 
downregulation of HTT mRNA.   

In Paper III, a non-B-DNA structure formed by a sequence in the MYC gene promoter is 
analyzed in vitro. Furthermore, the effect of this structure, more specifically an H-DNA, on the 
strand-invasion efficiency of LNA/DNA mixmer tail-clamp AGOs was evaluated. The results 
show that the invasion of the ON can be positively influenced by an H-DNA if the ON does 
not have an intercalating moiety.       
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1 INTRODUCTION 
Therapeutic oligonucleotides (ONs) fall under the group of "therapeutic nucleic acids". If until 
recently the general population was mostly unaware of the therapeutic potential of nucleic 
acids, it embraced it in 2021 in the form of new mRNA vaccines against SARS-CoV-2. 
Generally, therapeutic nucleic acids encompass synthetic oligomers corresponding to protein-
coding deoxyribonucleic acid (DNA) sequences which can execute various cellular functions. 
Their sequence can also correspond to non-coding DNA or ribonucleic acid (RNA) possessing 
a regulatory function. Function-bearing RNAs can additionally be expressed inside the cell 
after the transfection of corresponding genes. Therapeutic ONs are generally divided into 
subcategories based on the intended target, which could be DNA, RNA, or protein. 

The foundations for the therapeutic use of nucleic acids and gene therapy in general, as we 
understand it today, were laid through the 20th century. Some of the important milestones are 
the discovery of bacterial transformation, conjugation and transduction [1-4], uncovering the 
structure of B-DNA double-helix [5], discovery of messenger RNA (mRNA) [6-8], first 
transfer of genetic material into mammalian cells [9] and viral transfection and integration of 
viral DNA into genomic DNA within cells [10]. Furthermore, fundamental achievements 
include the first report of inhibition of translation, replication and cell transformation using 
oligonucleotides [11, 12], the discovery of Ribonuclease H1 (RNase H1) mediated cleavage of 
RNA:DNA duplexes [13] and RNA-induced silencing complex (RICS) mediated cleavage of 
RNA:RNA duplexes [14, 15]. Since the therapeutic effect of nucleic acids is sequence 
dependant, one of the key moments was also determining the sequence of the human genome 
[16, 17].   

The first gene therapy clinical trials began from 1970 to 1990 and used viral vectors carrying 
genetic information for the synthesis of proteins, for the treatment of urea cycle disorder [18], 
ß-thalassemia [19, 20], advanced melanoma [21], and adenosine deaminase deficiency (the 
first-ever gene therapy clinical trial approved by the FDA) [22]. Regarding the therapeutic 
ONs, in 1998 Fomiversen (Vitravene), an antisense ON (ASO), was the first approved drug on 
the market, used for the treatment of cytomegalovirus retinitis [23]. The second drug approved 
was Pegaptanib (Macugen), an aptamer ON, for the treatment of neovascular age-related 
macular degeneration. Both of them are now rarely used due to development of better 
medicines. Since the early 2000 and initially with negligible success, the field started growing 
exponentially in the last decade, with thirteen ON drugs being approved since 2013 and many 
more in the pipeline (see Table 1 for detailed list of approved drugs on the market) [24].  

Despite the newfound success, the drawbacks of using ONs as a therapeutic strategy, such as 
limited tissue distribution, fast renal clearance, cytotoxicity, and low stability, limit its broad 
utility. Unmodified nucleic acids are quickly degraded by plasma and cellular nucleases upon 
entering the extra- and subsequently, intracellular environment [25, 26]. To improve the 
pharmacokinetic and pharmacodynamic profile, many chemical modifications of each of the 
three components of the nucleotide (nt) – the nucleobase, the pentose, and the phosphodiester 
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backbone – have been proposed and will be discussed further on. Furthermore, limitations of 
the pharmaceutical industry encompass the limited scale of synthesis of chemically modified 
ON  and cost-effectiveness of treatment [27-29]. 

Table 1: Therapeutic oligonucleotides on the market listed in chronological order from the first approval. 

Active compound 
(trade name) Company 

Mode of action  
and administration Indication 

Year and  
market of approval 

Mipomersen 
(Kynamro) 

Ionis Pharmaceuticals 
Genzyme 

Antisense (gapmer), 
subcutaneous injection 

homozygous familial 
hypercholesterolaemia 2013, USA 

Defitelio 
(Defibrotide) Jazz Pharmaceuticals Unknown,  

IV infusion 
Hepatic veno-occlusive 
disease 2016, USA, EU 

Eteplirsen  
(Exondys 51) Sarepta Therapeutics Antisense (SSO),  

IV injection 
Duchenne muscular 
dystrophy 2016, USA 

Nusinersen  
(Spinraza) 

Ionis pharmaceuticals 
Biogen 

Antisense (SSO),  
intrathecal injection Spinal muscular atrophy 2016, USA 

2017, EU 

Inotersen  
(Tegsedi)  

Ionis pharmaceuticals  
Akcea Therapeutics  
PTC Therapeutics 

Antisense (gapmer),  
subcutaneous injection 

Hereditary transthyretin 
amyloidosis 

2018, USA, EU, Canada 
2019, Brazil 

Patisiran  
(Onpattro) Alnylam siRNA,  

IV injection 
Hereditary transthyretin 
amyloidosis 

2018, USA, EU 
2019, Canada, Japan 
2020, Brazil 

Volanesorsen 
(Waylivra) Akcea Therapeutics Antisense (gapmer),  

subcutaneous injection 

Familial 
chylomicronaemia 
syndrome 

2019, EU 

Givosiran  
(Givlaari) Alnylam siRNA,  

subcutaneous injection Acute hepatic porphyria 2019, USA 
2020, EU 

Golodirsen  
(Vyondys 53) Sarepta Therapeutics Antisense (SSO),  

IV injection 
Duchenne muscular 
dystrophy 2019, USA 

Lumasiran 
(Oxlumo) Alnylam siRNA, 

subcutaneous injection 
Primary hyperoxaluria 
type 1 2020, USA, EU 

Viltolarsen 
(Viltepso) NS Pharma Antisense (SSO) 

IV injection 
Duchenne muscular 
dystrophy 2020, USA 

Inclisiran  
(Leqvio) 

Novartis Europharm 
Limited 

siRNA,  
subcutaneous injection 

Primary 
hypercholesterolaemia, 
Mixed dyslipidaemia 

2020, EU 

Casimersen 
(Amondys 45) Sarepta Therapeutics Antisense (SSO) 

IV injection 
Duchenne muscular 
dystrophy 2020, FDA 
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1.1 CHEMICAL MODIFICATIONS OF NUCLEIC ACIDS  

1.1.1 Modifications of the phosphodiester backbone 

Modifications of the phosphodiester backbone (PO), which is depicted in Figure 1, are 
primarily used to enhance stability towards endo- and exo-nucleases. Most commonly used is 
the phosphorothioate backbone (PS). Additional modifications include N3'->P5' 
phosphoramidates, N3'->P5' thio-phosphoramidates [30], and synthetic cationic linkages, such 
as aminoalkylated phosphoramidates [31].  

In PS, one of the non-bridging oxygen atoms in the phosphodiester group is replaced by sulphur 
(Figure 1). This replacement results in two potential planar stereochemical configurations, 
termed Sp or Rp [32, 33]. Since in the conventional chemical synthesis the chirality is not 
controlled, it produces 2n of different isomers, where n is the number of PS linkages. It has been 
shown that the stereochemistry influences the stability and efficacy of the ON. More 
specifically, Rp provides higher thermal stability, while Sp increases lipophilicity and stability 
against nucleases [34, 35]. The PS modification is usually placed between the first 3-5 bases at 
the 3’- and 5’-end of the ON to prevent degradation by exonucleases [36] or along the whole 
length of the ON to increase stability towards endonucleases [37]. Compared to PO, ONs 
carrying PS backbone have lower affinity towards RNA or DNA, however this can be 
counteracted with modifications on either the sugar or the nucleobase. More importantly, PS 
improves bioavailability and cellular uptake in vivo by binding to plasma-, membrane- and 
intracellular proteins [26, 38, 39]. Over the years, several safety concerns have been raised, 
since it has been observed that PS modified ONs may cause inflammation, thrombocytopenia, 
nephrotoxicity and hepatotoxicity [40]. This can potentially be averted, by controlling the 
stereochemistry or adding modifications such as 2’-O-methoxyethyl (2’MOE) or 2’-O-Methyl 
(2’-O-Me) [41-43]. Despite certain drawbacks, it is currently the most commonly used 
backbone modification, both in ASOs and small interfering RNAs (siRNAs), due to relatively 
simple synthesis and low cost. It is used in the approved medicines, Spinraza, Tegsedi, Givlaari, 
Onpattro and Oxlumo.  

 

 

Figure 1: Chemical structure of the phosphodiester backbone and three modifications, phosphorothioate backbone, peptide 
nucleic acid and phosphorodiamidate morpholino. 
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Moreover, both the PO and the pentose can be substituted resulting in oligomers, mimicking 
nucleic acids. Phosphorodiamidate morpholino oligomer (PMO), is a nucleic acid mimic, 
where the ribose and PO backbone are replaced by a morpholine and phosphorodiamidate 
linkage (Figure 1) [44]. Compared to the PS backbone, the PMO is not compatible with RNase 
H1 cleavage but rather sterically blocks the mRNA translation [45]. The modification exhibits 
resistance to nucleases, esterases, and hydrolases in plasma and serum [46]. It is used in 
Exondys 51, Vyondys 53, Amondys 45 and Viltolarsen for the treatment of Duchenne muscular 
dystrophy (DMD).  

Peptide nucleic acid (PNA) is an uncharged nucleic acid mimic as well. It is a combination of 
a pseudopeptide backbone and a nucleobase (Figure 1). It hybridizes in a sequence-specific 
manner, with high affinity, to both RNA and DNA via Watson-Crick (WC) base pairing [47, 
48]. In low salt conditions, PNA is capable of strand displacement mode of binding to double 
stranded DNA (dsDNA) [47]. Furthermore, it can function as a triplex-forming ON (TFO), 
binding to the DNA major groove in a sequence-specific manner at polypurine•polypyrimidine 
(Pu•Py) stretches [49]. Due to the neutral charge of the backbone, PNA oligomers are not easily 
taken up by the cell and are rapidly removed from the circulation in vivo [50]. However, 
conjugation to short peptides greatly improves cellular uptake and bioavailability in cell 
cultures and in vivo [51, 52].    

1.1.2 Modifications of the ribose and deoxyribose 

When discussing chemical modification of ribose or deoxyribose, mostly 2’ position is altered. 
Modifications generally improve binding affinity towards RNA and DNA, and additionally 
contribute to stability [53]. They are usually combined with a backbone modification. 
Discussed chemical structures are depicted in Figure 2.  

Substitution with 2’-fluoro (2’-F) locks the ribose in C3’ endo conformation, which increases 
ON:RNA duplex stability while maintaining base-pairing specificity [54]. Mixmers and 
gapmers support RNase H1 mediated cleavage [55] and fully modified ONs can induce steric 
blocking of translation and exon skipping [56, 57]. This modification is included in Lumasiran 
and Inclisiran which are used for the treatment of Primary hyperoxaluria type 1 and Primary 
hypercholesterolaemia or Mixed dyslipidaemia, respectively. 2’-O-Me is a naturally occurring 
RNA analogue. It provides stability toward nucleases, protection against general base 
hydrolysis [58, 59], and increases duplex melting temperature (Tm) [53]. As with 2’-F, fully 
modified 2’-O-Me inhibits RNase H1 mediated cleavage [55], however it can be incorporated 
in the ends of gapmers [60] and in siRNA [61], as in Onpattro, Givlaari, Lumasiran and 
Inclisiran. 2’-MOE is another variant of 2’ modification. It improves nuclease resistance, 
enhances affinity towards RNA, cellular uptake and intestinal absorption. Additionally, it 
reduces toxicity and immune stimulation [62, 63]. It is included in Kynamro, for the treatment 
of homozygous familial hypercholesterolaemia, in Tegsedi for Hereditary transthyretin 
amyloidosis, and in Spinraza for spinal muscular atrophy (SMA).  
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Locked Nucleic Acid (LNA) is a bicyclic nucleic acid analogue structurally resembling RNA. 
A 2’-C,4’-C-oxymethylene linker locks the sugar moiety in a C3’ endo (north) conformation, 
resulting in a higher affinity to both RNA and DNA [64-66]. The binding affinity increases 
between 3-9 °C per modification, with higher melting temperature (Tm) observed in RNA 
duplexes [67]. LNA also provides resistance to endonucleases and 3’exonucleases, which 
makes it suitable for in vivo application [68]. Additionally, it provides mismatch discrimination 
and low toxicity [69, 70]. Furthermore, incorporating it into detection probes or PCR primers 
improves the assay sensitivity. LNA can be further modified to 2’-amino-LNA, to which 
additional moieties, such as norspermidine or fatty acids, can be introduced. These can 
contribute to higher stability of duplexes and triplexes [71, 72], or to improved biodistribution 
and cell uptake, respectively [73].  

 

 

Figure 2: Chemical structure of ribose and deoxyribose and selected chemical modifications used in therapeutic 
oligonucleotides. 2'-fluoro (2'-F), 2'-O-Methyl (2'-O-Me), 2’-O-methoxyethyl (2’-MOE), locked nucleic acid (LNA), 2'-amino-
locked nucleic acid (2'-amino-LNA).  

 

1.1.3 Modifications of the nucleobase 

Modified nucleobases first appeared within anticancer and antiviral drugs, as inhibitors of DNA 
replication and RNA synthesis [74, 75]. In the field of ONs, the modified bases improve duplex 
affinity and stability, by affecting stacking interactions or hydrogen bonds between base pairs. 
The prevalent site of alteration is C5 in pyrimidine with a methyl group (-CH3) applied most 
commonly. 5-methyl pyrimidine stacks between heterocyclic nucleobases, increasing the Tm 
of the duplex [76]. Additionally, it can be used to reduce the immunostimulatory effect and 
toxicity of the PS modified ONs [43]. 5-methylcytidine and 5-methyluridine are included in 
Nusinersen, Mipomersen and Inotersen. Other C5 modifications include 5-propynyl, 5-
thiazolyl, 5-alkynyl, and 5-heteroaryl [77, 78]. Additionally, modifications have been reported 
at C2 and C4 positions of pyrimidines and C2 and C6 positions of purines [79].   
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1.2 RNA TARGETING OLIGONUCLEOTIDES 

RNA targeting ONs include ASOs, siRNAs, microRNAs (miRNA), and DNAzymes. Each 
utilizes a different approach to influence gene expression either directly or indirectly. Only 
ASOs and RNA interference ONs (RNAi) will be discussed further, as they are currently the 
only ones regularly used in therapy.  

 

Figure 3: Mechanism of action of selected RNA targeting ONs acting in the nucleus or in the cytoplasm. ONs are coloured in 
red. small nuclear ribonucleoproteins (snRNP), Cleavage and polyadenylation specificity factor (CPSF), RNA-induced 
silencing complex (RISC) (Created with Biorender.com).  

1.2.1 Antisense oligonucleotides 

ASOs are single stranded chemically modified nucleic acids with a typical length between 15 
to 30 nt. They bind the protein-coding mRNA, pre-mRNA or long noncoding RNA (lncRNA) 
via WC base pairing. Subcategories are RNase H1-dependant ASOs, and steric blockers.  

1.2.1.1 RNase H1-Dependant ASO 

RNase H1 belongs to the family of non-sequence-specific endonuclease enzymes. It recognizes 
the RNA:DNA duplex and cleaves the RNA backbone in the presence of divalent cations and 
protein P32 via hydrolysis [80, 81]. In eukaryotic cells, it localizes in the nucleus, cytoplasm 
and in mitochondria. It is responsible for the removal of initiator RNA primers of the Okazaki 
fragments during DNA replication and for R loop clearance that forms during RNA synthesis 
in the nucleus and in the mitochondria [82, 83]. 

The most common RNase H1 dependant ASOs are gapmers, where an 8-10 nt long DNA 
stretch is surrounded by 3-5 modified nts on each side. The gap supports RNase H1 mediated 
degradation of the target and the modified flanks contribute to increased duplex stability and 
resistance to cleavage by nucleases [58, 60]. The RNase H1 recognizes both mRNA- and pre-
mRNA:DNA duplexes, which enables gapmer utilization for both transcripts and leads to 
down-regulation of target expression [84]. Successful therapeutics with the gapmer design are 



 

 7 

Kynamro, Tegsedi and Waylivra, used for homozygous familial hypercholesterolaemia, 
Hereditary transthyretin amyloidosis and Familial chylomicronaemia syndrome, respectively. 
Common modifications are PS backbone, 2'-O-Me, 2’-MOE and LNA.  

1.2.1.2 Steric blockers  

Opposite to RNase H1 dependant ASOs, steric blockers do not necessarily induce target 
degradation. They are usually designed as mixmers, with chemical modifications spread across 
an entire sequence of the ON. By binding with high affinity and masking regulatory sequences 
in the pre-mRNA or mRNA they prevent regulatory proteins or ribosomes to carry out their 
function. Through binding to the AUG codon or the 5’cap site region, ASO inhibits ribosome 
access to the mRNA. This can lead to either translation downregulation or redirecting the 
translation machinery from an upstream open reading frame (ORF) to the primary ORF and 
increase of the wild-type (wt) protein [85, 86]. Increase in protein expression can additionally 
be achieved by targeting a negative regulatory elements in the 5’ untranslated region (UTR) 
[87]. In the 3’ end of the transcript, ASOs can be designed to target the polyadenylation (polyA) 
sites, which can lead to target degradation [88]. By targeting the coding region, they can be 
used to disrupt non-canonical RNA structures. This leads to increased protein translation or 
reduced RNA mediated toxicity [89, 90]. Since 1990, the steric block ONs are also frequently 
mentioned as potential new antiviral drugs inhibiting virus replication; however, none has made 
it to the late stages of a clinical trial [91-94].  

Splice switching ONs (SSOs) are a subcategory of steric blockers. They bind to pre-mRNA, 
most commonly to donor and acceptor splice sites [95] and exonic splice enhancer motifs [96]. 
By restricting access to splice modulators, such as RNA-binding proteins and small nuclear 
RNAs [97], they can influence splicing to either exclude or include an exon [98, 99], restore 
the reading frame [100], switch between different mRNA isoforms [101], and even achieve 
gene knockdown [102]. Exondys 51, Vyondys 53 and Amondys 45 are PMO modified SSOs 
and are used for the treatment of DMD. Spinraza, used for Spinal muscular atrophy, has a 
combination of 2’MOE and PS backbone.  

1.2.2 Oligonucleotides utilizing RNAi mechanism 

RNAi is a cellular process where short non-coding RNA molecules hybridize to the cognate 
mRNA, which is then cleaved by the RNA induced silencing complex (RISC) and finally 
degraded [14]. The main function of the RNAi is the downregulation of endogenous gene 
expression and protection against viruses [103, 104]. Key molecules in the process are siRNA 
and miRNA, which have now been utilized by the field to regulate the expression of disease-
causing genes. Both miRNA and siRNA are a 21-25 nt long double stranded RNA (dsRNA) 
molecules composed of a guide and a passenger strand with a 2-nt 3’ overhang [105, 106]. 
Similar, to other ONs, unmodified siRNA and miRNA are rapidly degraded and cleared out of 
the circulation. Many chemical modifications have been used, with PS backbone, 2’-F and 2’-
O-Me being the most common. Additionally, siRNA can be conjugated to N-
acetylgalactosamine (GalNAc) [107] or encapsulated in lipid or polymer vesicles [108, 109] to 
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enhance or direct tissue distribution.  siRNAs are normally designed to target one specific 
mRNA, while a single miRNA can affect many by targeting common, non-coding regions of 
the mRNA. siRNA therapeutics Onpattro, Givlaari and Inclisiran have been approved for the 
treatment of Hereditary transthyretin amyloidosis, Acute hepatic porphyria and Primary 
hypercholesterolaemia, Mixed dyslipidaemia, respectively.   



 

 9 

1.3 ANTI-GENE OLIGONUCLEOTIDES 

Compared to RNA targeting ONs, DNA targeting ONs modulate gene expression on a DNA 
level. Also termed anti-gene ON (AGO), they can be grouped into TFO and strand-invading 
ONs. In addition to possessing nuclease resistance, these ONs must withstand interference by 
regulatory factors and proteins, RNA polymerase, and DNA reformation, when bound to DNA. 
However, the desired effect can potentially be achieved with a lower number of molecules as 
compared to RNA targeting ONs. Currently, there are no published pre-clinical or clinical 
studies involving DNA targeting ONs.  

 

Figure 4: Watson-Crick base pairing and combined Hoogsteen and Watson-Crick base pairing. Two modes of interaction 
used by anti-gene oligonucleotides. 

1.3.1 Triplex-forming oligonucleotides 

TFOs bind to the major groove of the DNA double-helix in a sequence-specific manner. They 
hybridize to the purine strand of 10-30 nt long Pu•Py stretches, via Hoogsteen or via reverse 
Hoogsteen base pairing [110-112]. Targets include regions upstream of gene promoters, 
transcription start sites, and the open reading frame [113-115] . Bound to DNA they prevent 
the access of transcription factors to genomic DNA [116] or stall the RNA polymerization 
[117], reducing the level of gene expression. Induction and reactivation of gene expression 
have also been reported [118, 119]. Additionally, binding of modified TFOs can induce 
mutagenesis [120] or recruit DNA repair enzymes, stimulating either recombination or gene 
conversion [121, 122]. The majority of TFOs have been designed to target oncogenes, such as 
MYC [113, 114] and HMGB1 [123]. Initially, one of the common modifications used was PNA, 
however due to already mentioned disadvantages new modifications needed to be tried. LNA 
is one chemical modification that enables TFO binding at physiological conditions. In recent 
years, new nucleotide analogues have been developed to enhance the binding to dsDNA, 
however only some have shown an effect on gene expression [124-126].  
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1.3.2 Strand-invading oligonucleotides 

Strand-invading ONs disrupt the hydrogen bonds of the double-helix and hybridize via WC 
base-pairing leading to duplex formation and a displaced strand, as depicted in Figure 5. ONs 
can bind only through WC interaction to one [127] or both strands [128-130], or in the form of 
clamps bind to one strand with both WC and Hoogsteen bonds (Figure 4) [131-133]. PNA 
oligomers were developed first and possessed higher stability and affinity than unmodified 
ONs [133, 134]. Compared to PNA, LNA/DNA mixmers with a PS backbone, invade dsDNA 
more efficiently under physiological conditions. They were successfully used in vitro in the 
context of trinucleotide repeat disorders for the downregulation of Huntingtin (HTT) expression 
[127] and destabilization of non-B-DNA structures in Frataxin  (FXN) [135].  

The efficiency of strand-invasion under physiological conditions was improved by bisPNAs – 
clamps [49, 136] and tail-clamps [137]. They bind to the DNA first with the Hoogsteen binding 
strand and later strand-invade with the WC strand [138]. This was later supported by an LNA 
modified tail-clamp (bisLNA) [132]. BisPNAs have been used in genetic editing, with low off-
target effects (reviewed in Economos et al.[139]).  

 

  

Figure 5: Types of strand-invading oligonucleotides. The AGO disrupts the H-Bonds between the two strands of the DNA 
duplex and binds via WC base pairing (lines) only or additionally with Hoogsteen base pairing (dots). 

 

Under physiological pH and salt conditions, bisLNAs recognize Pu•Py sequences with high 
specificity. By the combination of the two modes of binding mentioned before, they form stable 
triplex structures able to withstand DNA relaxation. The efficiency of strand-invasion is 
influenced by the length of the TFO arm, the tail – duplex forming extension in the WC arm, 
and the number and position of the LNA nucleotides. Furthermore, a 5-6 nt long linker, which 
is non-complementary to the target, allows favourable stacking and base-pairing interactions 
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of the strand-invading WC arm [131]. Next-generation ONs were synthesized with linkers able 
to stack to adjacent bases, and with 2-glycylamino-LNA modifications in the arms to improve 
strand-invasion [132].  

LNA has also been used in zorro-LNA, which hybridizes to both strands of the DNA via WC 
interaction. It can be synthesized as two separate arms connected via a linker [130] or as single 
stranded zorro-LNA synthesized in 3’5’-5’3’ orientation [128, 129].   
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1.4 NON-B-DNA STRUCTURES 

The canonical secondary structure of the dsDNA is the right-handed B-DNA double helix 
imaged by Rosalind Franklin and described by James Watson and Francis Crick [5]. The 
average helix is 2 nm wide, with the pitch of 3.57 nm, and a minor and a major groove repeating 
every 10.5 base pair (bp) or one helical turn. The shape is a result of the H-bonds between A:T 
and G:C of the two antiparallel nucleic acids, hydrophilic backbone (sugar and phosphate) and 
hydrophobic bases, which stack and twist to maximise the hydrophobic environment. Right-
handed A-DNA and left-handed Z-DNA have been described as well. The A-DNA is formed 
under dehydrating conditions [140]. The formation of Z-DNA is sequence dependant, forming 
within alternating purines and pyrimidines [141]. These two structures are not the only non-
canonical conformations of the DNA, jointly termed the non-B-DNA structures [142]. Since 
the 1950’s scientists have determined the presence of a hairpin, a cruciform, a triple helix (also 
termed H-DNA), a G-quadruplex, an I-motif and a DNA unwinding element to name a few.    

The regions of genomic DNA that can fold into the non-B-DNA conformations are 
characterized by a non-random distribution of nucleotides, such as direct, mirror or inverted 
repeats. These sequences are generally present in gene regulatory regions, such as promoters, 
untranslated regions, origins of replications and telomeres [143, 144].  In vivo, the formation 
depends on the localized negative supercoiling or on the competing non-B-DNA structures 
[145, 146]. These structures generally occur during transcription, replication, repair or 
recombination and influence these biological processes [147-149]. The role of these motifs has 
also been associated with telomere maintenance and hypomethylation of CpG islands [150, 
151]. Despite being functional genomic elements, they have been implicated in causing genetic 
instability and leading to diseases, such as cancer and repeat expansion disorders [152, 153]. 
The formation of the non-B-DNA structure during normal biological processes can cause DNA 
polymerase stalling during replication and ultimately lead to double strand breaks and 
chromosomal rearrangements [154]. Additionally, transcription-induced structures that 
generally form on the exposed ssDNA coding strand, can attract DNA repair machinery which 
potentially results in genetic instability [155, 156].  

1.4.1 H-DNA 

Intramolecular triple helix or H-DNA forms by Pu•Py mirror repeat sequences [157, 158]. The 
structure is characterized by the separation of the dsDNA in one part, looping of the ssDNA 
and hybridization of the ssDNA via hydrogen bonds in a sequence specific manner to the major 
groove of the dsDNA (Figure 6). When the third strand is composed by the pyrimidines, it 
binds to purines (T•A:T or C*•G:C) in parallel orientation and the base pairing is Hoogsteen 
[159]. When the third strand is purine rich it also hybridizes to the purine strand in the dsDNA 
(A•AT or G•GC), however in the antiparallel orientation, therefore the base pairing is reverse 
Hoogsteen. T•A:T, A•A:T and G•G:C form at physiological pH. The C*•G:C formation is 
favoured in acidic conditions as the triplex forming C needs to be protonated. In vivo the 
formation of the H-DNA is associated with negative supercoiling following replication and 
transcription [160]. Additionally, the stability of the triplex depends on the presence of mono- 
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and divalent cations, the amount of G:C in the repeat sequence, the sequence of the flanking 
region, sequence similarity of the mirror repeat and the length of the Pu•Py sequence [161-
163].  

 

Figure 6. Illustration of A) a parallel and B) an antiparallel H-DNA. In parallel H-DNA the third strand binds with Hoogsteen 
base pairing and has the same 5’-3’orientation as the purine strand. In antiparallel H-DNA the third strand binds with reverse 
Hoogsteen base pairing and has the opposite 5’-3’ orientation as the purine strand (created with Biorender.com). 

 

In the mammalian genome, mirror repeat sequences are abundant. They are mostly present in 
the promoters and exons which indicates their role as cis-acting regulatory elements of 
transcription [164-166]. These sequences have also been associated with translocation and 
deletion hot spots and are connected to many cancers [152, 167]. Furthermore, in repeat 
expansion diseases, they have been associated with exacerbating the mutation and lowering the 
transcription rate [168, 169].        

1.4.2 G-quadruplex 

Intramolecular G-quadruplex is formed by a ssDNA with a sequence of at least four separate 
G stretches [170]. The structure is characterized by the stacking of two or more planar G 
quartets, where each G quartet is a plane of four G bases connected by Hoogsteen base pairing. 
It is further stabilized by various metal ions that fit within the anionic space of the structure, 
preferentially K+ in vivo. Based on the 5’-3’ orientation of the connected guanines the structure 
adopts either the parallel, antiparallel or hybrid topology [171-173]. In the parallel orientation 
all connecting strands have the same 5’-3’ orientation. In the antiparallel topology, the 5’-3’ 
orientation of the connecting strands changes and the hybrid topology contains both parallel 
and antiparallel orientation of the connecting strands as shown in Figure 7.  

Different bioinformatic and sequencing studies of the human genome found between 376,000 
and 700,000 of potential G-quadruplex forming sequences, and immunoprecipitation 
techniques revealed 10,000 that can form under cellular conditions [174-177]. In eukaryotic 
genomes, they are enriched in telomeres, promoters, first introns and 5’UTRs [143]. For 
example, over 40 % of the human gene promoters have at least one such motif [178]. They 
were also found in origins of replication in human genome [179]. Furthermore, these sequences 
are generally absent in the coding strands of exons [174]. The combination of these discoveries 
implies that G-quadruplex plays a role in regulation of replication, transcription and telomere 
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maintenance [151, 180-182]. Especially, since it has been detected in cell models 
predominantly during the S phase (the phase of DNA replication) and in transcriptionally active 
euchromatin [177, 183]. Like other non-B-DNAs, the G-quadruplex is also connected to 
cancer. It has been shown that the DNA breakpoints and these motifs are associated and the 
number of G-quadruplex positive nuclei is higher in liver and stomach cancer cells compared 
to healthy cells [184, 185].   

 

 

Figure 7. Illustrations of A) a parallel G-quadruplex, B) an antiparallel G-quadruplex and C) a hybrid G-quadruplex. In a 
parallel G-quadruplex all connecting strands have the same 5’-3’ orientation. In the antiparallel G-quadruplex the 5’-3’ 
orientation of the connecting strands changes. The hybrid G-quadruplex has both parallel and antiparallel 5’-3’ orientation.  
(created with Biorender.com).  

 

1.4.3 Hairpin and cruciform   

Hairpins or hairpin motif-containing structures are formed in DNA with a sequence of direct 
repeats, inverted repeats or with a palindromic sequence [186, 187]. The ssDNA self-folds into 
a structure with a WC base-paired stem and a single stranded loop of varying size [188]. If two 
hairpins are formed opposite each other on both strands of the DNA with a four-way junction 
in between, this structure is then called the cruciform [189]. As with other structures, the hairpin 
is formed when the DNA duplex is unwound during replication or transcription [190, 191]. 
Under negative supercoiling the minimal number of base pairs to form a stem is seven [192]. 
The role of the hairpin and cruciform in vivo is connected to regulation of DNA replication and 
transcription [193-197]. Cruciform structures are specifically recognized by architectural, 
regulatory and DNA binding proteins [198].  

Longer inverted repeats with a spacer are most abundant on the human X chromosome, mostly 
in genes expressed in testes [199]. Additionally, inverted repeats longer than 7 bp are non-
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randomly distributed in promoters upstream from transcription start sites [200]. Palindromes 
are present in the entire genome, with an overrepresentation in introns and upstream regions, 
while they are underrepresented in exons [201, 202]. Direct tandem repeats are present in 
centromeres and functional regions of genes [203].  

 

 

Figure 8. Illustrations of A) a hairpin and B) a cruciform (created with Biorender.com). 

 

Inverted repeats and direct repeats are also enriched at hotspots of chromosomal 
rearrangements, deletions, recombination and gene amplifications [204-206]. Hairpin 
formation leads to replication stalling and double strand breaks [207]. The structure 
characteristics that increase genomic instability are short spacer, long stem length and high 
complementarity of the stem forming sequence [208]. In direct tandem triplet repeat sequences, 
the most stable hairpin is formed in the order CGG, CTG, CAG and least by CCG. The stability 
is influenced by mismatches in the stem and prevalence of G:C base pairing. It has been shown 
that tandem repeats associated with certain pathologies have a higher copy number variability 
among individuals [209].         
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1.5 TRINUCLEOTIDE REPEAT DISORDERS  

It is estimated that tandem repeats cover approximately 6 % of the human genome, with the di-
nucleotide motif being the most prevalent. They are present in both coding and non-coding 
regions, mostly in upstream and 5’UTR regions [210]. Tandem repeats are the biggest source 
of de novo mutations in humans, with the highest variability observed in disease causing genes 
[209, 211]. It has been suggested that their variability in copy numbers plays a role in 
morphological variation in dogs, in phenotype alterations of Saccharomyces cerevisiae, and in 
human traits, such as height, body mass index and white blood count, as well as type 1 diabetes, 
multiple sclerosis, and cancer [212-214].   

 

 

Figure 9. Selected expansion repeat disorders and position of the repeats in the coding or non-coding region. Bernard-Soulier 
syndrome (BSS), Progressive myoclonic epilepsy type 1 (EPM1), Spinocerebellar ataxia (SCA), Fragile X syndrome (FXS), 
Fragile X-associated tremor/ataxia syndrome (FXTAS), Huntington’s disease (HD), Dentatorubral-pallidoluysian atrophy 
(DRPLA), Huntington disease-like 2 (HDL2), Spinal-bulbar muscular atrophy (SBMA), Oculopharyngeal muscular dystrophy 
(OPMD), Friedreich’s ataxia (FRDA), Myotonic dystrophy type 1 and 2 (DM1 & 2), Cerebellar ataxia, neuropathy, and 
vestibular areflexia syndrome (CANVAS), C9orf72-associated diseases with clinical features of FTD, ALS or both 
(C9FTD/ALS) (created with Biorender.com). 

 

Expansion repeat disorders include all genetic diseases caused by expansion of tandem repeats 
above a specific threshold, which varies between diseases. The number of the repeats is 
characterized by healthy, premutation or mutation. The disease associated repeats occur in 
promoter, 5’UTR, exon, intron or 3’UTR as shown in Figure 9. The expanded mutation can 
lead to epigenetic dysregulation and loss of gene expression, toxic gain of RNA function, repeat 
associated non-AUG (RAN) translated proteotoxicity, toxic gain of protein function, and 
change in protein function [169, 215-218]. Most known and frequent are trinucleotide repeat 
disorders like Huntington's disease (HD), Myotonic dystrophy type 1 (DM1), and Friedreich’s 
ataxia (FRDA), although diseases resulting from the expansion of tetra-, penta- and hexa-
nucleotide tandem repeats exist as well [219-222].  

The expanded number of the repeats a person has does not only mean the penetrance of the 
disease but influences the disease phenotype as well. Higher number of the repeats leads to 
earlier onset and increased disease severity [223, 224]. Since changes occur in germ cells these 
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diseases do not fall under mendelian pattern of inheritance but rather under anticipation, where 
each progeny carrying the mutation most likely experiences greater expansion, causing worse 
disease prognosis [224, 225]. Disease onset and instability of the repeat length is also 
negatively correlated to interruptions in the repeated sequence [226-229]. Additional markers 
that affect disease progression, so called genetic modifiers, are genes involved in DNA 
metabolism, such as damage response. These are most likely responsible for the expansion in 
somatic cells [230].     

1.5.1 Huntington’s Disease 

HD is an autosomal dominant, neurodegenerative disorder caused by the CAG•CTG expansion 
in exon 1 of the HTT gene [231]. Consequent expression of both, toxic gain-of-function mRNA 
and protein, results in neuronal death mainly in striatum and leads to mobility, psychological 
and cognitive impairment [232]. Cognitive and behavioural issues usually arise approximately 
15 years prior the decrease of motor function [233]. Recently, it has been shown that mutant 
HTT (mtHTT) protein influences the neurodevelopment of the cortex as well [234]. 
Additionally, small RNAs, specifically sCAG produced by DICER cleavage of the self-folded 
mRNA, and exon 1 peptide translated from aberrantly spliced pre-mRNA contribute to 
neuronal death [235-238]. RAN translated proteins with poly-alanine, -serine, -leucine and -
cysteine, have also been discovered in HD patient brains [239]. They appear to be non-toxic in 
knock-in mouse models and therefore additional studies need to be performed to evaluate their 
effect in the human brain [240].  

HD symptoms manifest if the tandem repeat expands to, or above, 40. In healthy people these 
repeats span between 6-35. Repeats up to 26 are considered normal. Between 27-35 they are 
unstable, and offspring have an increased risk of acquiring the disease. 36-39 are characterized 
with incomplete penetrance, meaning the person might or might not develop the disease [241, 
242]. Although the disease can be inherited from both the mother and the father, larger 
intergenerational changes are mostly observed in paternal transmission [243]. The symptoms 
appear in young adulthood or middle age, except in juvenile HD.  

There are two key moments in the progression of the HD. First, where the DNA repeat number 
in a patient has exceeded the threshold of repeat stability, hence start to expand in somatic cells 
and second, where the repeats expand to the extent that they become pathologic [244]. The 
major contributor to the age at disease onset is the uninterrupted repeat size of the longer allele 
[226, 245]. Additionally,  genome wide association studies (GWAS) helped identify several  
genetic modifiers involved in DNA repair, such as FAN1, which stabilizes repeat expansion, 
or MLH1 and MSH3, which contribute to expansion  [246-249]. It is becoming more evident 
that the repeat expansion occurs in germ cells during DNA replication and in somatic cells 
during RNA transcription. During DNA replication the repeats expand due to slipped strand 
formation on the nascent strand and misalignment, or fork stalling and reversal [191]. In 
somatic cells non-perfect hairpins, can form by dsDNA looping out or by self-folding of the 
ssDNA during RNA transcription. Hairpins are resolved by the DNA mismatch repair enzyme 
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MutSb and endonuclease complex MutLa. The cut-out gap is filled by DNA polymerase and 
DNA ligase LIG1, which can lead to expansion [250].  

There is currently no cure for HD and patients have to rely on supportive therapy until death 
that usually occurs 15 to 20 years post-diagnosis. In vivo studies on animal models have shown 
that some reduction of wtHTT is safe [251, 252]. Nevertheless, complete knock-out affects 
synaptic connectivity, gene regulation, and survival of striatal projection neurons, which results 
in similar symptoms as HD and this risk should be considered in new therapies [253]. This 
could be due to wtHTT’s role in intracellular trafficking, regulation of transcription and 
synaptic connectivity [254-256]. Several different therapeutic methods are being developed at 
the moment in pre-clinical and clinical studies, such as CRISPR-Cas9, TALEN, Zinc Finger 
Protein and Nucleases, DNA repair modulators, small molecules and therapeutic ONs [257-
261].  

Therapeutic ONs target mtHTT and wtHTT mRNA. Until March 2021 clinical trials were being 
carried out by Ionis pharmaceuticals/Roche (Tominersen or IONIS-HTTRx or RG6042) and 
by Wave Life Sciences (WVE-120101 or Precision HD1, WVE-120101 or Precision HD2). 
Both were halted due to therapeutic ineffectiveness or worsening of the disease progression 
[262]. UniQure Biopharma (AMT-130) still continues its phase I/II [263]. Tominersen, 
Precision HD1, and HD2 are gapmer ASOs. Tominersen is targeting both mt and wt pre-
mRNA and/or mRNA [264]. Precision HD1 and HD2 are designed for patients carrying a 
single nucleotide polymorphism, making the ONs mutant specific. AMT-130 is an adeno-
associated virus serotype 5 (AAV5) carrying an artificial miRNA that targets mt and wt HTT 
mRNA [265, 266].  

Contrary to RNA-targeting ONs, AGOs are still in the early phases of development. However, 
the advantage of using the anti-gene strategy is especially evident in diseases, where the toxic 
effect of the transcribed mutated gene is not only caused by a malformed protein but also by 
pre-mRNA and mRNA [215, 267]. In vitro evidence showed that direct targeting of expanded 
CAG•CTG trinucleotide repeats in DNA significantly reduces both mRNA and protein levels 
in HD patient fibroblasts. Additionally, lower phosphorylation of HTT gene-associated RNA-
polymerase II suggests reduced transcription downstream of the ON-targeted repeat [268].  
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2 RESEARCH AIMS 
The overall aim of this thesis was to evaluate the design and the therapeutic effect of AGOs. 

More specifically in:  

Paper I 

The aim was to evaluate the effect of the HTT gene targeting PS modified LNA/DNA mixmer 
strand-invading AGO on the expression of HTT mRNA and protein during HD induced 
Pluripotent Stem Cells (iPSCs) in vitro neurogenesis.  

Paper II 

The aim was to optimize the design of the LNA/DNA mixmer clamp-type AGO using an M3 
intercalator and improve its strand-invading efficiency. Furthermore, the goal was to evaluate 
the AGO’s ability to affect the expression of the targeted gene.   

Paper III 

The aim was to analyze the non-B-DNA forming sequence present in the MYC promoter region 
in vitro and evaluate its effect on the strand-invasion efficiency of the LNA/DNA mixmer tail-
clamp AGO.  
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3 MATERIALS AND METHODS 
The following materials and methods were used to evaluate and analyze the AGO binding to 
DNA in vitro [269], the RNA transcription alteration and protein levels in disease cell models. 

3.1 ON BINDING TO dsDNA 

3.1.1 S1 nuclease assay 

This assay was used to determine the dsDNA strand-invasion efficiency of the AGO, such as 
clamps (Paper II) and tail-clamps (Paper III). The hybridization reactions of an AGO in 
concentration raging from 16 nM to 10 µM and 1 µg of plasmid were carried out in 10 µl total 
volume at 37 °C in intranuclear pH and salt conditions (50 mM Tris-acetate [pH 7.4], 120 mM 
KCl, 5 mM NaCl, 0.5 mM Mg(OAc)2) for 24 h to 72 h.  Strand-invasion and binding of the 
AGO to one strand of the DNA leaves an opposite exposed single strand, the displaced loop 
(D-loop). This is recognized by the S1 nuclease which cleaves the phosphodiester backbone at 
the exposed region [270]. For the digestion, which is performed on ice, 2.5 µl of the hybridized 
sample is cut with 24 U of the enzyme. The enzyme is inactivated by the addition of 3 mM 
EDTA after 6 min. The result is a nicked or a linear plasmid, which can be easily distinguished 
from the supercoiled plasmid by the migration pattern in the agarose gel electrophoresis. Upon 
imaging of the agarose gel and signal intensity quantification, the percentage of the strand-
invasion is calculated from the ratio of the linear plus nicked plasmid to the supercoiled 
plasmid. Since some non-specific nicking can occur also in non-invaded plasmid, a mock 
treated plasmid is used for normalization.  

3.1.2 Electrophoretic Mobility Shift Assay (EMSA) 

In paper III EMSA was used to determine the triplex formation between the dsDNA target and 
Pu or Py rich TFO. 32P labelled target was incubated with several concentrations of unlabeled 
TFOs in ratio from 1:10 to 1:1000 for 19 h at 4 °C. The conditions for Py TFO were adjusted 
to pH 6.5 and Na+ to 100 mM. The pH 7.4 and 10 mM Mg2+ was used for hybridization of Pu 
TFO. The samples were separated on a non-denaturing polyacrylamide gel electrophoresis 
(PAGE), which allows separation of hybridized products. PAGE separation of the duplex and 
triplex, formed upon the Hoogsteen binding of the TFO, occurs due to slower migration of the 
triplex. The change of triplex mobility if affected by the change in molecular mass and 
conformational changes. The 32P signal was detected using phosphorimager.  

3.2 BQQ-OP DETECTION OF H-DNA 

Benzoquinoquinoxaline (BQQ) is a heterocyclic compound with an aminoalkyl side chain, 
which intercalates between bases in a DNA triplex and stabilizes its conformation [271]. 
Coupling of BQQ to 1,10-phenanthroline (ortho-phenanthroline [OP]) results in a triplex-
specific cleaving agent, termed BQQ-OP [272]. BQQ-OP binds the triplex and cleaves the 
dsDNA in the presence of Cu2+ ions, which chelate to OP, and a reducing agent leading to in 
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situ production of radicals. These non-diffusible radicals in the immediate vicinity of BQQ-OP 
intercalating site ultimately cause a break of the DNA backbone. 

In Paper III BQQ-OP cleavage was used to determine the presence of the H-DNA structure 
formed by the sequence of the nuclease hypersensitivity element III1 (NHEIII1), which is cloned 
into a supercoiled plasmid. After the BQQ-OP cleavage reaction, when the plasmid is 
linearized, a restriction enzyme was used to cut the plasmid. This results in two distinct 
fragments which can be easily separated using agarose gel electrophoresis.  

3.3 CELL CULTURE AND ASSAYS 

The therapeutic potential of AGOs presented in this thesis was evaluated using disease cell 
models. This type of evaluation is generally a first step in drug discovery, used for screening a 
multitude of potential leads. Besides the on-target effect of the tested ON, off-target, cell uptake 
and toxicity can be approximated as well.  

In Paper I, we used iPSC transformed from HD and WT human primary fibroblasts, with 109 
or 17/18 CAG•CTG repeats, respectively. The cells were obtained from the National Institute 
of Neurological Disorders and Stroke (NINDS) Human Cell and Data Repository at the Coriell 
Institute for Medical Research and the NINDS Human Cell and Data Repository at RUCDR 
Infinite Biologics. The iPSCs were differentiated towards neuronal lineage by dual SMAD 
inhibition combined with retinoid signaling [273]. The neuronal stem cells (NSC) were further 
differentiated to neurons using BrainPhysTM Neuronal Media supplemented with brain-derived 
neurotrophic factor (BDNF) and human recombinant glial-derived neurotrophic factor 
(GDNF). The use of iPSCs and directed differentiation towards desired lineage allows 
investigation of the effect in the cells which would be targeted in vivo. This enables more 
accurate assessment than a study done in immortalized cell cultures. Additionally, these disease 
models to some extent allow replacement of animal models, which is desirable from an ethical 
standpoint [274].   

HD human primary fibroblasts harboring 68 and 17 CAG•CTG repeats in the HTT gene, were 
used in paper II. The cells were obtained from the Coriell Institute for Medical research. These 
fibroblasts grow in a monolayer and were maintained in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10 % Fetal Bovine Serum (FBS).  

3.3.1 Transfection  

The most common method to efficiently deliver nucleic acids in the cells are non-viral 
transfection reagents. The transfection efficiency depends on the type of the cell and cell 
density, the cell culture media, and ratio between the nucleic acid and the reagent.  

In paper II we used lipofection. In this technique positively charged lipids surround negatively 
charged AGOs, forming lipoplexes that enter via endocytosis. To form stable complexes, 
AGOs were incubated together with Lipofectamine RNAiMAX (Thermo Fisher Scientific) in 
serum free media for 20 min at room temperature. The cells were transfected 24 h after plating 
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when the confluence reached approximately 80 %. The treatment lasted for 4 to 10 days without 
changing of the media.  

Magnetofection was used in Paper I to deliver the AGO to NSC and early neurons. These 
biocompatible nanoparticles are generally used for the delivery of the genetic material into 
hard-to-transfect cells. Similar to lipofection, magnetic nanoparticles and AGOs are first 
incubated together in serum free media to form stable complexes. These are then added to the 
cell culture 24 h after the last media change in a drop by drop manner to allow equal 
distribution. The cells are then put on a magnetic plate for 20 min. This forces the nanoparticles 
into the cell, which allows that the complexes are simultaneously associated with the cultured 
cells within minutes. The treatment was terminated after 2 days.  

3.3.2 Gymnosis    

Gymnosis is a method where the ON is added to the cell culture and taken up by the cell without 
the aid of a transfection reagent [275]. The naked ON enters the cell via endocytosis, where it 
then has to escape the endosome to reach the target in the cytoplasm or the nucleus. The 
efficiency of the cell entry depends on the cell type, density and growth, and on chemical 
modifications of the ON. Compared to the use of transfection reagents, this delivery mode 
demands much higher concentration of the ON to elicit any detectable on-target response. 
However, the cells experience less toxicity and it resembles the in vivo conditions more closely, 
where the treatment does not include any delivery vectors. Since this is true for the treatment 
through the intrathecal injections, for example for SMA and HD, this method was chosen in 
Paper I where we evaluated the AGO for its HTT downregulating capabilities.  

The cell culture protocol for maintaining iPSC and differentiating them first into NSC and then 
into neurons requires daily cell culture media changes. Since naked ON requires more time to 
enter the cells, we maintained a 2 µM concentration of the AGO in the media by adding it every 
day.  

3.3.3 Cell viability assay 

Cell proliferation reagent WST-1 (Roche) can be used for measurement of cell proliferation 
and cytotoxicity analysis of tested compounds. Cytotoxic compounds elicit changes in 
structures and processes needed for cell homeostasis. Therefore, it must be confirmed that the 
gene of interest (GOI) expression alteration by an AGO comes from interaction with the target 
and not due to toxicity. WST-1 is a tetrazolium salt that is added to the cell culture media and 
converted to formazan by mitochondrial dehydrogenases, whose activity correlates with an 
expansion of viable cells. Formazan has a dark red color with an absorbance between 420 to 
480 nm that can be measured by spectrophotometer. To ensure accuracy, the measurement 
includes a blank, a reference wavelength above 600 nm and three to four technical replicates.   

In Paper II, the viability was measured after 4 days long treatment with the clamp AGOs. The 
absorbance was measured at 450 and 650 nm. The average of three technical measurements 
was normalized to non-treated cells (NT), for which the viability was set to 100%. 
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3.4 GENE EXPRESSION AND PROTEIN ANALYSIS 

3.4.1 RT-qPCR 

Polymerase chain reaction (PCR) is a method where a single copy of either DNA or RNA can 
be amplified to the power of n, generating billions of copies (n is a number of amplification 
cycles). This is achieved through design of primers spanning a desired region, a DNA 
polymerase, and repeating temperature steps allowing DNA denaturation, primer annealing 
and DNA polymerization. Since DNA polymerase cannot run on RNA, it must be first reverse 
transcribed (RT) to DNA by reverse transcriptase. In quantitative PCR (qPCR) an intercalating 
dye or a probe with conjugated quencher and fluorophore is included in the reaction. The 
increasing fluorescence signal generated from the intercalation or fluorophore release can be 
measured in real time by the real-time PCR system. In RT-qPCR gene expression analysis, 
primers and probe are designed for the GOI and a housekeeping control, which allows relative 
calculation through the DDCt method. Optimization of the reaction conditions, such as amount 
of starting material, primer and probe concentration, and annealing temperature, allows that the 
amplification efficiency is between 90 – 110 %. Purity and integrity of the starting material can 
influence the reaction and should be tested. Salt and protein contamination can be determined 
by the absorbance ratios at 260/230 and 260/280, respectively. RNA integrity can be verified 
by using agarose gel electrophoresis.   

RT-qPCR was used for expression analysis of HTT mRNA and off-target transcripts in Paper 
I and Paper II. Details of the reaction conditions are described in the Material and Methods 
section of both papers.  

3.4.2 Western blot 

Western blotting (WB) is used for protein analysis. Proteins extracted from treated cells are 
separated by denaturing PAGE. The percentage gradient of polyacrylamide should be selected 
based on the size of the investigated protein, with higher percentages used for smaller proteins 
and lower for larger proteins. After the completed run, the proteins are electro-transferred to a 
nitrocellulose or polyvinylidene difluoride (PVDF) membrane and are detected by the 
combination of a primary antibody (Ab) directed towards the specific protein and a secondary 
Ab carrying the fluorophore, which allows imaging.  

The WB was used for the assessment of HTT in Paper I and II, and Cleaved caspase 3 in Paper 
I. To semi quantify the protein levels and evaluate the effect of the AGO treatment, the 
housekeeping protein was used for normalization.  
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4 RESULTS AND DISCUSSION 
4.1 PAPER I 

Oligonucleotides targeting DNA repeats down-regulate huntingtin gene expression in 
Huntington’s patient-derived neural model system 

The focus of this paper was to evaluate the transcription downregulating effect of a strand-
invading AGO targeting the repeat region of the HTT gene during in vitro neural development. 
We treated the HD cell model from the iPSC stage through the differentiation to embryoid 
body (EB), neural rosette structures, NSC and all the way to neurons. Furthermore, we studied 
off-targeting of the AGO and the effect of the AGO on the process of differentiation, such as 
formation of the rosette structures and self-renewal of the NSC.    

For this study, we used iPSCs and differentiated them first into NSC and then into neurons. We 
first determined the presence of pluripotent markers Stage-specific embryonic antigen 4 
(SSEA4) and octamer-binding transcription factor 4 (OCT4) at the iPSC stage using 
immunofluorescence analysis and confocal microscopy, and RT-qPCR. To confirm that these 
cells differentiate into the neuronal lineage, we monitored the mRNA levels of both OCT4 and 
Paired box protein Pax-6 (PAX6) mRNA at three distinct differentiation stages: EB formation, 
rosette structures and presence of NSC. By determining the decreased mRNA levels of OCT4 
and rising of PAX6 we confirmed that cells are losing pluripotency and are differentiating into 
the neuronal lineage. Additionally, we used confocal microscopy to confirm the morphology 
of the rosette structures and the presence of neuron-specific b-III tubulin in the NSC.   

For the treatment of these cells we used a 19 nt long LNA/DNA mixmer with a PS backbone, 
named CAG19, which was previously shown in HD primary patient fibroblasts to elicit strong 
downregulation of both HTT mRNA and protein [127]. CAG19 is designed to target the 
template strand of the HTT gene repeat region. Since this AGO can potentially be used as a 
therapeutic, we used gymnosis in order to mimic the treatment in vivo. During a 22 days long 
continuous treatment, we evaluated the HTT mRNA levels at the end of neural induction of 
EBs, in prominent neural rosette structures, and in NSCs and early neurons. We confirmed that 
the CAG19 downregulates the HTT mRNA up to 50% during all stages compared to two repeat 
scrambled controls – SCR14 and SCR19. Additionally, when stopping the treatment for the 
last 10 days of the differentiation a comparable effect can still be observed. This suggests that 
the AGO is stable and can be effective for a prolonged period of time, which is not surprising 
since PS modification inhibits degradation by nucleases [25, 276].  

During these 22 days we confirmed that the significant downregulation of the HTT mRNA 
does not interfere with the NSC organization into neural rosette structures. Using confocal 
microscopy, we detected prominent PAX6 positive structures regardless of the treatment. 
Additionally, we measured equal diameter of the rosettes and detected the presence of the cell 
cycle marker Proliferation marker protein Ki-67 (Ki67) in the apical part of these structures. 
This is important, since these structures serve as a niche for the NSC maintenance and 
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proliferation, with a potential to further differentiate into neurons or glia cells, and it is 
suggested that the neurogenic ventricular zone is present in the adult mammalian brain [277].   

In the next step we further differentiated NSC into neurons and astrocytes which was confirmed 
by immunofluorescence analysis and confocal microscopy at day 43, 48 and 53. The cells were 
positive for PAX6, b-III tubulin, mature neuron-specific microtubule-associated protein 2, 
isoforms a and b (MAP2ab) and astrocyte-specific S100 calcium-binding protein (S100). 
Starting at day 38 until day 53, when the cells are not dividing, we treated them with the CAG19 
for 15 days using gymnosis and measured the levels of HTT mRNA and protein. As in early 
stages of the differentiation, CAG19 significantly downregulated the transcription of HTT 
mRNA compared to the SCR19 in all three timepoints (5, 7 and 15 days of treatment), most 
efficiently by 61% after 15 days. By stopping the treatment for the last seven days we showed 
that the AGO can exert its function for a prolonged period of time also in neurons. Additionally, 
we evaluated the level of HTT protein at day 53, however despite observing an indication of 
the reduction, this difference was not statistically significant compared to SCR19.  

Besides the HTT gene there are several other genes with CAG•CTG repeats. Therefore, the 
AGO could potentially induce unwanted adverse events by anti-gene off-targeting. We selected 
four genes expressed in the brain: POU-homeodomain transcription factor BRN2 (POU3F2), 
Atrophin-1 (ATN1), Ataxin-2 (ATXN2) and Androgen receptor (AR), and measured the levels 
of expressed mRNA in neurons using RT-qPCR. In all three timepoints we observed no 
significant off-target effect compared to the SCR19. Additionally, we evaluated the antisense 
off-targeting of the CAG19 by measuring the mRNA levels of DM1 protein kinase (DMPK) 
and BRI3 binding protein (BRI3BP), two CTG•CAG repeat harboring genes. We observed a 
significant downregulation of DMPK mRNA at day 5, however this effect disappeared in later 
days. Despite positive results obtained in this analysis, we investigated the expression of only 
several genes and a more detailed analysis using RNAseq would be needed to make firm 
conclusions.   
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4.2 PAPER II 

Anti-gene oligonucleotide clamps strand-invade into dsDNA down-regulating huntingtin 
expression 

The aim of Paper II was firstly, to improve the design of an LNA/DNA mixmer clamp AGO 
using an intercalator, M3, with the goal to achieve high invasion into dsDNA in vitro, and 
secondly, evaluate transcription downregulation capabilities of designed ONs in cell models. 
The ONs were designed against two specific Pu•Py sequences, present in the 3’UTR of the 
HTT gene or upstream the P2 promoter of the MYC gene.  

 

 

Figure 10: Chemical structure of the M3 

 

The general design of clamp AGO combines a strand-invading ON arm, a TFO arm and a linker 
connecting them. The clamp strand-invades into dsDNA, hybridizing to one DNA strand by 
combination of WC and Hoogsteen base pairing, leaving the opposite strand single stranded in 
the form of a D-loop. In previous studies, clamps invaded less efficiently compared to tail-
clamp AGOs, where the WC arm is longer than the TFO [131, 132]. We aimed at improving 
this by introducing a stacking intercalator, which previously enhanced the invasion of tail-
clamps [132]. To evaluate the optimal position of the M3 within the clamp, or the number of 
M3s in the ON, we positioned the intercalator as the linker and/or at the end of the WC or TFO 
arm, both being 15 nt long. If the M3 was not used as linker, a non-modified DNA linker with 
the sequence -tctct- was used instead.  

In vitro strand-invasion efficiency at intranuclear pH and salt conditions was determined using 
the S1 nuclease assay after a 24 h long hybridization of selected MYC-ONs and a supercoiled 
plasmid containing a single target site. We used five concentrations of the ON in 1:5 dilution 
series, spanning from the 1:0.64 to 1:400 plasmid:ON ratio (this setup was used for all 
following experiments). From the initial experiments we determined that the M3 in the linker 
is crucial for any efficient strand-invasion to take place, since the clamps without it, did 
essentially not strand-invade at all, even at the highest concentration. Additionally, both arms 
need to be physically linked considering the corresponding unlinked arms with conjugated M3 
did not strand-invade.  
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Since the clamp AGO combines two modes of binding, the efficiency of the strand-invasion 
depends both on TFO target recognition/binding and on the strand-displacement capability of 
the invading arm. Both are influenced by the number of guanines, since the cytosine Hoogsteen 
base pairing depends on the pH and the G:C WC base pairing in the dsDNA enhances duplex 
stability [278-280]. While the Pu•Py MYC target sequence is mostly composed of adenosines, 
there is a difference between the 3’ and 5’ ends, the latter having two consecutive guanosines 
with additional three in the flanking region. The HTT target has three consecutive guanosines 
one base from the 3’ end. To evaluate if these motifs influence the invasion we linked either 
the 5’ end of the WC arm and 3’ end of the TFO arm (later termed 3’-oriented clamps) or 3’end 
of the WC arm and 5’ end of the TFO arm (later termed 5’-oriented clamps). As already 
described, the M3 served as the linker and was also added to the end of the WC or TFO arm. 
All three HTT-clamps and two MYC-clamps with the M3-linker adjacent to the G-rich motif 
invade more efficiently. This is in agreement with previously published results on triplex 
formation [281] and tail-clamp strand-invasion [132] suggesting stable base-pairing at the end 
of the TFO-arm is necessary to allow invasion of the WC-arm. Additionally, in the optimal 
clamp orientation the conjugation of a second M3 does not enhance the invasion.   

To evaluate if these clamps have a therapeutic potential, we substituted the PO backbone, which 
is susceptible to nuclease degradation, with the PS modification in all AGOs. In vitro PS 
modified clamps achieved lower strand-invasion after 24 h, which is not surprising since PS 
backbone reduces the binding affinity of an ON to the DNA duplex [282]. However, after 72 
h they reached almost equal invasion percentage as their PO equivalents.  

To test the AGO effect on the gene expression we used HD primary patient fibroblasts and 
transfected the ON with a lipid-based transfection reagent. HTT-clamps target the template 
strand of the HTT gene and should upon hybridization interfere with the RNA polymerase II. 
After 4 days, all HTT targeting clamps successfully downregulated the HTT mRNA to 
clinically relevant level in a dose response manner [251, 283]. This effect was maintained for 
the next 6 days indicating that the selected modifications allow prolonged anti-gene activity. 
Furthermore, the ONs did not affect the cell viability which is consistent with previous in vitro 
safety studies of LNA and PS modifications [42].      
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4.3 PAPER III 

Oligonucleotide binding to non-B-DNA in MYC 

In this project we aimed at examining the non-B-DNA structure formed by the NHEIII1 
sequence present in the promoter region of the MYC Proto-Oncogene (MYC) gene. We then 
used an in vitro model to evaluate structure’s effect on the strand-invasion of a tail-clamp AGO.   

It was previously shown that this sequence can form either a G-quadruplex or an H-DNA [284]. 
We focused on the H-DNA and hybridized either the Purine rich TFO (Pu TFO) or the 
Pyrimidine rich TFO (Py TFO) with the duplex DNA target at pH and salt conditions most 
suitable for the triplex formation of each TFO. Using EMSA, we determined that this particular 
sequence rather forms an intermolecular, antiparallel triplex, forming reverse Hoogsteen bonds 
between the Pu TFO and the dsDNA, which is in accordance to previous publications [285].  

To detect an intramolecular H-DNA in the NHEIII1, we used supercoiled bacterial plasmids 
including or lacking this sequence, termed pMycNHE+ and pMycNHE-, respectively. We 
incubated them together with BQQ-OP, which specifically recognizes triplex DNA. By adding 
Cu2+ and a reducing agent, free radicals are produced, which results in cleavage of the dsDNA. 
A second enzymatic cleavage of the plasmid DNA outside the NHEIII1 produces two distinct 
fragments that can be separated using agarose gel electrophoresis and visualized by 
fluorescence imaging. Compared to plasmid lacking this sequence, cleavage of the pMycNHE+ 
resulted in three fragments – linear plasmid and two shorter fragments directly corresponding 
to the combined cleavage of the BQQ-OP and the restriction enzyme. This confirmed that the 
H-DNA is formed in the supercoiled plasmid.  

The main aim of this project was to analyze the effect of the non-B-DNA structure on the 
strand-invasion of AGOs. The target site for the AGO was located 11 bases from the NHEIII1 

sequence. We used an invading 30 nt long LNA/DNA mixmer WC ON (WC-m44) and two 45 
nt long LNA-DNA mixmer tail-clamps AGO, with 5 nt or an M3 intercalating linker, termed 
Cy3-bis-m44 or Cy3-bis-m44-M3. Previously, the AGOs showed different strand-invading 
efficiencies, with the Cy3-bis-m44-M3 being superior [132]. All three AGOs were hybridized 
with either pMycNHE+ or pMycNHE- for 24 or 72 h in intranuclear pH and salt conditions. 
The strand-invasion was determined using the S1 nuclease assay. The invasion of the Cy3-bis-
m44-M3 was equal regardless of the H-DNA forming sequence at both timepoints. Contrary, 
the generally less efficient Cy3-bis-m44 strand-invasion was improved by the H-DNA 
structure at 72 h, which was especially evident when the H-DNA was stabilized by the BQQ. 
Surprisingly, the invasion of the WC-m44 was higher in the absence of the NHEIII1 sequence.  
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 
This thesis aimed at furthering the field of AGOs, using several different types of DNA 
targeting ON in in vitro DNA binding assays and disease cell models.  

It describes the use of an HTT gene targeting strand-invading ON during in vitro neurogenesis 
from iPSCs through NSC to neurons. It shows that the HTT mRNA and protein downregulation 
achieved by this AGO does not affect the process of neurogenesis, more specifically the 
formation of neural rosette structures and the pool of NSCs. Additionally, although further 
studies are needed, it appears that this CAG•CTG repeat targeting ON affects HTT specifically 
and does not influence at least six other genes harboring the repeats in the template or the 
coding strand. Based on the evidence collected in this project and the previous publication 
presenting the screening of several variations of this AGO, the LNA/DNA 19 nt mixmer 
presents itself as a good candidate for further in vivo studies.  

The thesis further focuses on the optimization and characterization of clamp-type AGOs and 
their use for the treatment of HD. Based on the results obtained from the S1 nuclease assay, it 
is evident that the efficient strand-invasion of these ONs depends on the incorporation of the 
stacking linker between the WC and the TFO arm. Additionally, positioning the linker adjacent 
to the target sequence motif that could negatively influence TFO binding improves invasion. 
Furthermore, these AGOs affect the gene expression without affecting the cell viability when 
directed towards the 3’UTR of the HTT template strand. In the future, additional studies are 
needed to determine the safety profile in vivo and potential mutagenic effects of the ON due to 
the incorporation of the intercalating moiety.       

Lastly the thesis pivots towards determination of the antiparallel H-DNA in the NHEIII1 
sequence. It aims further at understanding the influence of this non-B-DNA structure on the 
strand-invasion of tail-clamp AGO, indicating that H-DNA promotes strand-invasion of 
suboptimal design of this AGO. Although this study suggests that the conformation of the 
dsDNA influences the strand-invasion efficiency of AGOs, more evidence is needed both in 
cell models and looking at other non-canonical structures to understand general rules of ON 
and DNA interaction.  

To summarize, this thesis shows that several types of AGOs can be optimized to achieve good 
binding to the dsDNA and when delivered to the nucleus affect gene transcription of the 
targeted gene. Combined with the success observed with the RNA targeting ONs, this gives 
evidence that AGOs have a great potential to be used as therapeutics in the future.  
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