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Abstract 
Therapeutic nucleic acids such as antisense oligonucleotides (AOs) can specifically bind to 

target RNA and manipulate gene expression through different mechanism of actions, 

including RNase H mediated RNA degradation, splice modulation, and translational 

repression. So far, the United States Food and Drug Administration has approved seven AO 

drugs for the therapies of different human diseases. Among them, four drugs (eteplirsen, 

golodirsen, nusinersen, milasen) modulate splicing, and rescue the production of functional 

essential proteins by restoring ruined open reading frames due to mutations within genes.  

This thesis explores the potential of novel chemically-modified splice-modulating AOs in 

tackling type 2 diabetes (T2D) and Duchenne muscular dystrophy (DMD). Chapter one 

provides an introduction of different types of therapeutic nucleic acids. Chapter two focused 

on developing AOs targeting protein tyrosine phosphatase 1B (PTP1B), a validated 

therapeutic target of T2D. An AO candidate, PTPN1 1E2A (+5+29), was identified to 

efficiently skip exon-2 of PTPN1 RNA inducing premature termination codons in exon-3, 

thereby reducing the production of full-length, functional PTP1B proteins. Chapter three 

presents the work on design, synthesis and evaluation of splice-modulating chimeric AOs 

containing novel nucleotide analogues for exon skipping in H2K mdx myoblast, using DMD 

as a disease model. Morpholino nucleic acid modified 2'-O-Methyl (2'-OMe) AO mixmer 

exhibited comparable exon skipping ability as uniformly modified 2'-OMe AO. Locked 

nucleic acid (LNA) modified 2'-Fluoro (2'-F) AOs showed improved drug-like properties 

than 2'-OMe modified 2'-F AOs. In summary, the thesis expands the applicability of AOs in 

the therapy of T2D through downregulating PTP1B protein expression by splice modulation; 

the thesis also expands the scope of utilizing nucleotide analogues in splice modulation 

application by constructing AO chimeras, demonstrating the feasibility of using these 

analogues for optimizing AOs in terms of improved drug-like properties. 
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1.Therapeutic nucleic acids: an overview 

1.1 Discovery of nucleic acid 
In 1869, Friedrich Miescher isolated deoxyribonucleic acid (DNA) from cell nuclei, and 

named it “nuclein”. He was the first to identify nucleic acid as a distinct molecule [1, 2]. 

Extensive efforts have since been invested into the exploration of nucleic acid in an attempt 

to elucidate the structure and function of these molecules. In 1944, Oswald Avery and 

colleagues proved DNA to be a carrier of genetic information [3]. In 1953, the double-helix 

structure of DNA was determined by Francis Crick and James Watson, and the “Central 

Dogma” (simplified description is DNA makes ribonucleic acid (RNA) and RNA makes 

protein) was proposed by Francis Crick in 1958. Consequently, these breakthroughs opened 

the way for comprehensive research and applications of nucleic acid [4-7].  

1.2 Composition of nucleic acid 
According to the current knowledge, natural nucleic acids can be classified into two 

categories: DNA and RNA, both of which are composed of subunits called 

deoxyribonucleotides and ribonucleotides, respectively. Each nucleotide monomer consists of 

a sugar ring (deoxyribose or ribose), a nitrogenous base (nucleobase), and a phosphate group 

(Figure 1.2). In a nucleotide, the sugar ring is linked through a glycosidic bond to the base. 

Naturally occurring nucleobases include purines (adenine, A; guanine, G) and pyrimidines 

(cytosine, C; thymine, T; uracil, U). While A, G, and C can be components in both types of 

nucleotides, T only exists in deoxyribonucleotide and is represented by U in ribonucleotide 

(Figure 1.2). Nucleotides containing A, G, C, T or U connect to each other in a sequential 

manner, constructing a DNA or RNA molecule that genetic information is stored within.   
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Figure 1.2 Structure of nucleotides. 

1.3 Synthesis of nucleic acid 
Rapid progression in the field of nucleic acid study required substantial quantities of these 

molecules, most commonly achieved by non-cellular artificial synthesis of DNA/RNA and 

cellular gene expression system that produces messenger RNA (mRNA). The great demand 

of artificial nucleic acid synthesis was met by the invention of the polymerase chain reaction 

(PCR) and solid phase oligonucleotide synthesis technologies for long and short nucleic acid 

production, respectively. As the power of PCR technology is indubitable, the capability of 

short nucleic acid synthesis is also of vital importance, as it enables the research and 

development of therapeutic oligonucleotides for the treatment of different human diseases. 

While phosphorylase-based enzymatic reaction was introduced to the method of 

polynucleotide synthesis in the 1950s [8], the real breakthrough for this technology occurred 

when Khorana and colleagues demonstrated chemical synthesis of a sequence-defined 

oligonucleotide in 1958, widely regarded as the birth of nucleic acid synthesis technology [9]. 

Nevertheless, this process was still far from ideal as it produced oligonucleotides at low yield, 
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with intensive labor. The next leap was achieved by Caruthers and coworkers in 1981, with 

the invention of solid-phase oligonucleotide synthesis using phosphoramidite chemistry. This 

approach has become the most widely used method for the manufacture of oligonucleotides 

nowadays (Figure 1.3) [10,11]. A comprehensive review of the history of synthetic 

oligonucleotide technology can be found elsewhere [12]. 

 

Figure 1.3 Cycle of phosphoramidite-based oligonucleotide synthesis. 

1.4 Nucleic acid as therapeutics 
Along with the technological advances in nucleic acid biology and chemistry, astounding 

progress has been made in the identification of genes responsible for many human diseases 

[13]. While conventional small molecule drugs predominantly target a disease-causing gene 

at the protein level, nucleic acid intervention can provide a comprehensive therapeutic 

strategies to overcome the effects of disease causing genes at all levels of gene expression 

(DNA, RNA, protein, and molecules derived as a result of protein-mediated enzymatic 

processes) [14]. To date, according to structural features and mechanisms of action, the 
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family of therapeutic nucleic acids is comprised of eleven categories, including transgene, 

synthetic mRNA, synthetic guide RNA (gRNA) for CRISPR/Cas, antigene, antisense 

oligonucleotide (AO), catalytic oligonucleotide, microRNA (miRNA)-related oligonucleotide, 

small interfering RNA (siRNA), immune-stimulatory oligonucleotide, decoy oligonucleotide, 

and aptamer. An introduction to these therapeutic nucleic acids is provided in the next section 

(section 2: therapeutic nucleic acids of different mechanisms of action) with an emphasis on 

their distinct mechanisms of action.  

2.Therapeutic nucleic acids: mechanisms of action 

2.1 Transgenes 
Transgenes exhibit direct or indirect therapeutic effects in different ways, for example, 

replacement of a functionally defective gene (direct therapeutic effect) [13, 15, 16], or 

expression of antigenic proteins that are then presented to the host immune system to initiate 

immunoreaction that provides protection against infections (indirect therapeutic effect) [17-

19]. Both effects are based on biosynthesis of therapeutic proteins, harnessing the 

intracellular transcription and translation apparatus by transgenes. Transgenes encoding 

antigens are often referred to as DNA vaccines [17]. A transgene expression cassette is 

composed of three elements: promoter, gene of interest, and terminator. Transcription of the 

desired gene is driven by the promotor sequence through binding with transcription factors, 

and ended by the terminator sequence [20]. The transgene expression cassette is delivered to 

the host cells with the aid of viral or non-viral vectors, which usually include retroviruses, 

adeno-associated virus (AAV), and plasmid [21-24] (Figure 2.1). Depending upon the nature 

of vectors in which expression cassettes are incorporated, transgenes can be structurally 

single stranded RNA (retrovirus vector), single stranded DNA (AAV vector), or double 

stranded DNA (plasmid vector) (Figure 2.1). All vectors are engineered so that they cannot 

replicate in the host. Transgenes incorporated in retroviral vectors that commonly originate 
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from γ-retrovirus, lentivirus, and spumavirus are able to integrate into the host chromosome 

through homologous recombination, while AAV and plasmid vectors are predominantly non-

integrating upon transfer to host cells, and are stabilized extrachromosomally as episomes [21, 

22] (Figure 2.1). Chromosome integration allows transgenes to be passed to daughter cells, 

therefore retroviral vectors are an appropriate choice for stem cell or precursor cell 

transformation. By contrast, non-integrating vectors (AAV, plasmid) are used in the 

transfection of long-lived post-mitotic cells, since loss or dilution of transgenes due to cell 

division is largely avoided.  

 

Figure 2.1 Mechanisms of transgene and synthetic mRNA-based therapeutics. AAV: adeno-associated virus, UTR: 
untranslated region, ORF: open reading frame. 

2.2 Synthetic mRNA 
Similar to transgenes, synthetic mRNA enables the host cell to express exogenous genes of 

interest to produce therapeutic proteins [25] (Figure 2.1). Synthetic mRNA encoding 
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antigen-coding sequences that activate the host immune responses upon expression are 

termed mRNA vaccines [26]. Synthetic mRNAs mainly possess two features that distinguish 

them from the transgenes: firstly, synthesis of protein encoded by synthetic mRNA is rapid 

and transient, while transgenes usually lead to longer term protein expression [27, 28]; 

secondly, unlike transgenes that are incorporated in viral or plasmid vectors containing other 

exogenous genes that are not of interest, synthetic mRNA is relatively simple and “clean” in 

terms of structure, as only the desired gene is involved, suggesting a safety profile advantage 

over transgenes [28, 29].  

2.3 Synthetic guide RNA for CRISPR/Cas 
Clustered regularly interspaced short palindromic repeats/CRISPR-associated system 

(CRISPR/Cas) is a prokaryotic adaptive immune system that protects bacteria and 

archeobacteria from foreign genetic material, such as phages, transposons and plasmids [13, 

30, 31]. The CRISPR/Cas system enables a prokaryote to ‘memorize’ previous infections by 

storing foreign nucleic acid fragments from invaders (termed spacers) incorporated into its 

own genome. These spacers are interspaced with short repetitive sequences (termed repeats) 

that together form a CRISPR array (Figure 2.3) that is flanked by genes encoding nucleases, 

such as Cas9 [32-35]. When cells encounter reoccurring invaders, transcripts are produced 

from the CRISPR array and processed to produce CRISPR RNAs (crRNAs), each bearing a 

certain sequence transcribed from a spacer (termed protospacer) and part of its neighboring 

repeat sequence. Afterwards, each crRNA partially hybridizes with a trans-activating 

CRISPR RNA (tracrRNA) via Watson-Crick base pairing [36] and, upon recognition of the 

target invading DNA by its complementary protospacer in crRNA through hybridization, the 

Cas nuclease is directed to the target leading to its cleavage [37] (Figure 2.3). To date, 

CRISPR/Cas systems can be classified into two classes, and, more specifically, six types 

(type I, II, III, IV, V, and VI) [38-40]. The type II system (from Streptococcus pyogenes) that 
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uses Cas9 endonuclease has been extensively investigated and is currently the most 

commonly used system. In engineered type II CRISPR/Cas systems, a single synthetic gRNA 

combining a crRNA and a fixed tracrRNA is often used, while the naturally occurring system 

employs separate RNAs [34]. The first 20 nucleotides from the 5' end of gRNA 

(corresponding to the protospacer in crRNA) guides Cas9 to cleave the target genomic DNA 

through hybridization to its complementary portion in the target [31, 37] (Figure 2.3). The 

resultant cut genomic DNA allows researchers to add or delete sequences, to or from the 

genome, or replace an existing sequence with a foreign one using the host cell's own DNA 

repair machinery. Moreover, due to the amenability of the 20nt portion of gRNA, in theory 

any genomic DNA can be targeted, which presents the CRISPR/Cas system as a versatile 

platform for the development of therapeutics.  

 

Figure 2.3 Type II CRISPR-Cas systems. (A) Naturally occurring type II CRISPR-Cas system employing crRNA and 
tracrRNA. (B) Engineered type II CRISPR-Cas system employing synthetic gRNA. crRNA: CRISPR RNAs, tracrRNA: trans-
activating CRISPR RNA, gRNA: guide RNA. 
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2.4 Antigene 
A group of single stranded, oligodeoxynucleotides that exhibit antigene effects by forming 

triplexes, composed of the oligodeoxynucleotide and the target double stranded genomic 

DNA, and it is thereby referred to as the triplex forming oligodeoxynucleotide (TFO). 

Although triplex formation was first demonstrated in 1957 [41], the basis of this phenomenon, 

an alternative form of hybridization to Watson-Crick base pairing was discovered by Karst 

Hoogsteen in 1963, and was subsequently named after him [42-44].   

Upon hybridization to genomic DNA, TFO antigene agents inhibit transcription of the target 

gene either by blocking transcription factor binding to the promotor sequence and thus 

preventing initiation of transcription; or precluding unwinding of the DNA duplex and 

thereby inhibiting elongation of mRNA [13, 45-48]. Apart from inhibition of transcription, 

TFOs are also used to induce targeted mutagenesis and other genome-level therapeutic effects 

[49]. Moreover, a direct advantage of TFO antigenes over RNA-targeting agents (eg. AO, 

siRNA, catalytic oligonucleotides) is that only two copies of genomic DNA containing a 

target gene are present in a diploid cell, whilst hundreds to thousands of mRNAs are 

transcribed from the corresponding target gene within the cell [46, 50]. This suggests that a 

relatedly small dosage of antigene agent may be required for downregulation of the target 

gene, compared to using RNA-targeting therapeutic nucleic acid agents for the same purpose 

[46]. 

TFO antigene agents usually bind to the major groove [51, 52] and can only bind to a purine 

stretch in the target strand of the DNA duplex [53]. There exist two binding motifs that allow 

TFOs to form a triplex structure with its target: pyrimidine motif and purine rich motif. A 

pyrimidine motif containing TFO binds to its target purine stretch in parallel by forming 

Hoogsteen base pairs between thymine (T) in the TFO and adenine (A) of the A:T pair in the 

target, and protonated cytosine (C
+
) in the TFO and guanine (G) of the G:C pair in the target 
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stretch (Table 2.4). On the other hand, purine rich motif containing TFOs bind to the target 

purine stretch in a antiparallel mode by forming reverse Hoogsteen base pairs between A or T 

in the TFO and A from the target A:T pair, and G in the TFO and G from the target G:C pair 

(Table 2.4) [52, 54]. There are four major drawbacks of TFO antigenes: firstly triplex 

formation of C
+
:G-C requires an acidic environment (pH: 4.5-6) for protonation of the C in 

the TFO, which constrains in vivo utility of TFOs as the physiological pH is 7.35 to 7.45 [13, 

52]. Secondly, G-rich TFOs tend to self-associate into G-quartets at physiologic potassium 

concentrations and thus affects the triplex formation [13, 52]. Third, limitations in the range 

of sequences for targeting (purine stretch only) restrict the design of TFOs. Finally, it is 

obvious that TFOs cannot be used to target those DNA regions entangled in highly packed 

forms such as nucleosomes. To date, efforts to introduce chemical modifications to TFOs 

have to some extent resolved these problems.  

 

Table 2.4. TFO pyrimidine and purine rich binding motifs. TFO: triplex forming oligodeoxynucleotide. 

2.5 Antisense oligonucleotide (AO) 
Antisense oligonucleotides (AOs) are single stranded oligonucleotides that can be designed to 

deliver therapeutic benefit through by modulating specific RNAs. The first demonstration of 

antisense potential was offered by Zamecnik and Stephenson in 1978, when a 13nt AO was 

synthesized and used to inhibit Rous sarcoma virus replication by targeting viral 35S RNA 

[55, 56]. Since then, AOs have been developed as a versatile platform that upon binding to its 
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target RNA through Watson-Crick base pairing, mainly function via three mechanisms, 

dependent on the chemistry and sequence: RNase H mediated mRNA degradation, splice 

modulation, translational blockage and altered stability [14, 21, 57].   

Upon formation of a heteroduplex with the target mRNA, AOs composed of 

deoxyribonucleotides can induce degradation of the annealed mRNA and/or precursor mRNA 

(pre-mRNA) via recruitment of a ubiquitous endonuclease, RNase H that exists both in 

cytoplasm and the nucleus, and hydrolyzes the RNA component of the heteroduplex while 

leaving the AO intact (Figure 2.5) [13, 52, 58, 59].  Compared to RNase H recruitment, the 

other two mechanisms are somewhat more straightforward: steric blockade is created when 

the AO/RNA duplex is formed, it prevents interaction between the bound pre-mRNA and 

splicing factors, the bound mRNA and translational machinery [45, 57-60]. While the first 

leads to splice modulation, the latter result in translational arrest or altered stability (Figure 

2.5).  

The two mechanisms: degradation of mRNA by RNase H and inhibition of translation are 

used to downregulate the expression of disease-causing genes, whereas the AOs capable of 

modulate splicing events can be applied to switch the production of non-functional transcripts 

of an essential gene carrying mutations, to a functional transcript variant, thereby restoring 

the synthesis of functional protein encoded by the gene [61].  However, splicing modulation 

can be used to disrupt expression of a gene transcript as well, through disturbing the reading 

frame. 
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Figure 2.5 AO mechanisms. (A) Degradation of target RNA by RNase H; (B) induction of alternative splicing; (C) induction 
of translational repression. AO: antisense oligonucleotide, mRNA: messenger RNA, pre-mRNA: precursor messenger RNA. 

2.6 Catalytic oligonucleotides  
Catalytic oligonucleotides include ribozymes and DNAzymes. Ribozyme was originally 

discovered from nature in the early 1980s when Cech’s team found that an intron contained 

in Tetrahymena thermophilia’s precursor ribosomal RNA (rRNA) possesses self-splicing 

activity [62-65]. Later, Altman’s group found that the RNA portion of RNase P 

endoribonuclease plays a role in the maturation of Escherichia coli transfer RNA (tRNA), 

through excising the 5’ end from its precursor [66]. In contrast, DNAzymes are solely 

exploited in laboratories [67], first isolated by Breaker and Joyce in 1994 through in vitro 

selection [67]. DNAzymes can be considered analogs of ribozymes, in that the RNA 

backbone of ribozymes is replaced by DNA that confers improved biological stability [68]. 

Both ribozymes and DNAzymes utilize other nucleic acids as substrates, the catalytic 

reaction leads to substrate cleavage, ligation, or phosphorylation [69-73]. So far, RNA-

cleaving oligonucleotides have been extensively investigated and developed. Among these, 

hammerhead ribozymes, hairpin ribozymes, 8-17 DNAzymes, and 10-23 DNAzymes are the 

most widely used, mainly due to their structural simplicity and small size (less than 150nt) 
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[24, 72, 74, 75], compared to the large naturally occurring ribozymes, such as self-splicing 

introns and the RNA portion of RNase P that may contain up to 3000 nucleotides [73]. All 

catalytic oligonucleotides exhibit enzymatic activity independent of any protein co-factors 

and external energy source, however, involvement of non-metal or metal positive charges are 

required for the catalysis effected by the ribozyme or DNAzyme, respectively [24, 76-79]. 

Structurally, all RNA-cleaving oligonucleotides contain two types of domains: a catalytic 

domain and flanking or adjacent sequences called substrate binding arms (Figure 2.6). The 

antisense nature of the binding arm sequences directs the specific binding of the catalytic 

oligonucleotide to the complementary stretch within its target RNA and thereby allows 

cleavage of the target by the catalytic domain [21, 80]. The sequence contained in the 

catalytic domain is completely or partly conserved, whereas the sequences comprising the 

binding arms are amendable, enabling design of catalytic oligonucleotides capable of 

recognizing a specific target. Different types of RNA cleaving oligonucleotides result in 

cleavage of their substrate RNAs at distinct sites: for example, hammerhead ribozyme 

cleaves 5’-NUH*-3’ (N represents any nucleotide of A, U, G, C; H represents A, U, C; * 

represents cleavage site) [59, 65], hairpin ribozymes cut 5’-*GUC-3’ [65, 67, 97, 82], 8-17 

DNAzymes cleave 5’-A*G-3’ [83, 84], and 10-23 DNAzyme sever 5’-R*Y-3’ (R represents 

A, G; Y represents U, C) [83, 85, 87] (Figure 2.6). However, the in vivo applications of 

DNAzyme are limited due to the difficulty of balancing its catalytic activity and turnover 

kinetics. This is mainly due to the fact that, development of DNAzymes that are able to form 

stable complex with their substrates leads to higher catalytic activity but might result in 

reduced turnover efficacy at the same time [86]. 
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Figure 2.6 Schematic representations of commonly used RNA-cleaving catalytic oligonucleotides. (A) Hammerhead 
ribozyme; (B) hairpin ribozyme; (C) 8-17 DNAzyme; (D) 10-23 DNAzyme.  

2.7 Micro RNA-related oligonucleotides 
First discovered in 1993 [88, 89], miRNAs are naturally occurring, single stranded, 21-25nt 

long, non-coding RNAs that downregulate gene expression at the post-transcriptional level 

after partial Watson-Crick hybridization to target mRNAs [15, 45, 90]. The biogenesis and 

mechanism of miRNA is shown in Figure 2.7. Initially, primary miRNA (pri-miRNA) is 

transcribed from the genome by RNA polymerase II, followed by cleavage of the hairpin 

structures contained in pri-miRNA by the microprocessor complex consisting of Drosha (a 

nuclear RNase III endonuclease) and DGCR8 (cofactor for Drosha) [91-94] (Figure 2.7). 

These released hairpins are called precursor miRNA (pre-miRNA) and they are transported 

from the nucleus to the cytoplasm by exportin-5 (exp5) complex that contains exp5, Ran and 

guanosine-5'-triphosphate (GTP) [95, 96] (Figure 2.7). The pre-miRNA is then cleaved by 

Dicer (a cytoplasmic RNase III endonuclease) leaving the miRNA-miRNA* duplex [97-100] 
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(Figure 2.7). Subsequent binding of the RNA-induced silencing complex (RISC) to the 

duplex lead to removal of miRNA* (passenger strand) and loading of the mature miRNA into 

RISC [101]. Dependent upon the degree of homology of miRNA and its target mRNAs, the 

miRNA containing RISC induces degradation of target mRNA (caused by near perfect 

complementarity) or translational repression due to steric blockade of translational machinery 

by RISC (caused by imperfect complementarity) [90, 101, 102] (Figure 2.7), both lead to 

down-regulation of target genes. The advantage of partial complementarity is that a single 

miRNA is able to regulate multiple genes [45, 103].  

Enlightened by the natural miRNA’s mechanism of gene knockdown, therapeutic 

oligonucleotides can be designed [15]. For example, miRNAs can function as oncogene 

inhibitors (tumor suppressor miRNAs), as well as miRNAs that inhibit expression of tumor 

suppressor genes (onco-miRNAs) [90], miRNA mimics of tumor suppressor miRNAs and 

anti-miRNAs (also known as antagomirs) that are reverse complements of onco-miRNAs can 

be designed. The former, miRNA mimics can imitate the function of tumor suppressor 

miRNAs in an attempt to inhibit tumor development [104-106], while the latter, anti-miRNAs 

are used to bind to onco-miRNAs in order to deactivate their function through a steric 

blockage mechanism [90, 107-109].  
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Figure 2.7 Biogenesis and mechanism of miRNA. RNA Pol II: RNA polymerase II, miRNA: microRNA, pri-miRNA: 
primary microRNA, pre-miRNA: precursor microRNA, exp5: exportin-5, GTP: guanosine-5'-triphosphate, RISC: RNA-
induced silencing complex. 

2.8 Small interfering RNA (siRNA) 
The RNA interference (RNAi) pathway was first described by Fire et al. in 1998 when they 

introduced double stranded RNAs (dsRNA) into Caenorhabditis elegans, triggering specific 

degradation of homologous mRNAs [110]. The mechanism of RNAi is shown in Figure 2.8. 

The pathway is initiated by Dicer-mediated cleavage of long non-coding dsRNAs, leading to 

formation of double stranded siRNAs of 21-23bp in length with symmetrical overhangs of 2-

3nt at the 3’ end of each strand (antisense or guide strand, and sense or passenger strand) 

(Figure 2.8) [14, 15, 59, 90, 100, 111, 112]. Subsequent binding of RISC to siRNA results in 

removal of the sense strand and loading of the antisense strand into RISC, forming a catalytic 

complex that can induce cleavage and degradation of target mRNAs upon Watson-Crick 
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hybridization of the antisense strand to the target mRNA (Figure 2.8) [21, 59, 61, 90, 113-

118].  

It is worth mentioning that the pathways of RNAi and the afore-described miRNA (section 

2.7) share similarities. For instance, they both require involvement of Dicer for long 

precursor RNAs to be cleaved into shorter forms, and RISC for antisense strands to be loaded 

into RISC, that eventually causes gene knockdown. On the other hand, RNAi is distinguished 

from miRNA in two respects: first, the two strands of siRNA are completely complementary 

to each other (Figure 2.8) while the hybridization within a miRNA-miRNA* duplex is 

incomplete (Figure 2.7) [119]; second, the antisense strand of siRNA binds to target mRNA 

through perfect complementarity, leading to RISC-induced target degradation (Figure 2.8), 

whereas the miRNA-target mRNA hybridization is imperfect in that the RISC complex may 

merely act as a steric blocker (Figure 2.7) [120].  

In practice, the introduction of long dsRNA (>30bp) into mammalian cells stimulates the 

innate immune system, initiating an antiviral interferon response that usually causes cell 

death, and thereby hampers the application of RNAi [59, 121]. This problem was solved by 

Elbashir et al. and Caplen et al. who reported that an siRNA duplex with strands of 21-22bp 

in length can efficiently induce gene silencing in mammalian cells [115, 122, 123]. The use 

of siRNA instead of long dsRNA not only evades unwanted immunoreaction [45, 124], but 

also circumvents the Dicer pathway [21], and thus is the recognized strategy to exploit the 

RNAi pathway. The major risk of siRNA application is the potential of inducing off-target 

effects through binding to and then degrading non-target mRNAs as a result of partial 

sequence homology [15], due to the fact that as few as seven contiguous complementary base 

pairs may be sufficient to direct RNAi gene silencing [125].  
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Figure 2.8 RNA interference mechanism for siRNA. dsRNA: double stranded RNA, siRNA: small interfering RNA, RISC: 
RNA-induced silencing complex. 

2.9 Immune-stimulatory oligonucleotide 
Immune-stimulatory oligonucleotides are a group of short, single-stranded 

oligodeoxynucleotides that contain CpG dinucleotides, in 5’ to 3’ direction (Figure 2.9), 

mimicking a distinct feature of bacterial genomic DNA: abundance of unmethylated CpG 

motifs [126-127]. In contrast, the frequency of CpG motifs is much lower in vertebrate 

genomes, and, CpG motifs are considered pathogen-associated molecular patterns (PAMPs) 

that upon binding and recognition by Toll-like receptor 9 (TLR9), these motifs are identified 

as invading microorganisms, leading to activation of the innate immune response. The TLR9-

mediated signal transduction, followed by activation of essential downstream transcription 

factors such as NF-κB and AP-1 further induce the expression of inflammatory cytokines, 

such as TNF-α and IL-6 that modulate components of the innate immune system (Figure 2.9) 
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[128, 129]. Hence, synthetic oligodeoxynucleotides that contain CpG motifs can act as 

immunostimulants and have been developed as immune adjuvants [130-132].   

It is notable that unlike the interactions between nucleic acids that are based on sequential 

base pairing, the interactions between CpG-containing oligodeoxynucleotides and its protein 

target, TLR-9, rely on a variety of structural features [133-138].  

 

Figure 2.9 Schematic structure of a CpG motif (left) and simplified immune-stimulatory mechanism for CpG 
containing oligonucleotide (right). 

2.10 Decoy oligonucleotides 
Transcription factor proteins regulate gene expression by initiating gene transcription [139], 

through specific binding to multiple consensus sequences (6-10 bp in length) existing in the 

promotor region of target genes (Figure 2.10) [44]. Decoy oligonucleotides are double 

stranded oligodeoxynucleotides that contain stretches of the consensus sequences, mimicking 

the binding site for transcription factors, and thereby competing with the gene promotor 

region for transcription factor binding (Figure 2.10) [140-142]. By flooding cells with decoy 

oligonucleotides, large numbers of transcription factors are sequestered by decoys, 

diminishing the binding of transcription factors to the target promoter regions, thus the 
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function of the transcription factor, that is promoting target gene expression, is attenuated 

(Figure 2.10) [44, 140]. Accordingly, decoy oligodeoxynucleotides have therapeutic 

potential as they can also silence disease-related genes by preventing their transcription, as do 

other classes of gene silencing therapeutic nucleic acids, described earlier.  

 

Figure 2.10 Mechanism of decoys. In the absence of decoys, transcription factors bind to consensus sequences within the 
promotor and initiate transcription (upper panel), decoys compete with the promotor region for transcription factor binding 
and thus prevent transcription (lower panel). 

2.11 Aptamers 
Aptamers are single stranded DNA or RNA oligonucleotides that are able to fold into unique 

3D shapes that lay the foundation for their biological function: binding to and interfering with 

their target molecules through specific 3D structure recognition, instead of sequence 

recognition [45, 130, 143, 144]. This feature distinguishes aptamers from other oligomeric 

therapeutic nucleic acids that exhibit functions that depend on nucleotide sequence 

recognition by their targets.  

Aptamers are isolated in laboratories from a large combinatorial pool of synthetic 

oligonucleotides (10
14

 to 10
15

 random sequences) by an iterative Darwinian selection process 

called SELEX (Systematic Evolution of Ligands by EXponential enrichment) [145-153], 

which mainly involves three steps: binding, elution, and amplification (Figure 2.11). In the 

binding step, the oligonucleotide candidate pool is incubated with target molecules, allowing 



21 
 

the association of the candidates with the target (Figure 2.11) [154, 155]. This is followed by 

a washing step that removes unbound candidates while the bound ones are retained and are 

amplified in the third step (Figure 2.11). The selection cycle is repeated multiple times in 

order to select candidates of the highest target binding affinity [154, 155]. Cloning and 

sequencing are performed at the end to characterize the sequence of the champion candidates: 

aptamers [155].   

There are three major advantages of aptamers over other therapeutic nucleic acids. Firstly, 

aptamers can bind to extracellular molecules [20, 156], while other therapeutic nucleic acids 

can only strictly recognize intracellular nucleic acids or proteins. Hence, aptamers can reach 

target molecules that are inaccessible to other classes of therapeutic nucleic acid. For example, 

the first-in-class FDA-approved aptamer Macugen
®
 specifically recognizes and blocks 

extracellular vascular endothelial growth factor (VEGF), thus preventing VEGF from binding 

to its receptor located on the cell surface, [157, 158] leading to inhibition of its downstream 

intracellular signaling process. Secondly, the 3D shape recognition mode enables aptamers to 

bind to nearly any type of target molecules or objects [20, 90, 159-162], thus greatly 

expanding the applicability of aptamers. Finally, optimization of aptamer sequences for better 

performance is unlimited, as aptamers do not have to contain or mimic any sequence with 

genetic information, while other therapeutic nucleic acids are restricted during optimization 

due to the necessity to possess specific sequence complementary to target nucleic acids or to 

be recognized by certain proteins. An inherent limitation of aptamer technology is, unlike 

amino acids, only four letters are available in the alphabetic table to evolve aptamers, 

severely compromising the potential in optimizing their abilities to recognize target 

molecules. 
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Figure 2.11 Schematic illustration of SELEX process. 
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The advantages and disadvantages of each type of therapeutic nucleic acids is summarized in 

table 2.  

Type of therapeutic 

nucleic acids 
Advantages Disadvantages 

Transgenes Long-lasting therapeutic effect. 

Transgenes are incorporated in viral or 

plasmid vectors that contain other 

exogenous genes which are not of interest. 

This leads to potential safety issues.  

Synthetic mRNA Rapid expression of therapeutic proteins. The therapeutic effect is transient. 

Synthetic guide 

RNA for 

CRISPR/Cas 

In theory any genomic DNA can be targeted. Off-target effect. 

Antigene 

As a target gene only contains two copies of 

genomic DNA in a cell, whilst hundreds to 

thousands of mRNAs are transcribed from the 

corresponding target gene. This suggests that a 

relatedly small dosage of antigene agent may 

be required for downregulation of the target 

gene, compared to using RNA-targeting 

therapeutic nucleic acid agents for the same 

purpose. 

Firstly, triplex formation of C
+
:G-C 

requires an acidic environment (pH: 4.5-6) 

for protonation of the C in the antigene, 

which constrains in vivo utility of antigene. 

Secondly, G-rich antigene tends to self-

associate into G-quartets at physiologic 

potassium concentrations and thus affects 

the triplex formation. Third, limitations in 

the range of sequences for targeting 

(purine stretch only) restricts the design of 

antigenes. Finally, it is obvious that 

antigene cannot be used to target those 

DNA regions entangled in highly packed 

forms such as nucleosomes. 

Antisense 

oligonucleotide 

Diverse mechanism of actions allow 

downregulation of disease-causing genes 

through RNase H recruitment, as well as 

restoration of essential functional genes by 

splice modulation. 

Inefficient cellular delivery in vivo is the 

major obstacle.  

Catalytic 

oligonucleotide 

Simple and direct mechanism of action. All 

catalytic oligonucleotides exhibit enzymatic 

activity independent of any protein co-factors 

and external energy source. 

Involvement of non-metal or metal positive 

charges are required for the catalysis. 

microRNA related 

oligonucleotide 

A single miRNA is able to regulate multiple 

genes. 
Potential toxicity due to off-target effects. 

Small interfering 

RNA 
Efficient silencing of target gene Off-target effect. 

Immune-stimulatory 

oligonucleotide 

It acts as immunostimulants and can be 

developed as immune adjuvants. 
Excessive immune reaction. 

Decoy 

oligonucleotide 
Gene silencing by preventing transcription Lack of efficiency. 

Aptamer 

Firstly, aptamers can bind to extracellular 

molecules, while other therapeutic nucleic acids 

can only strictly recognize intracellular nucleic 

acids or proteins.  Secondly, the 3D shape 

recognition mode enables aptamers to bind to 

nearly any type of target molecules or objects, 

thus greatly expanding the applicability of 

aptamers. Finally, optimization of aptamer 

sequences for better performance is unlimited, 

as aptamers do not have to contain or mimic 

any sequence with genetic information, while 

other therapeutic nucleic acids are restricted 

during optimization due to the necessity to 

possess specific sequence complementary to 

target nucleic acids or to be recognized by 

certain proteins.  

An inherent limitation of aptamer 

technology is, unlike amino acids, only four 

letters are available in the alphabetic table 

to evolve aptamers, severely compromising 

the potential in optimizing their abilities to 

recognize target molecules. 

Table 2. Advantages and disadvantages of each type of therapeutic nucleic acids. 
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3. Improving the utility of therapeutic nucleic acids  
Therapeutic nucleic acids composed of natural DNA or RNA monomers are rapidly degraded 

in vitro and in vivo by nucleases, and are therefore generally unsuitable for therapeutics 

development. In order to overcome this issue, one strategy is to incorporate therapeutic 

nucleic acid sequences into viral or plasmid vectors for continuous cellular delivery. Vector-

aided delivery has been widely adopted for the transportation of transgenes into target cells 

for exogenous gene expression [22-24, 163], while non-viral vectors, mainly lipid 

nanoparticles, have been extensively applied to the delivery of both synthetic mRNA and 

oligomeric therapeutic nucleic acids [164-167]. Another strategy for improving the 

therapeutic potential of nucleic acids is the introduction of chemical modifications [58, 168, 

169]. Structure-modified nucleotide analogues have been used in oligomeric therapeutic 

nucleic acids synthesis that helps to increase their resistance to nuclease, enhance target 

binding specificity and affinity, and improve cellular uptake [14]. The inter-nucleotide 

linkages (phosphate groups) and sugar moieties of nucleotides are the hot-spots for 

modification, a number of analogues have been reported with changes to these moieties. The 

phosphorothioate (PS) backbone represents the first generation of chemical modification, 

whereby the non-bridging oxygen atom in the diester bond is replaced by a sulphur [170-172]. 

The second generation modifications include nucleotide analogues containing a modified 

sugar moiety, such as 2′-O-methyl (2′-OMe) and 2′-O-methoxyethyl (2′-O-MOE). Third 

generation modifications include analogues in which the backbone (both phosphate groups 

and sugar moieties) is completely replaced by alternative structures. Representatives of this 

generation are peptide nucleic acid (PNA) and phosphorodiamidate morpholino oligomers 

(PMO). Examples of chemical modifications are presented in Figure 3.1. In addition, it is 

noteworthy that nucleotide analogues are merely used in constructing oligomeric nucleic 

acids, i.e., synthetic gRNA for CRISPR/Cas, antigene, AO, catalytic oligonucleotide, 
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miRNA-related oligonucleotide, siRNA, immune-stimulatory oligonucleotide, decoy 

oligonucleotide, and aptamer, but not the long nucleic acids (transgene and synthetic mRNA) 

that encode intact genetic information.  

 

Figure 3.1 Examples of chemically-modified nucleotide analogues. 2'-OMe: 2'-O-methyl, 2'-OMOE: 2'-O-methoxyethyl, 
ENA: 2'-O, 4'-C-ethylene-bridged nucleic acid, LNA: locked nucleic acid, 2'-F: 2'-fluoro, 2'-FANA: 2'-fluroarabino nucleic acid, 
2'-NH2: 2'-amino, TNA: threose nucleic acid, HNA: 1,5-anhydro hexitol nucleic acid, CeNA: cyclohexenyl nucleic acid, ANA: 
altritol nucleic acid, PNA: peptide nucleic acid, PMO: phosphorodiamidate morpholino oligomer, MNA: morpholino nucleic 
acid. 

Importantly, apart from merely improving the drug-like properties of therapeutic nucleic 

acids, chemical modification can also lead to variations to their mechanism of actions. The 

best example is the fully modified AOs used for splice modulation. AOs were originally 

designed as oligodeoxynucleotides that induce RNase H-mediated target mRNA degradation. 

However, a number of modifications (2′-OMe, 2′-O-MOE, PMO) enable AOs to modulate 

alternative splicing by inducing exon skipping or exon inclusion, while at the same time 

compromising their ability to induce RNase H. In order to retain the RNase H activation 

function while confering sufficient protection from nucleases, gapmer-like AOs are designed: 
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a DNA core sequence is left unmodified (or with PS) to induce RNase H, flanked by 

modified sequences at both ends to provide protection from nucleases [173, 174] (Figure 3.2).  

 

Figure 3.2 Schematic showing AOs with uniformly modified analogues and AOs composed of nucleotides of 
different chemistries (chimeric AO: gapmer and mixmer). 

 

4. Project Aims: 
In this thesis, we report the evaluation of chemically modified, splice modulating antisense 

oligonucleotides (AOs) for the therapy of type 2 diabetes (T2D) and Duchenne muscular 

dystrophy (DMD) (Figure 4). Specifically, novel AO sequences were developed to 

downregulate the expression of protein tyrosine phosphatase 1B (PTP1B), an enzyme 

involved in the pathogenesis of T2D through insulin dysregulation. In addition, novel 

chemical modifications to AOs in terms of new nucleotide analogue and new chimeric 

sequence design were explored towards improving the drug-like properties of AO sequences, 

using DMD as a disease model.  

Specific Aims: 

1. Development of novel splice modulating AOs to downregulate PTP1B expression 

towards targeting T2D. 

a. Design and screening of 2′-O-methyl-phosphorothioate (2′-OMePS) AO sequences 

targeting different exons of the PTPN1 pre-mRNA.  
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b. Validation of the best performing AO sequence from aim 1a.  

c. Identification of the ‘champion’ AO sequence through a micro-walk AO design strategy 

(based on the sequence of the best performing AO from aim 1b).  

d. Validation of the champion AO sequence. 

e. Improvement of the champion AO sequence by constructing phosphorodiamidate 

morpholino oligomers (PMO) of the sequence and evaluation of its ability to inhibit PTP1B 

protein expression. 

f. Development of ‘mouse version’ of the champion AO sequence for future in vivo animal 

studies.  

2. Exploration of novel chemical modifications of splice modulating AOs towards 

optimizing their drug-like properties, using DMD as a disease model. 

a. Exploration of a morpholino nucleic acid (MNA) modified 2′-OMePS mixmer AO in terms 

of its thermal stability, cytotoxicity, and ability to inducing DMD exon skipping. 

b. Exploration of 2′-OMe modified 2′-fluoro (2′-F)-PS gapmer and mixmers, and locked 

nucleic acid (LNA) modified 2′-F-PS gapmer and mixmers in terms of their nuclease stability, 

cytotoxicity, and induced exon skipping. 
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Figure 4 Schematic illustration of the aims and outcomes of the thesis. 
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1. Introduction 
Antisense oligonucleotides (AOs) are synthetic nucleic acid molecules that are capable of 

manipulating gene expression through binding to RNA targets [1-4]. Since the publication of 

seminal AO papers by Paterson, Zamecnik, Stephenson and co-workers in the late 1970s [5-

7], the therapeutic potential of AOs has been extensively explored. To date, seven AOs and 

two siRNAs have been recognized by the US Food and Drug Administration (FDA) and 

granted approval as therapies for infectious and genetic disorders, as shown in Table 1 [8-

29]. These successful clinical translations have been inspiring researchers and pharmaceutical 

companies to develop AO-based therapeutics targeting different human maladies, by either 

knocking down the expression of disease-causing genes or rescuing/upregulating the 

expression of essential or defective genes.  

 

Table 1 AOs and siRNAs approved by the US FDA for clinical applications. Milasen is a customized AO drug for one 
person. 

AOs are single stranded nucleic acids that contain 15-30 nucleotides. AOs can be used to 

manipulate target gene expression through specifically binding to target RNAs by Watson-

Crick base pairing [30]. Basically, there exist three distinct, potentially therapeutic AO 

mechanisms of action: 1) induction of RNase H-mediated degradation of messenger RNA 

(mRNA); 2) modulation of splicing by sterically blocking the binding of splicing factors to 

the precursor mRNA (pre-mRNA); 3) translational repression by either sterically blocking 

the 5’ untranslated region (5’-UTR) in pre-mRNA to avoid 5’ cap formation, or hindering the 
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association of translation machinery to mRNA [2, 31-35]. To date, a number of mRNA 

degrading AOs and splice modulating AOs have been used clinically.  

RNase H recruitment to form an AO:mRNA duplex and the subsequent hydrolysis of mRNA 

is the most widely utilized mechanism for potent downregulation of target gene expression. 

To date, three AOs evoking this mechanism have reached the market:  fomivirsen 

(Vitravene
TM

), mipomersen (Kynamro
TM

), and inotersen (Tegsedi
TM

). Their specific 

mechanisms are described below: 

1) Fomivirsen binds to and degrade the mRNAs encoding cytomegalovirus (CMV) 

immediate-early-2 protein (required for viral replication), thus providing therapeutic effects 

for CMV retinitis by inhibition of virus proliferation [8, 9]. 

2) Mipomersen binds to and degrade the mRNAs encoding apolipoprotein B (ApoB, a 

component of low-density lipoprotein cholesterol, LDL-C), thus providing therapeutic effects 

for familial hypercholesterolemia through reducing atherogenic LDL-C production [10, 11]. 

3) Inotersen binds to and degrade the mRNAs encoding transthyretin (TTR), thus providing 

therapeutic effects for hereditary TTR amyloidosis via knocking down the expression of 

mutant TTR that causes amyloid aggregates to deposit in organs [24, 25]. 

Splice modulation is mainly applied to remove or prevent premature termination codons 

(PTCs), caused by loss-of-function mutations, through exon skipping or exon inclusion, in an 

attempt to restore the open reading frame (ORF) and rescue or increase the production of 

functional essential proteins [32]. Alternatively, AO mediated exon skipping can also be used 

to induce a frameshift and elicit PTCs that lead to knockdown of target gene expression [36]. 

Four splice modulating AOs have been approved by FDA for the treatment of genetic 

diseases: eteplirsen (Exondys 51
TM

), golodirsen (Vyondys 53
TM

), nusinersen (Spinraza
TM

), 

and milasen. Their specific mechanisms are described below: 
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1) Eteplirsen and golodirsen lead to skipping of exon 51 and 53, respectively, in the 

dystrophin mRNA and overcome PTCs resulting from frameshifting deletions, thus restoring 

the dystrophin ORF and allowing synthesis of truncated but partially functional dystrophin 

proteins that benefit patients with Duchenne muscular dystrophy (DMD) [12-15, 29]. 

2) Nusinersen retains exon 7 in the mRNA of survival of motor neuron 2 (SMN2) preventing 

loss of function resulting from natural skipping of exon 7, and increasing the production of 

full length, functional SMN protein that has shown clinical benefit in patients with spinal 

muscular atrophy (SMA) [16-23]. 

3) Milasen skips a transposon-activated cryptic exon located between exon 6 and 7 in major 

facilitator superfamily domain containing 8 (MFSD8) mRNA, thereby evading the PTC in 

the cryptic exon, and rescuing functional MFSD8 synthesis, providing a molecular therapy 

for ceroid lipofuscinosis type 7 (CLN7) related Batten disease [26-28]. 

AOs that induce RNase H mediated target mRNA degradation have been extensively utilized 

in the characterization of genes involved in type 2 diabetes (T2D) pathogenesis and the 

subsequent development of AO therapeutics, whereas so far none of the published reports has 

shown application of splice modulating AOs to T2D therapy. We developed novel, 

chemically modified, splice modulating AOs as potential therapeutics to treat T2D through 

knocking down the expression of protein tyrosine phosphatase-1B (PTP1B, encoded by 

PTPN1), a negative regulator of the insulin signal transduction pathway that largely 

contributes to the development of T2D, by skipping an exon to induce a frameshift that leads 

to PTCs. 

Section 2 of this chapter provides an overview of T2D and its current treatment options. This 

is then followed by a review of AOs developed to suppress causative genes in T2D (section 
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3). The latter part (section 4) of this chapter describes my study on novel designs of 

chemically-modified, splice modulating AOs targeting PTP1B to treat T2D.  

 

2. Type 2 Diabetes  

2.1 Overview  
Type 2 diabetes (T2D) is a chronic metabolic disorder characterized by persistent 

hyperglycemia as a result of insulin dysregulation, namely, inefficient signaling of insulin 

(usually referred to as insulin resistance or insulin insensitivity) in glucose recipient organs 

and tissues (muscle, adipose, liver, and brain) and insufficient production of insulin from 

pancreatic β cells [37-40]. Obesity is closely associated with the initiation of insulin 

resistance and T2D [41]. The level of circulating free fatty acid (FFA) is elevated in obese 

individuals and leads to excess uptake by muscle and liver cells, resulting in sequential 

activation of protein kinase C (PKC), IκB-kinase (IκK), and nuclear factor κB (NFκB) that 

stimulates the release of inflammatory chemokines, such as tumor necrosis factor-α (TNFα) 

and interleukin 6 (IL6), which further stimulate Jun N-terminal kinase-1 (JNK1) and 

suppressor of cytokine signaling-3 (SOCS3), respectively (Figure 2.1) [42-44]. Collectively, 

JNK1 and SOCS3 downregulate the proteins participating in the insulin signal transduction 

pathway, including insulin receptor substrate (IRS), phosphatidylinositol 3-kinase (PI3K), 

and protein kinase B (Akt), thus preventing the translocation of glucose transporter type 4 

(GLUT4) from the cytoplasm to cell membrane that eventually inhibits the cellular uptake of 

glucose, leading to hyperglycemia (Figure 2.1) [38, 44]. On the other hand, FFAs enter the 

mitochondria, participate in the tricarboxylic acid (TCA) cycle, resulting in the generation of 

reactive oxygen species (ROS) that also triggers JNK1 (Figure 2.1) [45]. Furthermore, in 

chronic state of hyperglycemia, glucose also interacts with proteins through non-enzymatic 

glycation and oxidation processes, leading to the formation of advanced glycation end 
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products (AGEs) that in turn aggravate insulin resistance through triggering ROS generation 

and NFκB (Figure 2.1) [46]. Besides, glucotoxicity, lipotoxicity, and inflammation caused 

by hyperglycemia and high FFA concentration impair the pancreatic β cells and finally 

exhaust their capability to secrete insulin, as a result of cellular dysfunction and apoptosis 

[47-50]. 

 

Figure 2.1 Mechanism of insulin resistance. IR: insulin receptor, IRS: insulin receptor substrate, PI3K: 
phosphatidylinositol 3-kinase, Akt: protein kinase B, GLUT4: glucose transporter type 4, FFA: free fatty acid, AGE: advanced 
glycation end product, PKC: protein kinase C, IκK: IκB-kinase, NFκB: nuclear factor κB, TNFα: tumor necrosis factor-α, IL6: 
interleukin 6, JNK1: Jun N-terminal kinase-1, ROS: reactive oxygen species, SOCS3: suppressor of cytokine signaling-3, 
glucose recipient cell represents cells from glucose recipient organs/tissues including muscle, fat, liver, and brain. 

2.2 Current treatments  
Currently prescribed small molecule-based antidiabetic drugs mainly aim at reducing blood 

glucose level by targeting key glycometabolic organs including the small intestine, pancreas, 

muscle, liver, fat, and kidney [51]. So far, several classes of oral hypoglycemic drugs have 

been used such as glitazones, meglitinides, biguanides, sulfonylureas, α-glucosidase 

inhibitors, sodium glucose cotransporter-2 (SGLT2) inhibitors, dipeptidyl peptidase-4 (DPP4) 

inhibitors, and glucagon-like peptide-1 (GLP1) receptor agonists [45-47]. However, these 

agents do not halt the progression of T2D due to two reasons: first, few of the agents target 

the underlying root cause of the disease: insulin resistance; second, as small molecule drugs, 
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they do not interfere with the transcription or translation processes of the disease causing 

genes, thus show  lack of efficacy compared to RNA-targeting nucleic acid interventions, for 

example, AO and small interfering RNA (siRNA). In addition, oral hypoglycemic drugs 

induce adverse reactions, affecting patient compliance. Recently, Kokil et al. 

comprehensively reviewed the mechanisms and limitations of conventional hypoglycemic 

agents and elaborated the potential of siRNA as a novel therapy for T2D [38]. The following 

section outlines another option of RNA therapeutics: AO interventions to modify expression 

of genes implicated in the T2D pathogenesis. 

 

3. AO-based intervention targeting T2D  

3.1 Overview  
Compared to the steric blocking AOs that either modulate splicing or repress translation, 

gapmer-like AOs that knock down gene expression via RNase H mechanisms are 

predominantly utilized in the modification of target gene expression involved in T2D 

pathogenesis and the development of AO-based therapeutics. In this section, we focus on 

chemically modified AOs that impede production of proteins involved in insulin resistance 

and hyperglycemia. These include: protein tyrosine phosphatase-1B (PTP1B, encoded by 

PTPN1), glucagon receptor (GCGR, encoded by GCGR), SGLT2 (encoded by SLC5A2), 

glucocorticoid receptor (GCCR, encoded by NR3C1), acetyl-CoA carboxylase 1 or 2 (ACC1 

or ACC2, encoded by ACACA or ACACB), diacylglycerol acyltransferase-2 (DGAT2, 

encoded by DGAT2), mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M, 

encoded by PCK2), protein kinase C-ε (PKCε, encoded by PRKCE), glucose 6-phosphate 

transporter-1 (G6PT1, encoded by SLC37A4), cAMP response element binding protein 

(CREB, encoded by CREB), CREB-regulated transcription coactivator-2 (CRTC2, encoded 

by CRTC2), forkhead box O1 (FOXO1, encoded by FOXO1), density-enhanced phosphatase-
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1 (DEP1, encoded by PTPRJ), retinol binding protein 4 (RBP4, encoded by RBP4), TTR 

(encoded by TTR), tribbles homolog 3 (TRIB3, encoded by TRIB3), IκB-kinase β (IκKβ, 

encoded by IKBKB), and toll-like receptor 2 (TLR2, encoded by TLR2). 

3.2 AO interventions to treat T2D 

3.2.1 Protein tyrosine phosphatase-1B (PTP1B) 
PTP1B negatively regulates insulin signaling by dephosphorylating the upstream proteins in 

the insulin signal transduction pathway, including IR and IRS [52, 53]. The AO ISIS 113715, 

developed by Ionis Pharmaceuticals, is a 5-10-5 2'-O-methoxyethyl (2'-OMOE) gapmer AO 

on a phosphorothioate (PS) backbone that downregulates the expression of PTP1B protein 

[54]. ISIS 113715 is utilized in the characterization of PTP1B function, since the therapeutic 

potential of this AO for T2D has been investigated.  

Zinker et al. reported that intraperitoneal injection (IPI) of ISIS 113715 into ob/ob and db/db 

mice resulted in significant reduction of PTP1B expression in both liver (ob/ob mice treated 

by 25mg/kg for 6 weeks: -50%; db/db mice treated by 50mg/kg for 4 weeks: -50%) and fat 

(ob/ob mice treated by 25mg/kg for 6 weeks: -60%), with reduced hyperinsulinemia (ob/ob 

mice treated by 25mg/kg for 6 weeks: -77%) and increased expression of proteins involved in 

the insulin signaling pathway, including IRS2, PI3K p50α and p55α isoforms [54]. On the 

other hand, the expression of p85α was decreased [54]. It is noteworthy that increased 

expression of p50α and p55α isoforms instead of p85α was reported to improve insulin 

sensitivity [55]. Besides, AO treatment also led to reduced expression of enzymes related to 

gluconeogenesis such as phosphoenolpyruvate carboxykinase (PEPCK) and fructose-1,6-

bisphosphatase (FBP) [54]. Collectively, changes in protein expression levels as a result of 

ISIS 113715 treatment correlated with increased Akt phosphorylation in liver, improved 

insulin sensitivity, and normalization of hyperglycemia as plasma glucose, postprandial 

glucose excursion, and hemoglobin A1C (HbA1C) were corrected to normal levels [54]. 
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Rondinone et al. provided more evidence on the differential expression of PI3K isoforms 

induced by PTP1B reduction [56]. Ob/ob mice dosed with 50mg/kg ISIS 113715 for 3 weeks 

exhibited downregulation of p85α isoform and upregulation of p50α and p55α isoforms in 

both liver and fat [56]. Mouse hepatocytes treated with an AO targeting p85α (ISIS 131410) 

exhibited reduction in p85α expression and increased production of p50α and p55α that 

correlated with enhanced Akt phosphorylation, indicating an increase in insulin sensitivity 

[56].  

Apart from modulating the expression levels of proteins involved in the insulin signaling 

pathway, Clampit et al. found that PTP1B reduction directly leads to improved insulin 

sensitivity by modulating key signal transduction events: tyrosine phosphorylation of those 

proteins [57]. In that in vitro study, up to 70% decrease of PTP1B expression in FAO rat 

hepatoma cells was achieved by transfecting the cells with ISIS 113715 at a very high level 

(20 μM) through electroporation. Subsequent insulin stimulation resulted in elevated tyrosine 

phosphorylation of IR, IRS, Akt and glycogen synthase kinase 3 (GSK3, substrate of Akt), 

indicating an ameliorated insulin signaling efficiency [57].  

A report from Gum et al. illustrated that the reduction of PTP1B is sufficient to improve 

insulin sensitivity, at least in an animal model [58]. In their study, ob/ob mice were treated 

with ISIS 113715 at a dosage of 25 mg/kg for 6 weeks leading to 60% decrease of PTP1B 

protein in liver. Subsequent insulin stimulation resulted in elevated tyrosine phosphorylation 

of IR, IRS1, IRS2, PI3K, Akt, and GSK3 by three, four, three, three, seven, and more than 

two fold, respectively. Although the PTP1B level was not reduced in muscle, increased Akt 

phosphorylation was observed, demonstrating that insulin resistance is ameliorated by PTP1B 

targeting AO treatment in vital peripheral tissues [58].  
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Rondinone et al. demonstrated that PTP1B plays an important role in lipogenesis, fat storage, 

and the development of obesity [59], and thus contributes to insulin resistance and T2D. In 

their study, administration of ISIS 113715 into ob/ob mice at a dosage of 25 mg/kg for 6 

weeks decreased the level of a number of proteins involved in lipogenesis, such as sterol 

regulatory element-binding protein 1 (SREBP1), fatty acid synthase (FAS), and spot14. 

Reduction of these proteins correlated with significant decrease of fat depot (-42%) and 

triglyceride content (-25%) in adipocytes compared to control group (saline treatment) [59]. 

In addition, AO treatment increased IRS2 and PI3K p50α isoforms, and also decreased p85α 

in fat [59], suggesting that insulin signal transduction was improved. Similarly, Waring et al. 

also studied the effect of PTP1B reduction on the expression of lipogenesis related genes by 

treating ob/ob mice with ISIS 113715 for 6 weeks [60]. They found that PTP1B reduction not 

only led to downregulation of lipogenetic genes in fat, but also in liver [60]. In addition, the 

expression of genes involved in adipocyte differentiation such as malic enzyme, adipsin, and 

retinol-binding protein were also downregulated as a result of PTP1B inhibition [60]. These 

findings provide further evidence that PTP1B plays an important role in enlargement of fat 

storage and the development of obesity.  

Swarbrick et al. reported that the improvements of hyperglycemia and hyperinsulinemia 

resulting from PTP1B reduction correlated to the increase of adiponectin [61], a fat-derived 

hormone that strengthens insulin signaling mainly by activating IRS [62]. In a non-human 

primate study conducted by this group, obese, insulin-resistant rhesus monkeys were treated 

by ISIS 113715 with a dosage of 20 mg/kg for 4 weeks. Fasting concentrations of plasma 

glucose and insulin were reduced, insulin sensitivity was increased, and the monkeys 

receiving 4 weeks of treatment exhibited marked increase of adiponectin concentration by 

70%, which was in proportion to the amelioration of insulin sensitivity [61]. 
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Gum et al. discovered that ameliorated hyperglycemia and hyperinsulinemia resulting from 

PTP1B reduction correlates with inhibition of p38 mitogen-activated protein kinase (p38 

MAPK) phosphorylation and the subsequent inhibition of its substrates: TNFα and CREB 

[63]. TNFα is associated with insulin resistance [43, 64, 65], and CREB contributes to 

hyperglycemia by promoting gluconeogenesis through induction of PEPCK transcription [66, 

67]. In this study, ob/ob mice treated by 25 mg/kg of ISIS 113715 for 6 weeks led to 

significantly decreased phosphorylation of p38 MAPK and CREB by 70% and 80%, 

respectively in contrast to the mice treated with saline. ISIS 113715 treated mice also showed 

∼37% of reduction in TNFα expression [63].  

In an attempt to optimize the efficacy of ISIS 113715, Koizumi et al. synthesized a 5-10-5 

ENA gapmer named ENA-1 (chemical structure of ENA is shown in Figure 3.1 of Chapter 

1) with the identical nucleobase sequence to ISIS 113715 and compared the antidiabetic 

effect of these two AOs [68]. Their results showed that PTP1B expression in db/db mice was 

reduced more effectively when treated with ENA-1 than ISIS 113715 at a dosage of 60 

mg/kg, either through subcutaneous injection (SCI) or IPI (they tried 45 mg/kg IPI at first but 

the difference of activity between two AOs was not apparent, so they shifted to 60 mg/kg for 

better comparison). Further, plasma glucose was decreased to a larger extent in ENA-1 

treated mice compared to those treated by ISIS 113715 [68]. In addition, the melting 

temperature (Tm) of ENA-1 (77°C) was higher than ISIS 113715 (62.5°C), indicating that 

ENA-1 possesses higher binding affinity than ISIS 113715. The distribution of ENA-1 in 

both liver and fat, 72h after administration was also found to be at least twofold higher than 

that of ISIS 113715, which was probably due to the higher nuclease stability of ENA 

compared to the 2'-OMOE chemistry. Altogether, these results suggest that ENA 

modification may be a better option than 2'-OMOE in constructing gapmer AOs targeting 

PTP1B [68].  
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As the therapeutic effect of PTP1B reduction on obesity associated T2D has been widely 

explored, Pandey et al. investigated the role of low molecular weight PTP (LMW-PTP) in 

T2D through downregulating LMW-PTP expression by a specific AO, ISIS 288267 in diet-

induced obese (DIO) mice and ob/ob mice [69]. AO induced LMW-PTP reduction led to 

increased phosphorylation of IR, PI3K, and Akt in mice treated with 25 mg/kg of ISIS 

288267 for 4 weeks (twice a week). In addition, ∼42% and 20% decreases of fed plasma 

insulin and glucose in DIO mice, and ∼47% and 42% decreases of fasted plasma insulin and 

glucose in ob/ob mice were observed respectively, indicating an increased insulin sensitivity 

resulting from LMW-PTP reduction [69]. This research demonstrated that LMW-PTP plays a 

similar role to PTP1B in terms of insulin resistance and thus it is a potential target for T2D 

therapy. 

3.2.2 Glucagon receptor (GCGR) 
Glucagon is a hormone produced by pancreatic α cells that stimulates glucose production 

through two pathways: glycogenolysis mediated by cAMP-related signaling and 

gluconeogenesis through activation of multiple enzymes [70, 71]. Excess glucagon leads to 

hyperglycemia [72]. Liang et al. developed a 5-10-5 2'-OMOE-PS gapmer AO (ISIS 148359) 

that reduces the expression of glucagon receptor, GCGR in an attempt to block glucagon 

signal transduction and thus ameliorate hyperglycemia and T2D [73]. In this study, db/db 

mice treated with 25 mg/kg of ISIS 148359 through IPI for 3 weeks (twice a week) resulted 

in decreased GCGR expression and hepatic cAMP production stimulated by glucagon. This 

correlated with significant decreases of serum glucose (-24%), triglyceride (-62%), and FFA 

(-36%) [73]. Hypoglycemia was not identified in the mice receiving AO treatment, in support 

of the concept that GCGR could be a therapeutic target in controlling hyperglycemia caused 

by T2D [73]. 



58 
 

In order to further characterize the mechanisms underlying amelioration of T2D mediated by 

GCGR reduction, Sloop et al. treated rodent models with GCGR-targeting AOs (ISIS 148359 

and ISIS 180475), leading to decreased production of enzymes related to gluconeogenesis 

and glycogenolysis, normalized plasma glucose, increased GLP1 production (GLP1 promotes 

insulin secretion in a glucose-dependent manner [74]), and preserved insulin secretion [75]. 

Zucker diabetic fatty (ZDF) rats treated with 25 mg/kg ISIS 180475 for 4.5 weeks (SCI twice 

a week) exhibited reduced gluconeogenetic or glycogenetic enzyme levels, such as glucose-6-

phosphatase catalytic subunit (G6P [cat]), PEPCK cytosolic isoform (PEPCK-C), and 

glycogen phosphorylase (GP) reduction by about 65%, 78%, and 45% respectively, decreased 

plasma glucose by ∼66% compared to the saline control group.  The amount of islet GLP1 

and insulin in db/db mice treated by ISIS 180475 was 3.5 and 2 fold higher than in the saline-

treated control group, respectively [75]. This study demonstrated that attenuation of glucagon 

action resulting from GCGR reduction improves hyperglycemia through decreasing glucose 

production and ameliorating pancreatic β cell function. 

3.2.3 Sodium glucose cotransporter-2 (SGLT2) 
SGLT2 plays a vital role in renal glucose reabsorption. SGLT2 inhibition increases urinary 

glucose excretion, decreases blood glucose levels, and thus presents a therapeutic option for 

hyperglycemia and T2D [76]. Zanardi et al. treated mice and cynomolgus monkeys with a 

SGLT2 targeting, short 2-8-2 2'-OMOE-PS gapmer AO (ISIS 388626) at various SCI doses 

(1, 3, 10, 30 mg/kg/week), and achieved decreased renal SGLT2 mRNA production, in a dose 

dependent manner, after 13 weeks of treatment (mice: 18%, 5%, 4%, 2%, monkey:  64%, 

53%, 31%, 10%) compared to the saline controls [77]. Reduction of SGLT2 expression 

correlated with increased urine glucose elimination, although dose-dependent basophilic 

granule accumulation was identified in renal tubular epithelial cells due to AO accumulation 

but no functional kidney changes were observed [77]. These results indicated that ISIS 
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388626 may be an effective SGLT2 inhibitor with a satisfactory safety profile, and further 

investigation in clinical trials was recommended [77].  

3.2.4 Glucocorticoid receptor (GCCR) 
Glucocorticoids are steroid hormones that promote hepatic gluconeogenesis and antagonize 

the insulin response in skeletal muscle and white adipose tissue, thereby excess 

glucocorticoids contribute to hyperglycemia [78]. Inhibition of the action of glucocorticoid 

receptor (GCCR) could be a therapeutic approach for T2D. Watts et al. treated different 

rodents (ob/ob mice, db/db mice, ZDF rats, and high-fat diet-fed rats) with optimized GCCR 

targeting 2'-OMOE-PS gapmer AOs for 4 weeks (up to 25 mg/kg, SCI) resulting in 

significant decreases of GCCR expression in both liver and fat that were accompanied by 

∼30%, 40%, 40%, 70% decreases in fasted glucose levels in ob/ob mice, db/db mice, ZDF 

rats, and high-fat diet-fed rats respectively [79]. Furthermore, a 60% decrease in insulin 

levels and 35% decrease of TNFα was observed in ob/ob mice, and reduction of plasma 

triglycerides was observed in both db/db mice and ZDF rats [79]. This research indicated that 

glucocorticoid antagonism through AO mediated GCCR inhibition is a promising antidiabetic 

approach. At the same time, Liang et al, provided similar evidence that GCCR inhibition 

leads to alleviation of hyperglycemia in ob/ob and db/db mice through IPI administration of a 

mouse specific, GCCR targeting, 5-10-5 2'-OMOE-PS gapmer AO (ISIS 180272) at a dosage 

of 25 mg/kg for three weeks [80]. AO treatment lowered plasma glucose levels by 45% and 

23% in ob/ob and db/db mice, respectively, and marked reduction in the activity of 

gluconeogenetic proteins such as PEPCK and G6P was identified [80].  

3.2.5 Acetyl-CoA carboxylase (ACC) 

Nonalcoholic fatty liver disease (NAFLD) caused by hepatic triglyceride accumulation is 

responsible for insulin resistance and elevated glucose production that are key elements of 

T2D [81-83]. Therefore, reducing lipid accumulation in liver could be a promising strategy 
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for T2D therapy. ACC catalyzes the synthesis of malonyl-CoA, a regulator of both synthesis 

and oxidation of fatty acid [84-87]. ACC has two isoforms: ACC1 and ACC2 [88]. In order 

to explore the impact of downregulating ACC1, ACC2, and both ACC1/2 on lipid levels and 

insulin sensitivity in liver, Savage et al. developed three 5-10-5 2'-OMOE-PS gapmer AOs 

targeting ACC1 (ISIS 338292), ACC2 (ISIS 189594), and both ACC1/2 (ISIS 362037), and 

treated rats with NAFLD with these AOs for ACC suppression [89]. Knockdown of either 

ACC1 or ACC2 with AOs promoted hepatic fat oxidation, while suppression of both ACC1/2 

with ISIS 362037 increased fat oxidation to a significantly higher degree [89]. Interestingly, 

ACC1 reduction also resulted in inhibition of lipogenesis. Furthermore, ACC1/2 suppression 

by ISIS 362037 lowered the level of hepatic lipids such as diacylglycerol and triglycerides, 

and increased insulin sensitivity [89]. These results support ACC modulation as a novel 

approach to the treatment of insulin resistance and T2D.   

3.2.6 Diacylglycerol acyltransferase-2 (DGAT2) 

DGAT2 is an enzyme that participates in the synthesis of triglyceride [90]. In an attempt to 

investigate the role of DGAT2 in lipid metabolism, Yu et al. treated both DIO mice and ob/ob 

mice with an DGAT2 specific, 5-10-5 2'-OMOE-PS gapmer AO (ISIS 217376) at a dose of 

25 mg/kg through SCI. ISIS 217376 treatment decreased DGAT2 mRNA levels by more than 

75% in liver and fat, this was accompanied by decreased triglyceride synthesis and increased 

fatty acid oxidation in mouse hepatocytes, and a marked reduction of triglyceride (-37%), 

FFA (-50%), and diacylglycerol (-74%) in liver compared to mice treated by control AO [90]. 

Reduction in mRNA levels encoded by lipogenic genes, for example, ACC1, ACC2, and 

FAS were also observed [90], indicating that DGAT2 reduction negatively regulates 

lipogenesis in liver, thereby ameliorating hyperlipidemia and steatosis.  

Later, Choi et al. studied the antidiabetic effect of DGAT2 reduction by administering 

another DGAT2 targeting gapmer AO, ISIS 369235 (50 mg/kg, IPI) to rats with diet-induced 
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NAFLD [91]. Similar to the report from Yu et al, AO treatment led to significant reduction in 

hepatic diacylglycerol, triglyceride, and decreased expression of lipogenic genes. In addition, 

increased expression of genes related to lipid oxidation was also identified [91]. Importantly, 

changes of gene expression and lipid content level were accompanied with increased activity 

of PI3K, Akt, and decreased hepatic glucose production, indicating a significantly improved 

insulin sensitivity [91]. Therefore, AO induced DGAT2 knockdown could be an antidiabetic 

strategy as it alleviates insulin resistance through lowering hepatic lipid content. 

3.2.7 Mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M) 
Gluconeogenesis generates glucose from non-carbohydrate carbon substrates such as 

pyruvate, lactate, alanine, glutamine, and glycerol. Conversion of oxaloacetate to 

phosphoenolpyruvate (PEP) is required for gluconeogenesis from pyruvate, which is 

catalyzed by PEPCK [92]. Generally, this reaction is attributed to the PEPCK-C [93]. Stark et 

al. hypothesized that PEPCK-M also contributes importantly to gluconeogenesis [94]. In this 

research, they silenced the expression of PEPCK-M in rats by administration of a PEPCK-M 

specific, 5-10-5 2'-OMOE-PS gapmer AO (ISIS 421062) through IPI at a dosage of 25 mg/kg 

(twice weekly) for 4 weeks [94]. As a result, lowered plasma glucose, insulin, triglycerides, 

and reduced white adipose tissue were observed. No hypoglycemia was identified and was 

accompanied with a switch of gluconeogenic substrate preference to glycerol, bypassing the 

PEPCK reaction [94]. Besides, normal mitochondrial function was maintained in PEPCK-M-

deficient hepatocytes compared to PEPCK-C knockout that led to mitochondrial deficiency. 

This research pointed out the significance of the role of PEPCK-M in rodent 

gluconeogenesis, and suggests that perhaps PEPCK-M, instead of PEPCK-C could be a 

therapeutic target for T2D in humans [94], however, target verification is definitely required 

in future experiments.  
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3.2.8 Protein kinase C-ε (PKCε)  

In order to investigate the role of PKCε in linking fat accumulation and insulin resistance in 

liver, Samuel et al. treated rats with high-fat diet induced hepatic insulin resistance by a 

PKCε specific, 5-10-5 2'-OMOE-PS gapmer AO (ISIS 232697) with a IPI dosage of 75 

mg/kg per week for 4 weeks [95]. It was found that PKCε, rather than other isoforms of PKC 

was activated in insulin resistant rats and PKCε knockdown by ISIS 232697 increased the 

hepatic insulin sensitivity [95]. The AO treatment led to markedly raised IRS2 tyrosine 

phosphorylation (∼300% above basal) that was accompanied by ∼350% increase of Akt2 

activity when compared to the saline control. Significantly elevated Akt2 activity was also 

identified in adipose tissue in AO treated rats (221%) compared to saline control (32%). 

Furthermore, it was found that PKCε impairs IR kinase activity both in vivo and in vitro [95]. 

Altogether, this research reveals the critical role of PKCε in fat-induced insulin resistance, 

therefore, PKCε inhibition could be a therapeutic strategy for NAFLD and T2D. 

3.2.9 Glucose 6-phosphate transporter-1 (G6PT1) 
Glucose 6-phosphate hydrolization and the subsequent glucose formation is catalyzed by G6P 

as the final step of gluconeogenesis, therefore G6P plays a pivotal role in glucose 

homeostasis [96]. Sloop et al. hypothesized that inhibition of G6P transporter-1 (G6PT1) may 

provide a therapeutic effect on hyperglycemia and T2D. They treated ob/ob mice with a 

G6PT1 targeting, 5-10-5 2'-OMOE-PS gapmer AO (ISIS 149008) with a SCI dosage of 25 

mg/kg (twice a week) for 6 weeks [97]. The hepatic G6PT1 mRNA was decreased by 85% 

and the activity of G6P transport was reduced by 75%, compared to the control group. 

Inhibition of G6PT1 was correlated with blunted hepatic glucose production, reduced plasma 

glucose level, and improved hyperglycemia in mice [97]. In addition, hypoglycemia and 

other adverse metabolic effects were not identified [97]. According to these findings, AO 

induced G6PT1 inhibition could lead to effective glucose control in T2D, without adverse 

effects on metabolism. 
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3.2.10 cAMP response element binding protein (CREB) 
CREB promotes glucose production by directly activating the transcription of key 

gluconeogenic genes such as PEPCK, G6P, and FBP due to the presence of a cAMP response 

element (CRE) at the promotor of these genes [98]. Erion et al. hypothesized that reduction of 

CREB expression could improve hyperglycemia resulting from insulin resistance [99]. In this 

study, rats with high fat diet (HFD) induced insulin resistance were treated by a CREB 

specific, 2'-OMOE-PS gapmer AO that improved insulin sensitivity. This was seen in a series 

of changes: 43%, 55%, and 54% reductions in the mRNA expression of the gluconeogenic 

proteins, PEPCK-C, PEPCK-M, and PGC1α, respectively; suppression of glucose production 

in liver by 45%; fasting plasma insulin level was reduced by 66%; hepatic and plasma 

triglycerides were decreased by 57% and 24% respectively; and diacylglycerols in liver were 

lowered, accompanied by reduced PKCε membrane translocation [99]. This study 

demonstrates that AO induced CREB reduction prevents hepatic steatosis and insulin 

resistance, and therefore CREB is an attractive therapeutic target for T2D. 

3.2.11 CREB-regulated transcription coactivator-2 (CRTC2) 

CRTC2 is a coactivator of CREB that regulates transcription of gluconeogenic genes by 

enhancing binding of CREB to the target CRE within the specified cAMP responsive genes 

[100, 101]. Erion et al. investigated the effect of CRTC2 reduction on the control of glucose 

homeostasis by treating rats with T2D with a CRTC2 targeting, 5-10-5 2'-OMOE-PS gapmer 

AO (ISIS 384680) at an IPI dose of 37.5 mg/kg (twice a week) for 4 weeks [102]. 

Surprisingly, little change in glucose synthesis was identified in the rats treated by AO alone, 

and it was accompanied by elevated glucagon levels and an 80% reduction in glucagon 

clearance. However, this phenomenon was prevented when the rats received somatostatin or 

glucagon-neutralizing antibody, together with the AO.  The combined treatments led to 

significantly decreased glucose production [102]. In addition, AO induced CRTC2 reduction 

also resulted in decreased expression of enzymes participating in the conversion of amino 
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acids to gluconeogenic intermediates (pyruvate and oxaloacetate), such as pyruvate 

carboxylase, glutamic-oxaloacetictransaminase 1 (GOT1), and serine dehydratase [102]. This 

research suggests that CRTC2 reduction could lead to improved hyperglycemia if combined 

with glucagon inhibition.   

Dullea et al. presented a chemically modified AO development process using CRTC2 as a 

model [103]. They designed and synthesized around 400 CRTC2 specific, 3-8-3 LNA-PS 

gapmers and performed a three-step screening process: first, transfection of AOs into both 

human (Hep3B) and mouse (Hepa1-6) cell lines was conducted to select candidates inducing 

efficient CRTC2 mRNA knockdown; second, 41 AO “finalists” were then evaluated in vivo 

in mice to determine both hepatic CRTC2 mRNA reduction and safety profile; third, the 

“champion” and “runner-up” AOs were examined in DIO mice and human primary 

hepatocytes for subchronic efficacy studies [103]. This research confirmed the beneficial 

effect of CRTC2 knockdown towards ameliorating glucose control and provides an example 

of development of target-specific gapmer AO through a step-by-step selection process.  

3.2.12 Forkhead box O1 (FOXO1) 

Fasting hyperglycemia is mainly due to raised gluconeogenesis. FOXO1 is a primary 

transcription factor involved in gluconeogenesis that promotes the expression of PEPCK and 

G6P [104, 105]. Reduction of FOXO1 in nucleus decreases the production of PEPCK and 

G6P thereby attenuates gluconeogenesis [106]. Samuel et al. proved that AO induced FOXO1 

reduction improves glucose control [107]. In that study, a FOXO1 specific, 5-10-5 2'-OMOE-

PS gapmer (ISIS 188764) was utilized to transfect mouse primary hepatocytes with an AO 

concentration of 100nM, and DIO mice was administered with this AO at a dose of 50 

mg/kg/week for 4 weeks [107]. Markedly decreased PEPCK (-48%) and G6P (-64%) in 

hepatocytes were observed, compared to the untreated group. In DIO mice, AO treatment led 

to significant reduction of fed plasma glucose level (-34%) and insulin concentration (-87%), 



65 
 

indicating an improved insulin action. In addition, ameliorated insulin resistance was also 

identified in both liver and fat that correlated with decreased hepatic triglyceride and 

diacylglycerol content, and suppression of lipolysis in adipocytes [107]. This research 

suggests that AO induced FOXO1 reduction could be a potential therapy for insulin 

resistance and T2D.  

3.2.13 Density-enhanced phosphatase-1 (DEP1) 
The activity of IR kinase determined by phosphorylation status is regulated by protein-

tyrosine-phosphatases (PTPs), including PTP1B [108]. PTP1B also directly deactivates IR 

other than IR kinase by dephosphorylating its tyrosine residues [109, 110]. Comparable to 

PTP1B, DEP1, as a phosphatase may interfere with insulin signaling through also 

dephosphorylating IR. In order to examine the role of DEP1 in the insulin signal transduction 

pathway, Krüger et al. treated mice with high-fat diet-induced insulin resistance with a DEP1 

specific, 5-10-5 2'-OMOE-PS gapmer AO (ISIS 285564) by IPI at a dosage of 25 mg/kg 

(twice a week) for 6 weeks [111]. AO treatment resulted in significant body weight loss, 

involving reduced epididymal and perirenal fat weight. Importantly, AO induced DEP1 

suppression improved insulin sensitivity that was reflected by significant decreases in 

baseline glucose level and fasting insulin concentration, accompanied by hepatic 

hyperphosphorylation of insulin signaling intermediates, including IR and Akt [111]. This 

study revealed the role of DEP1 as an endogenous antagonist of insulin signaling elements, 

especially IR. Therefore, reduction of DEP1 represents a novel therapeutic strategy for 

insulin resistance and T2D. 

3.2.14 Retinol binding protein 4 (RBP4) 

RBP4 is an adipocytokine associated with hepatic steatosis and insulin resistance [112-116]. 

Increased serum RBP4 level causes insulin resistance by activation of proinflammatory 

pathways in fat tissues [117-119]. In fact, the level of circulating RBP4 is positively 
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correlated with the magnitude of insulin resistance in obese T2D patients [120-122]. In an 

attempt to investigate the role of overexpressed RBP4 in the development of T2D, Tan et al. 

treated HFD-fed mice with a RBP4 targeting, 2'-O-methyl (2'-OMe) modified, 18mer AO (25 

mg/kg, IPI, once every two days) for 4 weeks [123]. Mice fed by HFD showed markedly 

increased weight of visceral fat, elevated levels of circulating triglyceride, FFA, glucose, and 

insulin, reduced GLUT4 expression, and increased PEPCK expression, suggesting an induced 

insulin resistant state, whereas anti-RBP4 AO treatment avoided these changes. In addition, 

histological observation revealed that HFD-induced fat infiltrations and hepatic steatosis were 

prevented by anti-RBP4 AO treatment [123]. This study indicated the association of RBP4 

with NAFLD and T2D, and reduced expression of RBP4 by AO treatment could be 

efficacious for T2D.  

3.2.15 Transthyretin (TTR) 

TTR is a transport protein of RBP4 and thyroxine [124]. TTR binding to RBP4 decreases the 

glomerular filtration rate of RBP4, thereby retaining it in the blood [125]. Therefore, 

reduction of TTR lowers RBP4 levels by increasing renal clearance, and subsequently 

ameliorates insulin resistance. In order to determine whether reduction of TTR by AOs 

improves glucose homeostasis and insulin signaling, Zemany et al. administered a TTR 

specific, 5-10-5 2'-OMOE-PS gapmer AOs to ob/ob mice (ISIS 401723, 12.5 mg/kg IPI) and 

DIO mice (ISIS 401724, 25 mg/kg SCI) twice a week, respectively [126]. Two weeks of AO 

treatment led to dramatic reductions in circulating RBP4 levels in ob/ob mice and DIO mice 

by ∼80% and ∼95%, respectively, which was associated with 45-60% increase in muscle 

glucose uptake, decreased glucose production in liver, and reduced fat inflammation. These 

changes corelated with a marked increase of insulin signal transduction in muscle by twofold, 

and 30-60% reduction in insulin levels that were sustained for 9 weeks, suggesting increased 

insulin sensitivity [126]. The study revealed that AO induced TTR reduction could be a 
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potential therapeutic strategy for the treatment of insulin resistance and T2D through 

lowering RBP4.  

3.2.16 Tribbles homolog 3 (TRIB3) 

Overexpressed TRIB3 is associated with insulin resistance and T2D as TRIB3 negatively 

regulates Akt in the insulin signaling pathway [127, 128]. On the other hand, TRIB3 inhibits 

the activity of peroxisome proliferator-activated receptor γ (PPARγ), and thus suppresses 

adipocyte differentiation [129]. Activation of PPARγ is associated with improved insulin 

signal transduction that leads to increased insulin sensitivity [130]. Weismann et al. explored 

the role of TRIB3 reduction in improving insulin resistance by administering HFD-fed rats 

with a TRIB3 specific, 5-10-5 2'-OMOE-PS gapmer (ISIS 391274) at an IPI dose of 75 

mg/kg weekly for 4 weeks [131]. AO treatment led to ∼50% increase in the rate of whole-

body glucose uptake under euglycaemic-hyperinsulinaemic condition that was mainly 

attributed to the raised muscle glucose uptake. Moreover, ISIS 391274 treatment relieved the 

inhibitory effect of TRIB3 on PPARγ and its downstream enzymes /transcription factors, 

such as acyl-CoA oxidase (ACO) and CCAAT/enhancer binding protein α (C/EBPα), leading 

to increased level of these proteins, raised adiponectin levels, and expanded white fat tissue 

mass by ∼70% [131]. It is noteworthy that when PPARγ was inhibited by an antagonist, the 

aforementioned changes resulting from AO treatment were prevented, suggesting that the 

improved insulin resistance resulting from TRIB3 reduction is PPARγ dependent [131]. 

Based on this study, inhibition of TRIB3 might be beneficial for the therapy of insulin 

resistance and T2D.  

3.2.17 IκB-kinase β (IκKβ) 

Chronic inflammation associated with obesity is a major contributor to T2D [132, 133]. 

Over-nutrition results in IκKβ activation [134-136], which subsequently activates NFκB, a 

transcription factor that regulates inflammatory pathways contributing to insulin resistance 
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[137, 138]. Therefore, IκKβ could be a potential target for the therapy of obesity associated 

T2D. To this end, Helsley et al. explored AO based IκKβ inhibitor as a pharmacological 

approach to insulin resistance and obesity by treating DIO mice with a IκKβ targeting, 5-10-5 

2'-OMOE-PS gapmer at a biweekly IPI dosage of 25 mg/kg for eight weeks [139]. AO 

treatment led to reduced levels of fasting plasma glucose and insulin, and increased Akt 

phosphorylation and glucose uptake in fat, suggesting improved insulin sensitivity [139]. 

Furthermore, the IκKβ targeting AO significantly decreased adiposity and weight gain, with a 

45% reduction in fat mass that correlated with decreased hepatic triglyceride content, 

diminished adipocyte differentiation from adipose stromal vascular cells, and the fact that 

lipid accumulation and hepatic steatosis was avoided in DIO mice [139]. These findings 

establish IκKβ as a vital regulator of adipogenesis, and reduction of IκKβ by AO represents a 

potential therapeutic approach to combat insulin resistance and obesity. 

3.2.18 Toll-like receptor 2 (TLR2) 

Toll-like receptors (TLRs) are associated with upregulation of inflammatory cytokines 

through activation of NFκB [140, 141]. Inflammation mediated by cytokines such as TNFα 

and IL6 eventually leads to insulin resistance [42-44]. Senn et al. showed that activation of 

TLR2 inhibited insulin signaling pathway in differentiated C2C12 myotubes [142]. In order 

to investigate the effect of TLR2 reduction by AO treatment in high-fat diet induced insulin 

resistance, Caricilli et al. used a TLR2 targeting, 18mer AO to treat DIO mice at an IPI dose 

of 25 mg/kg (mice were killed 4 days after single AO injection) [143]. It is known that 

activation of IκKβ and JNK1 induces insulin resistance through IRS1 inhibition [144], and 

TLR2 AO treatment led to decreased phosphorylation of IκKβ and JNK1 in both muscle and 

fat, suggesting an improvement to insulin resistance [143]. Furthermore, increased 

phosphorylation of IRS1 and Akt was also identified in muscle and fat, indicating increased 

IRS1 and Akt activation and ameliorated insulin signal transduction [143]. This study 
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revealed that AO induced reduction of TLR2 improved insulin resistance in peripheral tissues 

[143], thereby highlighting the potential of TLR2 as a target for T2D therapy. 

3.3 Clinical trials 
To date, none of the AOs developed as inhibitors of genes involved in the T2D pathogenesis 

has been approved for clinical application, in contrast, a number of small molecule inhibitors 

have been approved and commercialized as T2D therapeutics (Table 3.3). However, some 

investigational AO candidates have entered clinical trials and they are detailed in Table 3.3. 

Number Drug/trade name Molecular target Development 
stage 

Drug type Reference 

Approved drugs  

1 Dapagliflozin/ Farxiga
TM

 SGLT2 Approved drug Small 
molecule 

145 

2 Canagliflozin/ Invokana
TM

 SGLT2 Approved drug Small 
molecule 

146 

3 Empagliflozin/ Jardiance
TM

 SGLT2 Approved drug Small 
molecule 

147 

4 Ertugliflozin/ Steglatro
TM

 SGLT2 Approved drug Small 
molecule 

148 

5 Sotagliflozin/ Zynquista
TM

 SGLT2 Approved drug Small 
molecule 

149 

6 Acarbose/ Glucobay
TM

 α-glucosidase Approved drug Small 
molecule 

150 

7 Miglitol/Glyset
TM

 α-glucosidase Approved drug Small 
molecule 

151 

8 Sitagliptin/Januvia
TM

 DPP4 Approved drug Small 
molecule 

152 

9 Vildagliptin/Galvus
TM

 DPP4 Approved drug Small 
molecule 

153 

10 Saxagliptin/Onglyza
TM

 DPP4 Approved drug Small 
molecule 

154 

11 Linagliptin/Tradjenta
TM

 DPP4 Approved drug Small 
molecule 

155 

12 Alogliptin/Nesina
TM

 DPP4 Approved drug Small 
molecule 

156 

Investigational antisense-based drugs 

13 ISIS 113715 PTP1B Phase I trial AO 157 

14 IONIS-PTP-1BRX (ISIS 404173) PTP1B Phase II trial AO 158 

15 ISIS 325568 GCGR Phase I trial AO 159 

16 IONIS-GCGRRX (ISIS 449884) GCGR Phase I trial AO 160 

17 IONIS-GCGRRX (ISIS 449884) GCGR Phase II trial AO 160, 161 

18 ISIS 388626 SGLT2 Phase I trial AO 162, 163 

19 IONIS-GCCRRX (ISIS 426115) GCCR Phase I trial AO 164 

20 IONIS-GCCRRX (ISIS 426115) GCCR Phase II trial AO 165 

21 IONIS-DGAT2RX (ISIS 484137) DGAT2 Phase I trial AO 166 

22 Volanesorsen (ISIS 308401) Apolipoprotein C-III (APOC3) Phase I trial AO 167 

23 Volanesorsen (ISIS 308401) APOC3 Phase II trial AO 168 

24 AKCEA-ANGPTL3-LRX (ISIS 
703802) 

Angiopoietin-like protein 3 
(ANGPTL3) 

Phase II trial AO 169 

Table 3.3 Approved small molecule drugs and investigational AOs in clinical trials targeting insulin resistance 
and/or hyperglycemia in T2D. 
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4. Exploration of novel splice modulating AOs targeting 

PTP1B as potential therapeutic molecules for T2D 

4.1 Introduction 
Insulin and leptin are hormones responsible for glucose uptake and energy expenditure, 

respectively [170-174]. In the insulin signaling pathway, binding of insulin to its receptor, IR 

sequentially activates IRS, PI3K, and Akt, leading to translocation of GLUT4 to the cell 

membrane that allows cellular uptake of glucose [170-172]. In the leptin signaling pathway, 

binding of leptin to its receptor (ObR) leads to activation of Janus kinase 2 (JAK2), signal 

transducer and activator of transcription 3 (STAT3) and conceivably the PI3K pathway as 

well. Subsequent translocation of STAT3 to the nucleus results in reduced production of 

ACC, thereby inhibiting fatty acid synthesis, while increasing its oxidation [173, 174].  

PTP1B negatively regulates both the insulin and leptin signaling by tyrosine 

dephosphorylation [170-174] (Figure 4.1). Insulin resistance and leptin resistance resulting 

from overexpression of PTP1B are the hallmarks for T2D and obesity, respectively. Thus, 

PTP1B is a therapeutic target for both the diseases and inhibition of PTP1B is expected to 

actuate the action of insulin and leptin, hence, development of PTP1B inhibitors can be 

beneficial for the treatment of T2D and obesity.  

 

Figure 4.1 Mechanism of PTP1B induced inhibition of insulin and leptin signaling pathways. IR: insulin receptor, IRS: 
insulin receptor substrate, Akt: protein kinase B, ObR: leptin receptor, JAK2: Janus kinase 2, STAT3: signal transducer and 
activator of transcription 3, PTP1B: protein tyrosine phosphatase 1B.  
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Although efforts have been made in the development of small molecule PTP1B inhibitors 

[175-178], none of the candidates have been approved for clinical application. On the other 

hand, gapmer-like AO-based PTP1B inhibitors, ISIS 113715 and ISIS 404173, developed by 

Ionis Pharmaceuticals have entered clinical trials [157, 158]. Although application of 

uniformly modified, splice modulating AOs has been extensively studied for the treatment of 

DMD, there are no reports of utilizing splice modulating AOs for T2D therapy. In this 

research, we envisioned an approach to develop PTPN1 specific, uniformly modified, splice 

modulating AOs to inhibit the expression of functional PTP1B proteins through exon 

skipping to disrupt the open reading frame and induce PTCs that lead to the generation of 

largely truncated, non-functional protein isoforms and possibly nonsense mediated decay of 

PTPN1 mRNA.  

4.1.1 Experimental design  

The aim of the study is to develop splice modulating AOs that efficiently downregulate the 

expression of PTP1B, thereby providing an novel PTP1B inhibitor for the therapy of T2D. 

The mRNA encoded by the human PTPN1 gene contains ten exons, while the mouse Ptpn1 

has nine (Figure 4.1.1.1). The AO development process can be divided into three phases: 1) 

in vitro screening of AOs targeting exons of human PTPN1 pre-mRNA in order to recognize 

the best performing AO candidate (Figure 4.1.1.2), 2) identification of the champion 

candidate through designing and testing AOs that are very similar to the best performing 

candidate identified in the previous step by a ‘micro-walking’ AO design strategy (Figure 

4.1.1.2), 3) design and testing of the ‘mouse version’ of the champion AO that targets mouse 

Ptpn1 pre-mRNA in vitro for the preparation of future in vivo mouse studies (Figure 4.1.1.2).  
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Figure 4.1.1.1 Exon map of human PTPN1 (A) and mouse Ptpn1 (B).  

In general, thirty uniformly modified 2'-OMePS 25mer AOs (AO1-30) were initially 

designed and synthesized targeting exons 2-9 in human PTPN1 pre-mRNA. These AOs were 

examined in vitro for their ability to knock down full length PTPN1 transcript after 

transfection of AOs into Huh-7 hepatocarcinoma cells.  AO1 that induces exon-2 skipping 

was found to be the best performing candidate. Next, the champion candidate, AO32 was 

identified through a micro-walking AO design strategy based on the nucleobase sequence of 

AO1, and subsequent in vitro screening in multiple human hepatic cell lines including Huh-7, 

HepG2, and IHH. Furthermore, mouse Ptpn1 exon-2 targeting AOs were also designed and 

evaluated in a mouse hepatic cell line, AML-12 for the preparation of future animal studies in 

vivo.  
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Figure 4.1.1.2 The AO development process in this study.  

4.2 General protocols for exon skipping AO experiments  

4.2.1 Design and synthesis of chemically-modified AOs  

2'-OMePS AOs (Figure 4.1.1.2) were designed and synthesised in-house on an ABI 

Expedite
®
 8909 Nucleic Acid Synthesis System (Applied Biosystems) or GE AKTA 
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Oligopilot 10 synthesizer (GE Healthcare Life Sciene) using standard phosphoramidite 

chemistry at the 1 μmol scale using solid-phase thioate synthesis protocol. The synthesised 

AOs were deprotected and cleaved from the solid support by treatment with 1 mL ammonium 

hydroxide (NH4OH)  (Sigma Aldrich) at 55℃ for 8 hours. The crude/cleaved AOs were then 

desalted on Illustra NAP-10 columns (GE Healthcare) in sterile water. Purified 

oligonucleotides were then verified by polyacrylamide gel electrophoresis. AO solution 

stocks are stored at -20℃. 

4.2.2 Cell culture and transfection 

The human liver cancer cell line Huh-7 was obtained from American Type Culture Collection 

(ATCC); the other human hepatocarcinoma cell line, HepG2 was obtained from the European 

Collection of Authenticated Cell Cultures (ECACC). Huh-7 cells  were cultured in 10% fetal 

bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher 

Scientific) and HepG2 cells was cultured in 10% FBS Eagle's Minimum Essential Medium 

(ATCC). Both IHH and AML-12 cell lines were cultured in 10% FBS, 1% ITS (Insulin-

transferrin-sodium) liquid media supplement (Thermo Fisher Scientific), and 40 ng/mL 

dexamethasone (Sigma). All of the liver cell lines were cultured in a humidified atmosphere 

at 37°C, 5% CO2. Cells were cultured until 70-90% confluent, followed by harvesting and 

seeding at a density of 5.0×10
4
 (cells/mL) into 24-well plates (Thermo Fisher Scientific) 24 

hours prior to transfection. The next day, AOs were transfected at 400 nM concentration 

using RNAiMAX reagent, following the manufacturer’s protocol. Twenty-four hours after 

transfection, the cells were collected for RNA extraction. 

4.2.3 RNA extraction and RT-PCR 

Total RNA was extracted from transfected cells using Direct-zol
TM

 RNA MinPrep Plus with 

TRI reagent (Zymo Research) as per the manufacturer’s instructions. The human PTPN1 

exon-2 skipping products (product size: 639 bp), full-length products (product size: 730 bp), 
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and mouse Ptpn1 exon-2 skipped products (product size: 493 bp) and full-length products 

(product size: 584 bp) were amplified using SuperScript
®
 III one-step RT-PCR kit (Thermo 

Fisher Scientific) with human PTPN1 primer pair (PTP1B_Ex1F: 5’-GTG ATG CGT AGT 

TCC GGC TG-3’; PTP1B_Ex6R: 5’-CAG GGA CTC CAA AGT CAG GC-3’) or mouse 

Ptpn1 primer pair (Ptpn1_B_Ex1F: 5’-AGA TCG ACA AGG CTG GGA AC-3’; 

Ptpn1_B_Ex6R: 5’-TGA GCC TGA CTC TCG GAC TT-3’). Briefly, the conditions were 

55°C, 30 minutes; 94°C, 2 minutes followed by 33 cycles of 94°C, 30 seconds, 60°C, 1 

minute and 68°C, 2 minutes. The PCR products were then separated on a 2% agarose gel in 

Tris-acetate-EDTA buffer and visualized with a Fusion Fx gel documentation system. 

Densitometry was performed using ImageJ software. 

4.2.4 Sequencing 

Bandstab technique was performed following the guidelines from Anthony and James [179]. 

The bandstab samples were then amplified with the same primer set mentioned above using 

AmpliTaq Gold
®
 DNA Polymerase kit (Thermo Fisher Scientific). Briefly, the conditions 

were 94°C, 6 minutes followed by 32 cycles of 94°C, 30 seconds, 55°C, 1 minute and 72°C, 

2 minutes. PCR products were confirmed by 2% agarose gel and sent to AGRF (Australian 

Genome Research Facility) for Sanger sequencing using both the forward primer and reverse 

primer mentioned above. 

4.2.5 Western blot 

Western blotting was performed to evaluate the effects of the 2'-OMe-PS and PMO analogues 

of PTPN1 1E2A (+5+29) (AO32) on inhibition of PTP1B protein, in comparison to the 

untreated sample. Seventy-two hours after transfection, IHH cells were harvested and stored 

at -80°C. Frozen transfected IHH cell pellets were thawed and homogenized in SDS lysis 

buffer (0.5 M Tris-HCl pH 6.8, 3% SDS (w/v) and 10% glycerol (v/v)) containing protease 

inhibitor (Sigma). The homogenates were then centrifuged at 14 000 g for 3 minutes, after 

which the supernatant was removed, and the protein concentration of the supernatant was 
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estimated using Pierce
TM

 BCA Protein Assay kit (Thermo Fisher Scientific). Protein from the 

samples was then resolved on 10% polyacrylamide gel in Tris-glycine-SDS buffer, and 

transferred to nitrocellulose membrane (Biorad) in Tris-glycine-methanol buffer. The 

membrane was incubated with primary anti-PTP1B antibody (1:1000) (Cat. 5311S, Cell 

Signaling Technology) in 5% skim milk in TBS-T overnight at 4°C, with shaking. The 

membrane was then washed in TBS-T on a shaker at room temperature for 1 hour. After 

washing, the membrane was incubated with secondary anti-rabbit HRP antibody (1:10000) 

(Cat. 31460, Thermo Fisher Scientific) with shaking at room temperature for 1 hour, followed 

by washing in TBS-T. The protein bands were visualized by chemiluminescence using the 

Clarity Western ECL detection kit according to the manufacturer’s instructions (Biorad).  

4.3 Results 

4.3.1 Initial screening of AOs targeting human PTPN1  
Thirty 2'-OMePS modified 25mer AOs (AO1-30) targeting exons 2-9 in the PTPN1 pre-

mRNA were designed, synthesized in-house, and transfected into Huh7 liver cancer cells at 

400 nM concentration with RNAiMAX transfection reagent, followed by RT-PCR and 

agarose gel analysis. AOs exhibited diverse PTPN1 exon skipping efficiencies 

(Supplementary figure 4.3.1.1-4.3.1.3). An exon-2 targeting candidate, PTPN1 1E2A 

(+1+25) (AO1) induced highly efficient exon-2 skipping (Supplementary figure 4.3.1.1). 

Dose dependent assays of this candidate were then performed by transfecting HepG2 liver 

cancer cells with AO1 at various concentrations (400, 200, 100, 50, 25, 12.5, 6.3, 3.1 nM) 

and results showed a clear decrease in exon-2 skipping efficiency as the AO1 concentration 

decreased.  This implies that the exon-2 skipping effect induced by AO1 is dose dependent, 

thereby obviating the possibility of a non-specific effect (Figure 4.3.1.1). Furthermore, 

Sanger sequencing was performed on both the exon-2 skipped and full-length RT-PCR 

products. Sequencing clearly showed direct joining of exon 1 to exon 3 in the shortened 
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PTPN1 transcript, thus confirmed the capability of AO1 to induce PTPN1 exon 2 skipping 

(Figure 4.3.1.2).  

 

Figure 4.3.1.1 Dose dependent assay of AO1 induced exon-2 skipping in PTPN1 transcript. UT: untreated, NC: 
negative control.  

 

Figure 4.3.1.2 Sanger sequencing result confirmed that AO1 induces exon-2 skipping during the transcription 
process of the gene PTPN1. 

4.3.2 Screening micro-walked AOs targeting exon-2 of human PTPN1  
In an attempt to optimize the exon-2 skipping efficacy of AO1, AO31-35 were designed 

through a micro-walking strategy based on the sequence of AO1 (Figure 4.3.2.1).  

 

Figure 4.3.2.1 Micro-walking strategy used for the design of AO31-35. 
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Thereafter, AO1, AO31-35, and ISIS107773 (a PTPN1 targeting AO sequence designed by 

Ionis Pharmaceuticals) of both uniformly modified 2'-OMePS form and 5-10-5 2'-OMOE-PS 

gapmer form were transfected into different hepatic cell lines, including two carcinoma cell 

lines (Huh7 and HepG2) and a normal cell line (IHH) at 400 nM (Figure 4.3.2.2). 

Subsequent RT-PCR and agarose gel electrophoresis was performed and the gel images were 

analyzed by densitometry through ImageJ software. Results showed that PTPN1 1E2A 

(+5+29) (AO32) was the champion candidate compared to other exon-2 targeting AOs in 

terms of both the efficiencies of exon-2 skipping and knockdown of the full-length mRNA 

product (Figure 4.3.2.2). In addition, a dose response assay was conducted and results 

indicated that the exon-2 skipping effect induced by AO32 is dependent on dosage, obviating 

the possibility of a non-specific effect (Figure 4.3.2.3). Furthermore, a PMO form of AO32 

was purchased and tested for induced exon-2 skipping and downregulation of PTP1B protein 

through RT-PCR and western blotting analysis, respectively. The PMO AO32 efficiently 

induced exon-2 skipping in IHH liver cells in a dose dependent manner (Figure 4.3.2.4), and 

markedly reduced the expression of PTP1B protein in IHH cells (Figure 4.3.2.5). 

Specifically, 7.5 μM and 15 μM of PMO AO32 led to 20% and 50% of PTP1B protein 

reduction, respectively (Figure 4.3.2.5). 
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Figure 4.3.2.2 Screening of AO31-35 in different human liver cell lines using RNAiMAX transfection reagent at 400 
nM concentration. A. HepG2; B. Huh-7; C. IHH; 1: agarose gel images, 2: densitometric analysis of exon-2 skipping 
efficiency, 3: densitometric analysis of full-length transcript knockdown efficiency. 
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Figure 4.3.2.3 Dose dependency assay of 2'-OMePS modified AO32 induced exon-2 skipping in PTPN1 transcript. A. 
HepG2; B. IHH.  

 

Figure 4.3.2.4 Dose dependency assay of the PMO form of AO32 to induce exon 2 skipping in the PTPN1 transcript 
in IHH liver cells.  

 

Figure 4.3.2.5 Western blotting of both 2'-OMePS and PMO forms of AO32 in IHH cells. A. Representative image of 
western blotting, B. densitometry analysis of PTP1B protein knockdown.  
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4.3.3 Development of mouse Ptpn1 exon 2 targeting AOs 

Animal studies are a necessary and integral part of drug development. In preparation for 

future in vivo evaluation of the selected PTP1B inhibiting AOs in murine models, AOs 

targeting mouse Ptpn1 exon-2 were designed and synthesized (Phase 3 in figure 4.1.1.2). 

Among these, Ptpn1 1E2A (+1+25) (AO36), Ptpn1 1E2A (+3+27) (AO37), and Ptpn1 1E2A 

(+5+29) (AO40) are the ‘mouse equivalents’ of PTPN1 1E2A (+1+25) (AO1), PTPN1 1E2A 

(+3+27) (AO31), and PTPN1 1E2A (+5+29) (AO32), respectively. Due to differences 

between species, mismatches exist between human specific AOs and mouse specific AOs 

(Figure 4.3.3.1). 

 

Figure 4.3.3.1 Mismatches between AOs targeting human PTPN1 exon 2 and AOs targeting mouse Ptpn1 exon 2.   

In order to screen out the best performing Ptpn1 exon-2 targeting AO candidate and also 

evaluate the effect of the mismatches, mouse Ptpn1 exon-2 targeting AOs (AO36-40) and 

human PTPN1 exon-2 targeting AOs (AO1, AO31, AO32) were transfected into a mouse 

liver cell line, AML-12 with RNAiMAX reagent at 400 nM concentration. RT-PCR and 

agarose gel electrophoresis were subsequently conducted. Results clearly showed that AO40 

was the best performing candidate in inducing exon 2 skipping (Figure 4.3.3.2, 

supplementary figure 4.3.3.1). Not surprisingly, human PTPN1 exon-2 targeting AOs did 

not induce efficient exon-2 skipping in mouse cells as a result of the mismatches (Figure 

4.3.3.2, supplementary figure 4.3.3.1). Conversely, mouse Ptpn1 exon 2 targeting AOs 
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(AO36-40) were also transfected into the human liver cancer cell line, HepG2 at 400 nM 

concentration. Interestingly, AO40 induced highly efficient exon 2 skipping, despite two 

mismatches between the AO and target pre-mRNA (Figure 4.3.3.3). Moreover, a dose 

response assay was performed for the champion candidate, AO40 and results indicated that 

the exon 2 skipping effect induced by this candidate was dose dependent, thereby obviating 

the possibility of non-specific effect (Figure 4.3.3.4). 

 

Figure 4.3.3.2 Screening of AO36-40 in mouse AML-12 cells using RNAiMAX transfection reagent at 400 nM 
concentration. UT: untreated, NC: negative control.  

 

Figure 4.3.3.3 Screening of AO36-40 in human HepG2 cells using RNAiMAX transfection reagent at 400 nM 
concentration. UT: untreated, NC: negative control. 
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Figure 4.3.3.4 Dose dependency assay of AO41 induced exon-2 skipping in Ptpn1 transcript in mouse AML-12 cells. 
RNAiMAX transfection reagent was used. 

4.4 Discussion 
RNA degradation mediated by RNase H, and splice modulation resulting from steric 

blockage are the two mechanisms of action widely used in AO-based drug development 

towards tackling different human maladies. So far, seven AO drugs have been approved by 

the US FDA for clinical applications [8-29]. Among these, three AOs (fomivirsen, 

mipomersen, inotersen) degrade the mRNA of disease-causing genes through RNase H 

recruitment [8-11, 24, 25], while the other four antisense molecules (eteplirsen, golodirsen, 

nusinersen, and milasen) modulate splicing (by either exon skipping or inclusion) to repair 

the ORF of essential genes, thereby rescuing the production of functional proteins interrupted 

by mutations [12-23, 26-29]. As reviewed in detail in section 3 of this chapter, gapmer AOs 

that recruit RNase H have been extensively applied in the development of therapeutics 

targeting T2D through reducing the expression of genes involved in T2D pathogenesis, 

including PTPN1. Some of these gapmer candidates have entered different phases of clinical 

trials [157-169], although so far none have been approved for market. To this end, we have 

explored a novel strategy for developing PTPN1 targeting AOs aiming at reducing PTP1B 

expression, that is development of splice modulating AOs capable of skipping exons in 
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PTPN1 pre-mRNA during splicing that leads to decreased full-length PTPN1 transcript, thus 

downregulating the expression of intact, functional PTP1B protein.  

Initially, thirty fully modified 2'-OMePS AOs (AO1-30) targeting different PTPN1 exons 

were designed and evaluated in vitro in liver cancer Huh-7 cells. PTPN1 1E2A (+1+25) 

(AO1) was identified as the best performing candidate for the following reasons: 

1) AO1 was one of the candidates that induced the most efficient exon skipping.  

2) PTPN1 contains 10 exons, however only skipping of exons 2, 3, 8, or 9 causes a frame-

shift that leads to PTCs in the downstream exon (Figure 4.1.1.1). AO1 treatment induced 

exon 2 skipping, resulting in PTCs in exon 3 (Figure 4.3.1.2), thus causing either the 

synthesis of prematurely truncated, non-functional PTP1B isoform encoded by only one 

exon, with presumed induction nonsense mediated decay of the induced PTPN1 mRNA. Both 

the possible scenarios upon exon-2 skipping lead to a common consequence: reduction of 

functional PTP1B protein expression.   

In order to maximize the efficiency of AO-induced exon 2 skipping, micro-walked AO 

sequences (AO31-35) were designed, based on the sequence of AO1 (Figure 4.3.2.1). 

Results of in vitro investigation of these candidates in multiple human liver cell lines (Huh-7, 

HepG2, IHH) showed that PTPN1 1E2A (+5+29) (AO32) induced exon 2 skipping and 

reduced the expression of full-length PTPN1 mRNA most efficiently compared to other exon 

2 targeting AO counterparts (Figure 4.3.2.2). This is probably due to the fact that AO32 

targets the most amenable splice motifs. Therefore, AO32 was considered the champion 

candidate and was selected for further improvement in terms of pharmacokinetics through 

PMO modification. The preliminary results obtained from 2'-OMePS form of AOs can indeed 

be extended to their PMO counterparts, this has been recently proven by Li et al [180]. 
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Indeed, clinical translation of antisense drug molecules constructed by modified nucleotides 

(nucleotide analogues) has clearly demonstrated the importance of chemical modification in 

improving the pharmacokinetics of AO therapeutics [181], in particular, DNA PS, 2'-OMOE, 

and PMO are so far the only three chemistries used for constructing AO drugs approved by 

the FDA. However, chemically modified AOs need to meet the balance between efficacy and 

safety [182]. One example highlighting the importance of this safety-efficacy balance is the 

competition between 2'-OMePS and PMO in the development of AO drugs to treat DMD: 

drisapersen (BioMarin Pharmaceutical), a 2'-OMe-PS candidate was rejected, while 

eteplirsen and golodirsen (Sarepta Therapeutics), two PMO drugs were approved by the FDA 

recently. The PMO chemistry showed excellent safety data in DMD trials [182, 183], while 

life-threatening toxicity and severe injection site reactions resulted from treatment by 2'-

OMe-PS AOs [184]. Therefore, the PMO chemistry is preferable for AO modification, 

compared to 2'-OMe-PS in terms of the in vivo safety profile. In consideration of this, the 

PMO form of the champion candidate AO32 will be recommended for clinical evaluation in 

the future. The reason that 2'-OMe-PS AOs were used for initial and secondary screening in 

this study is due to its advantages in terms of convenience of synthesis (2'-OMe-PS AOs can 

be synthesized in-house by oligonucleotide synthesizer but not to clinical grade at the 

moment) and relatively low cost.  In contrast, PMO production is costly due to complex and 

distinctive synthesis procedures, compared to standard phosphoramidite chemistry synthesis. 

In line with the 2'-OMe-PS form of AO32, the PMO form of this sequence efficiently 

induced exon 2 skipping in a dose dependent manner (Figure 4.3.2.4), and moreover led to 

significantly lowered expression of PTP1B protein in IHH cells (Figure 4.3.2.5). Hence, 

PMO AO32 is appropriate for future in vivo studies in humans.  

Prior to clinical trials in drug development, in vivo mouse studies are an integral procedure. 

However, due to the mismatches between human PTPN1 and the mouse Ptpn1 gene, AOs 
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developed for exon skipping in PTPN1 did not induce exon 2 skipping in mouse liver cells as 

efficiently as in human cells, therefore, ‘mouse versions’ of exon 2 skipping AOs were 

designed and evaluated in AML-12 mouse liver cells. Results confirmed that Ptpn1 1E2A 

(+5+29) (AO40), the mouse version of the champion molecule (AO32) is also the best 

performing candidate for targeting mouse Ptpn1. Surprisingly, despite the presence of two 

mismatches (Figure 4.3.3.3), AO40 also induced highly efficient exon 2 skipping in human 

cells (HepG2). This is probably due to the lower number of mismatches (2 mismatches) 

between AO32 and AO40 compared to the higher number of mismatches (3 mismatches) 

between AO1 and AO36, AO31 and AO37 (Figure 4.3.3.1). Thereby, this further 

demonstrates that AO40 is the most suitable candidate for in vivo mouse studies in the future.  

4.5 Conclusion 
PTP1B is a negative regulator of insulin and leptin signaling. Overexpression of PTP1B is 

responsible for insulin resistance and leptin resistance, leading to T2D. Thus, PTP1B is a 

therapeutic target for T2D. This chapter presents the design and evaluation of uniformly 

modified, splice modulating AOs in reducing the expression of PTP1B protein through exon 

skipping induced PTCs, thereby providing a novel AO PTP1B inhibitor for the therapy of 

T2D. The champion candidate, PTPN1 1E2A (+5+29) (AO32) that induces efficient human 

PTPN1 exon 2 skipping was developed through initial screening (thirty AO candidates) and 

secondary screening (five micro-walked AO candidates). In an attempt to improve the safety 

profile of AO32 for future clinical applications, PMO modification was introduced and 

evaluated. In addition, Ptpn1 1E2A (+5+29) (AO40) was developed for the future in vivo 

studies in mouse. In conclusion, this study provides a novel antisense therapy for PTP1B 

related conditions, in particular, T2D.  
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1. Introduction 
Splice modulating antisense oligonucleotides (AO) were first reported in 1993 [1]. Since then, 

novel applications of these molecules have been reported for therapeutic application for 

different maladies. Some of the latest examples of their clinical translation include Exondy51 

and Vyondys53 [2-4], these splice modulating AOs were approved by the US FDA in 2016 

and 2019, respectively, as drugs for the treatment of Duchenne muscular dystrophy (DMD). 

These inspiring milestones of successful drug development present a great therapeutic 

potential for splice modulating AOs and encourage researchers with differentiated 

backgrounds and expertise to enter this field.  

Development of splice modulating AO molecules can be divided into two stages. The first 

step is to confirm a best performing AO sequence (i.e. inducing splice modulation most 

efficiently) by screening a variety of AO candidates covering different regions of a target 

exon. This strategy has been utilized for selection of the lead candidate AO sequences 

inducing exon 2 skipping of the highest efficiency in the PTPN1 transcript (see Chapter 2 of 

the thesis). The second stage of AO development is to optimize the known best performing 

compound in terms of efficacy (for more effective splice modulation), safety (for lower 

cytotoxicity), specificity, delivery and stability (for higher resistance to nuclease) through 

novel designs and chemical modification. In this chapter, DMD was chosen as a disease 

modal, and mouse H-2K
b
-tsA58 mdx (H2K) myotubes were utilized as an in vitro cellular 

modal for the exploration of optimizing efficacy, cellular toxicity, and/or stability of Dmd 

exon 23 skipping AOs through novel designs of chemical modification. 

The section 2 of this chapter provides an overview of DMD and its current treatment options. 

This is then followed by a review of development of splice modulation based molecular 

therapies targeting DMD (section 3). The latter part (section 4) of this chapter describes my 
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study of novel designs of chemically-modified AOs for splice modulation utilizing DMD as a 

model system.  

 

2. Duchenne muscular dystrophy  

2.1 Overview  
Duchenne muscular dystrophy (DMD) is the most common and severe form of muscular 

dystrophy, a class of inherited muscle wasting conditions. DMD mainly affects boys with an 

approximate frequency of 1 in 5000 [5]. Affected children show no obvious signs at birth, 

then manifest onset of clinical symptoms by 3 years of age [6]. Early symptoms include 

muscle weakness and abnormal movement, such as waddling gait and difficulty in running 

and jumping. Relentless progression of muscle wasting leads to impaired ambulation 

normally before 12 years of age, in some cases, by seven [6-9]. Later, DMD teenagers 

develop cardiomyopathy and respiratory problems as a result of cardiac and respiratory 

muscle weakness, that eventually leads to pre-mature death in their early thirties due to heart 

and pulmonary failure [9, 10].  

DMD and its milder allelic condition, Becker muscular dystrophy (BMD) are both caused by 

mutations in the DMD gene located on the X chromosome (Xp21.2). DMD, the huge human 

gene containing 79 exons (figure 2.1), encodes the cytoskeletal structural protein dystrophin 

[11, 12]. Dystrophin assembles other sarcolemma (muscle fibre cell membrane) associated 

proteins (dystroglycan, sarcoglycan, syntrophin, and dystrobrevin) forming the dystrophin 

associated complex (figure 2.2). The dystrophin complex acts as a bridge connecting the 

intracellular actin cytoskeleton and the extracellular matrix (figure 2.2), thereby protecting 

muscle fibers from damage by maintaining the integrity and stability of sarcolemma during 

muscle contraction [13]. The dystrophin complex also provides binding sites for neuronal 

nitric oxide synthase (nNOS) (figure 2.2), an enzyme that plays a vital role in myogenesis 
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and muscle repair following injury [14]. As proteins in the dystrophin complex are tightly 

connected, abnormalities affecting any one of the proteins due to mutations may disrupt the 

integrity of the complex, thereby leading to its dysfunction [15].    

 

Figure 2.1 Structure of the dystrophin gene transcript. The structure indicates the reading frame and major functional 
domains of the dystrophin gene transcript. The dystrophin transcript contains 34 in-frame exons, represented as boxes 
whereas interlocking forward and reverse arrows and notches indicate codons spanning the exon:exon junction. Sequences 
of junction crossing codons are shown above the boxes, and base pair numbers of each exon are shown within each box 
underneath the exon number. Adapted from Mitrpant C, Fletcher S, and Wilton S, 2009 [12].    
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Figure 2.2 The dystrophin-associated proteins. Dystrophin assembles other sarcolemma associated proteins including 
dystroglycan subunits (αDG and βDG), sarcoglycan complex, syntrophins (α, β1, β2) and α-dystrobrevin forming dystrophin 
complex. The dystrophin complex acts as a bridge connecting intracellular the cytoskeleton (actin) and extracellular matrix. 
Neuronal nitric oxide synthase (nNOS) binds to α-syntrophin but also has a binding site in repeat 17 of the rod domain of 
dystrophin. Adapted from Fairclough RJ, Wood MJ, and Davies KE, 2013 [16].    

More than 4700 causative mutations of DMD have been recognized in the dystrophin gene. 

Generally, these mutations can be classified as three types: deletions (65.8%), duplications 

(13.6%), and point mutations (20.6%) including nonsense, missense, splice site mutations, 

micro-deletions and -insertions [17], however, a small number of complex rearrangements 

have been reported (madden, Human mutation). Missense mutations are rare but have been 

reported in crucial functional domains. Typically, mutations that induce premature 

termination codons (out-of-frame mutations) disrupt the reading frame, and result in a lack of 

functional dystrophin production, thereby disabling the protective dystrophin complex and 

leading to sarcolemma damage and myofibre necrosis, and finally substitution of muscles by 

connective and scar tissues [18]. Nevertheless, DNA lesions that do not disrupt the DMD 

reading frame (in-frame mutations) normally cause BMD, as presence of these mutations 

allows synthesis of an internally truncated, partially functional dystrophins [10]. Symptoms 
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of BMD may vary from borderline DMD to asymptomatic, depending upon the quantity and 

quality of the dystrophin produced. In some cases, people with BMD may not be diagnosed 

until their later years in life, and live into their eighties with clinical presentations ranging 

from loss of ambulation to cardiomyopathy [16].  

2.2 Current treatments  
Currently there is no cure for DMD, and it is likely that there never will be a true “cure”. The 

“gold standard” treatment options for the disease are corticosteroid therapy, physical 

rehabilitation, management of respiratory function, (prevention of respiratory tract infections) 

and nocturnal assisted ventilation. These interventions have significantly extended life 

expectancy of DMD patients by about one decade, otherwise in most cases they succumb to 

the disorder by 20 years of age. However, these therapies are limited to alleviating symptoms, 

reducing inflammation, and slowing muscle wasting [19-21]. None of these conventional 

interventions has halted the progression of DMD, i.e. addressed the root cause of the disease 

which is a deficiency of functional dystrophin protein synthesis and localization. Besides, 

long term administration of steroids (eg. prednisone, prednisolone, and deflazacort) leads to 

ineluctable side effects including bone demineralization, vertebral compression fractures, 

weight gain, hypertension and/or behavior disorders [22, 23].  

Cell and/or gene replacement may be considered as logical therapeutic strategies for treating 

DMD. However, replacing patient tissues with cells producing or potentially producing 

functional dystrophins has to face several obstacles, such as ethical issues, limited availability 

of donor muscles, survival and proliferation of administered cells, and immune activation 

[24]. On the other hand, developing gene replacement approaches is challenging as the size of 

the DMD transcript (cDNA) coding for the full-length 427 kDa dystrophin is beyond the 

cargo capacity of currently used viral vectors [25]. Although recent advances in vector design 

have seen promising preclinical and clinical results with mini- and micro-dystrophin cassettes 
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introduced into animal models in utero using adeno-associated virus (AAV) vectors, the 

sufficiency and sustainability of dystrophin expression required for treating DMD, a chronic 

condition still poses challenges [26-29].  

 

3. Splice modulating AO based intervention targeting 

DMD  

3.1 Overview of AO-mediated exon-skipping 
Since the first splice modulating AOs were developed in 1993 [1], interest in field increased, 

especially in 2016 when Eteplirsen, to treat a subset of DMD patients received ‘first in class’ 

accelerated approval from the US FDA. The successful clinical translations now include 

Exondy 51 and Vyondys 53 [2-4], approved by the US FDA in 2016 and 2019, respectively 

as therapeutic molecules for the treatment of DMD. Specifically, these splice modulating AO 

drugs (Exondy 51 and Vyondys 53) promote functional protein production by inducing DMD 

exon 51 and 53 skipping to restore of the open reading frame around amenable frame shifting 

deletions [30, 31]. 

AO-induced splice modulation, in particular, exon skipping has been developed as a 

therapeutic strategy to treat DMD [12, 32-36]. Exon skipping is achieved by administration 

of AOs designed to anneal to specific motifs of the target exon. By hybridization to a target 

region, AOs are assumed to obscure the exon from the splicing machinery so that it is 

excluded with the flanking introns [33]. As the out-of-frame mutations in the DMD gene 

disrupt the reading frame and abolish production of functional dystrophin, skipping of the 

mutation-flanking exons by AOs can restore the reading frame and allow the synthesis of 

partially functional dystrophin isoforms, similar to those found in BMD patients. A schematic 

illustration of healthy, DMD, and BMD dystrophin transcripts is shown in figure 3.1. More 

specifically, according to different types of mutations (duplications, deletions, point 
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mutations), skipping of duplicated exons, exons adjacent to deletions (both exon duplication 

and deletion may lead to frame-shift), and exons containing nonsense or missense point 

mutations, or indels can remove or avoid the early-onset termination signals, and thereby 

restore the reading frame and recover partially functional BMD-like dystrophin expression 

[33-36]. 

 
Figure 3.1 Schematic example of DMD gene expression in healthy (a), DMD (b), and BMD (c) indivduals (a) The 
healthy allele dystrophin mRNA transcript encodes full length, functional dystrophin protein. (b) In DMD patients, mutations 
disrupt the reading frame (e.g. a deletion of exon 52, left panel; nonsense mutation in exon 42, right panel), induce 
premature termination codons, and result in production of truncated, non-functional dystrophin protein. (c) In BMD patients, 
mutations maintain the reading frame, allow synthesis of internally truncated, but partially functional dystrophin protein. 
Adapted from Niks EH, Aartsma-Rus A, 2013 [33]. 

3.2 Exon skipping based intervention towards tackling DMD 
The earliest endeavor to explore splice modulation as a research tool in the DMD field can 

date back to 1995 [37]. Since then, increasing numbers of researchers have entered this field, 

and substantive AO sequences inducing skipping of different exons have been reported, in an 

attempt to correct the disrupted dystrophin reading frame resulting from the protein 

truncating mutations. Two animal models, the mdx mouse bearing a nonsense mutation in 

exon 23, and a canine model that manifests with exon 7 exclusion, both resulting in out-of-

frame DMD transcripts, have been utilized for the research into DMD. AOs developed to 

address mutations in animal models demonstrate that exon skipping strategies are feasible in 
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muscle cells both in vitro and in vivo, and thereby offer a prediction of the therapeutic 

potential of AOs in humans.  

Apart from designing new AO sequences for exon skipping, a major focus of DMD research 

is also placed on optimizing known AO sequences, in terms of their efficacy (for more 

effective exon skipping), safety (for lower cytotoxicity), and stability (for higher resistance to 

nuclease) through introducing and evaluating novel chemical modifications. Herein, a brief 

review of exon-skipping AO development to treat DMD in the past two decades is given as 

follows, providing a picture of “co-evolution” of AO sequences and their chemistries.  

3.2.1 Initial effort: human dystrophin exon 19 skipping 
In 1995, Takeshima et al. designed a 31-mer AO to modulate dystrophin pre-mRNA splicing 

in an in vitro expression system, using Hela cell nuclear extracts and a partial dystrophin gene 

sequence construct [37]. This was the first report of AO-induced splice modulation of the 

dystrophin transcript: the AO of 31 nucleotides in length was 2′-O-Methyl (2ʹ-OMe)-

modified sequence targeting a splicing enhancer within exon 19, found to be deleted in a 

DMD patient. Subsequently, Pramono et al. reported DMD exon 19 skipping after 

transfection of the same 31-mer AO sequence, however in the form of DNA chemistry 

instead of 2ʹ-OMe, into human lymphoblastoid cells [38]. This was the first report of 

inducing dystrophin exon skipping in living cells. In both publications, the 31-mer AOs were 

not phosphorothioate (PS) modified, but clearly induced some degree of exon-19 skipping in 

vitro. Although DNA AOs are typically used to induce mRNA degradation through RNase-H 

activation, Pramono and colleagues reported the DNA AO as a splice modulating 

oligonucleotide. According to this finding, DNA AOs could to some extent induce splice 

modulation. Nevertheless, the unequivocal demonstration of the induced transcripts with an 

exon deletion suggests that exon skipping occurred within the nucleus and that the resultant 

exon 19 deleted transcripts would no longer be susceptible to RNase-H degradation [38].  
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In 2001, Takeshima et al. again showed the efficacy of their previously reported 31-mer AO 

sequence, however, in the form of a DNA-PS AO, rather than 2ʹ-OMe or natural DNA, to 

induce exon 19 skipping in muscle cells derived from a DMD patient carrying an exon 20 

deletion [39]. Gebski et al. replicated exon 19 skipping in immortalized murine myogenic 

cells after transfection with the 31-mer DNA-PS oligonucleotide at 300 nM concentration, 

but the exon skipping was inefficient, less than 5% of transcripts were exon 19-deleted [40]. 

In comparison, the DNA/2ʹ-OMe-PS mixmer of this sequence (contains 26 DNA nucleotides 

and 9 2ʹ-OMe nucleotides) achieved greater exon 19 skipping at 300 nM, further, its fully 

modified 2ʹ-OMe-PS counterpart resulted in 100% exon 19 skipping at an even lower AO 

concentration (100 nM). This clearly demonstrated that chemical modification is crucial for 

optimizing exon skipping efficacy after AO sequence design [40]. Gebski and co-workers’ 

report indicates that the 2ʹ-OMe-PS AOs are significantly more efficient than their DNA 

counterparts in inducing exon 19 skipping, at least when delivered into cells as cationic 

lipoplexes. Continuing the 31-mer AO story, Yagi et al. transfected primary muscle cells 

from a DMD patient with 2ʹ-O, 4ʹ-C-ethylene-bridge nucleic acid (ENA) modified chimeric 

AO of 5-21-5 ENA-2ʹ-OMe-ENA gapmer design on a PS backbone. This AO achieved 40 

times higher efficacy of exon 19 skipping in contrast to the conventional DNA-PS oligomer 

[41]. 

Instead of dedicating more efforts to optimizing the 31-mer exon 19 skipping sequence by 

testing new chemical modifications, Errington et al. developed a series of shorter AOs 

modified by full 2ʹ-OMe-PS chemistry of varying lengths (12 to 20 nucleotides). These AOs 

targeted the exon 19 splicing enhancer region and the donor/acceptor splice sites [42]. They 

showed that short AO sequences complementary to the splice enhancer site achieved 

comparable exon 19 skipping efficacy to that induced by the original 31-mer AO, and with 

higher efficiency than their counterparts complementary to the donor or acceptor splice sites. 
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This indicated that AOs directed at the splicing enhancer region tended to be marginally more 

effective than those that targeted the splice sites, at least for this exon [42].  

3.2.2 AO development targeting other exons in human dystrophin gene 
Inspired by the pioneer proof-of-concept dystrophin exon 19 skipping of DMD gene by the 

“natural” deoxy and chemically modified AOs, subsequent efforts have expanded this 

strategy by developing AOs to skip other exons in the dystrophin gene transcript, for the 

correction of different out-of-frame mutations. Researchers have also learned lessons from 

the early exon 19 skipping reports, for example, AOs composed of modified analogues 

exhibit better exon skipping efficacy than the “naturally occurring” DNA oligomers, AOs of 

length shorter than 31-mer may be sufficient to induce efficient exon skipping, and the 

splicing enhancer sequences may not be the only suitable target for AO design. 

Van Deutekom et al. developed a 20-mer dystrophin exon 46 skipping AO sequence through 

a two-step selection. They began with screening 12 partly overlapping 2ʹ-OMe-PS AOs 

covering the polypurine-rich exon recognition region of mouse exon 46, using a gel mobility 

shift assay. Based on the result, five AO candidates were selected, and redesigned to target 

the human DMD sequence for further exon skipping validation in DMD patient primary 

myoblasts. Their best performing AO was reported to induce up to 15% of exon 46 skipping 

at 1 μM concentration [43].  

Takagi et al. have screened ENA modified 2ʹ-OMe-PS chimeric AOs of 15 to 18 nucleotides 

in length (each contained 10 ENA residues) targeting dystrophin exon 45 and 46, respectively. 

Two AO candidates, named AO85 and AO27, were found to induce strongest skipping for 

exon 45 and 46, respectively. Furthermore, they optimized AO27 by relocating the positions 

of ENA residues in the sequence and thereby AO92 was developed with much higher exon 

46 skipping efficacy than AO27. This suggested that varied dispersion of chemical 

modification(s) in a given AO sequence may lead to varied exon skipping efficacy [44]. 



118 
 

Aartsma-Rus et al. performed comparative analysis of fully modified 20-mer 2ʹ-OMe-PS, 22-

mer PMO, 14-mer locked nucleic acid (LNA), and 14-mer peptide nucleic acid (PNA) AOs 

in inducing dystrophin exon 46 skipping in primary myoblasts, derived from a DMD patient 

carrying exon 45 deletion [45]. Using the 2ʹ-OMe-PS AO as a positive control, a fully LNA 

modified AO led to the highest yield of exon 46 skipped transcripts (up to 98%). In contrast, 

the 2ʹ-OMe-PS control and a PMO AO achieved 75% and 5% exon 46 skipping, respectively. 

However, the PNA, tagged with four lysines to facilitate uptake, did not induce any exon 

skipping [45]. This study confirmed the feasibility of using 2ʹ-OMe-PS as a first-line 

chemistry for developing exon skipping AOs, highlighted the potential application of LNAs 

in this field, and suggested that better conjugates may be required to aid PMO and PNA 

cellular delivery. Towards this end, the same group developed 2ʹ-OMe-PS AOs inducing 

dystrophin exon 44, 49, 50, 51, and 53 skipping and evaluated their therapeutic potential in 

muscle cells from six DMD patents [46]. They also reported induction of multiexon skipping 

by administration of different cocktails of 2ʹ-OMe-PS AOs that were designed to skip exon 

43, 44, 45, and 51 [47].  

Later, Wilton et al. tested over four hundred and seventy 2ʹ-OMe-PS AOs in normal human 

myoblasts, targeting all exons in the DMD gene transcript, except for the first and last exons 

[48]. The length of these AOs varied from 20 to 31 nucleotides, and approximately two thirds 

of the AOs were able to induce specific exon skipping at varying levels. Importantly, a 

general trend was observed where AOs directed at the first half of a target exon sequence 

induced relatively higher skipping efficiencies. It is also noteworthy that in some cases an 

AO candidate could induce skipping of a target exon together with a flanking exon, while for 

other exons, a combination of AOs as a ‘cocktail’ was required to induce target exon skipping 

[48].  
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Fletcher et al. reported dystrophin exon 19, 20, 52, and 53 targeting peptide-conjugated PMO 

AOs that induced exon skipping in vivo, by administering these PMOs into C57BL/10ScSn 

mice (without mutations) at a dosage of 20 mg/kg per injection, in order to generate transient 

‘DMD’ like and ‘BMD’ like mouse dystrophinopathy models [49]. Efficient single (exon 19, 

20; exon 52, 53) or double (dual exon 19/20, dual exon 52/53) exon-skips were achieved by 

single or cocktail PMO administration, leading to disruption or maintenance of the dystrophin 

reading frame, respectively [49]. This study indicated that peptide conjugation can facilitate 

PMO AO delivery to cells in vivo and thereby greatly improve splice modulation efficacy. In 

addition, utilization of PMOs in the healthy mouse model to induce transient dystrophin 

silencing highlights the potential of antisense PMOs as a useful tool for gene 

functionalization. 

Heemskerk et al. compared the 2ʹ-OMe-PS and PMO AOs targeting exon 44, 45, 46, and 51 

in vivo in mdx mice [50]. AOs were administered by injection for 2 consecutive days with 2.9 

nmol (approximately 20 µg) in 50 µl physiologic saline. In terms of exon 44 skipping, no 

significant difference was observed between AOs of 2ʹ-OMe-PS and PMO chemistries, 

however, PMOs were found to induce higher levels of exon 45, 46, and 51 skipping than their 

2ʹ-OMe-PS counterparts [50].   

Shimo et al. investigated the scope of LNA modification in exon skipping as mixmer AO 

constructs [51]. A series of 15-mer LNA/DNA-PS chimeric AOs containing five LNA 

analogues in each sequence were designed and synthesized to target DMD exon 58. Two 

candidates targeting the 5’ and 3’ splice sites of the exon, respectively, were found to induce 

efficient exon 58 skipping. Further AO optimization by increasing the number of LNA 

modifications led to identification of the best-performing 15-mer AO candidate containing 8 

LNA units. It is also worth noting that the proportion of LNA modification in a chimeric 

sequence and the melting temperature of the AO  are important factors contributing to the 
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overall efficacy and specificity of exon skipping. In addition, this study suggested the 

minimum length of LNA modified AOs inducing exon 58 skipping was 7 nucleotides [51]. 

Inspired by Shimo’s work, Pires et al. expanded the application of LNA modification to other 

exons by developing a 16-mer chimeric LNA modified AO inducing effective exon 51 

skipping in DMD patient myoblasts. Importantly, LNA modification of this AO candidate 

accounted for 60% of the nucleotides [52].  

Jirka et al. compared exon 45 and 53 targeting 2ʹ-Fluoro (2ʹ-F)-PS modified AOs and their 2ʹ-

OMe-PS counterparts for induced exon skipping in primary human myoblasts [53, 54]. They 

demonstrated that relatively higher exon skipping efficacy was achieved by the 2ʹ-F-PS AOs 

than the 2ʹ-OMe-PS controls. Further evaluation of the exon 53 targeting AOs in patient-

derived myoblasts confirmed the relative advantage of 2ʹ-F-PS modification in inducing exon 

skipping in vitro [54].  

Watanabe et al. developed a PMO-based AO to induce efficient exon 53 skipping via a two-

step screening process [55]. At first, they designed and evaluated thirty-eight 25-mer, 

overlapping 2ʹ-OMe-PS AOs covering exon 53 completely, as a result, an intra-exon region 

of 35 nucleotides in length was found to be the best target region for exon skipping induction 

through AO binding. In the second stage, twenty-five PMO AOs (15 to 25-mer) targeting the 

identified region were designed and tested, resulting in the selection of a best-performing 21-

mer candidate, named NS-065/NCNP-01. Western blot analysis demonstrated dystrophin 

production in DMD patient cells after administration of NS-065/NCNP-01 [55]. Recently, 

Lee et al. designed six 30-mer PMO AOs using a predictive software algorithm developed by 

their group targeting exon 45, 51, 52, 53, 54, and 55, respectively [56]. They transfected these 

PMOs as a cocktail into myotubes transdifferentiated from fibroblasts of a DMD patient 

bearing deletion of exon 46 to 50 and achieved efficient multi-exon skipping (exon 45 to 55), 

to restore the dystrophin reading frame and allowed partial functional dystrophin production.  



121 
 

3.2.3 Mdx mouse dystrophin exon 23 skipping AO development 
In 1998, Dunckley et al. reported design and evaluation of three 2ʹ-OMe modified AOs (12 to 

14 nucleotides in length) targeting the mdx mouse Dmd exon 23 [57]. However, after 

transfecting these AOs into primary mdx myoblasts, only one candidate apparently induced 

very low level  multi-exon skipping (exon 23 to 29). In 1999, Wilton et al. reported 

achievement of efficient and specific Dmd exon 23 skipping in primary mdx myoblasts by 

administration of a 20-mer 2ʹ-OMe-PS AO complementary to the 5’ splice site of intron 23 

[58]. An 18-mer AO designed to target the 3’ splice site of intron 22 did not induce any exon 

23 skipping in vitro [58]. Next, Mann et al. evaluated exon skipping induction by AOs, for 

the first time, in H-2K
b
-tsA58 (H2K) mdx myoblasts [59]. In this study, as the previously 

reported 20-mer intron 23 5’ splice site targeting AO did not entirely replicate the exon 23 

skipping effect in H2K myoblasts, they extended the AO sequence to a 25-mer, leading to 

both exon 23 and exon 22/23 dual skipping. Furthermore, they demonstrated restoration of 

dystrophin expression in vivo by this 25-mer 2ʹ-OMe-PS AO through intramuscular AO 

injections into mdx mice [59]. They then optimized exon 23 skipping 2ʹ-OMe-PS AOs by 

screening six new sequences targeting the 5’ donor splice site of exon 23 (i.e. 5’ splice site of 

intron 23). The champion candidate, M23D (+02-18) achieved higher exon skipping 

efficiency at lower dosages, compared to other AOs tested [60]. In 2005, Lu et al. reported 

systemic delivery of the same 2ʹ-OMe-PS M23D (+02-18) in mdx mice by intravenous 

administration of the AO (dissolved in saline with block co-polymer F127) at 250 µg/mL, 

through tail vein injection, thrice a week. Functional dystrophin expression was detected in 

skeletal muscles body wide, except for the cardiac muscles [61]. 

In order to enhance the exon skipping efficacy of PMO mediated exon 23 targeting AOs, 

Gebski et al. reported the use of leashes (DNA, RNA, or modified nucleic acid sequences, 

complementary to the PMO) to allow formation of lipoplexes (formation of PMO/leash 
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duplex complexing with a cationic liposome) for improved PMO cellular uptake [62]. The 

neutral charge of the PMO does not allow for direct complexing with a cationic liposome.  

The leash aided PMO delivery resulted in efficient exon 23 skipping both in vitro and in vivo, 

induced by an extended PMO sequence, M23D (+07-18). Slightly shortened but functional 

dystrophin was detected at the sarcolemma of muscle fibers 2 weeks after injection of the 

PMO into mdx mice [62]. Subsequently, Fletcher et al. compared the efficacy of PMO and 2ʹ-

OMe-PS forms of M23D (+07-18), and PNA AO sequences including M23D (-2-16) and (-2-

18), in inducing exon 23 skipping and dystrophin restoration, by localized and systemic 

delivery of the AOs of different chemistries into mdx mice [63]. Their results demonstrated 

that PMO modification was preferred, as it achieved longer duration of AO effect and 

stronger dystrophin expression in contrast to the 2ʹ-OMe-PS and PNA sequences [63]. Alter 

et al. also performed systemic administration of PMO M23D (+07-18) in 6-week-old mdx 

mice [64]. Recovery of functional dystrophin was detected body wide in skeletal muscles, 

with the highest expression levels in diaphragm, abdominal, and intercostal regions. However, 

like the 2ʹ-OMe-PS AO [61], PMO treatment did not induce detectable dystrophin in the 

heart [64]. 

Yin et al. explored the PNA chemistry as an option for exon skipping AO construction by 

evaluating PNA modified M23D (+2-18) for induced dystrophin exon 23 skipping in the mdx 

mouse in vitro and in vivo [65]. Transfection of this PNA into H2K mdx myoblasts only led to 

weak Dmd exon 23 skipping, however, in vivo studies showed that intramuscular injection of 

a single dosage of 5 μg of the PNA into mdx mice, at two-month of age resulted in significant 

increases in dystrophin synthesis a fortnight after administration, in comparison with their 

age-matched control group [65]. Later, Gao et al. compared the efficacy of PNA and PMO 

forms of M23D (+2-18) in recovery of functional dystrophin production, via systemic 

administration of the AO candidates to mdx mice at a weekly dose of 50 mg/kg, for three 
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weeks [66]. Except for cardiac muscle, body wide dystrophin synthesis was achieved by both 

PNA and PMO AOs in a comparable manner. Specifically, both chemistries induced exon 23 

skipping at a similar level in quadriceps, while the PNA achieved slightly higher skipping 

levels in gastrocnemius and triceps and the PMO resulted in better exon skipping efficiency 

in abdominal and diaphragm than the PNA [66]. In addition, this group explored optimizing 

the exon skipping efficacy of the PNA by rational design of longer sequences (25, 26, 28, and 

30 nucleotides) and the 30-mer candidate, M23D (+14-16) was found to be more potent than 

its shorter counterparts [66]. On the other hand, Le et al. introduced serinol nucleic acid 

(SNA), a close mimic of PNA to AO construction for inducing splice modulation [67]. In this 

study, SNA, PNA, and 2ʹ-OMe-PS forms of M23D (+2-18) were synthesized and transfected 

into myotubes differentiated from H2K mdx myoblasts by complexing with Lipofectin 

reagent. At 400 nM concentration, the 2ʹ-OMe-PS AO achieved ~90% of exon 23 skipping 

compared to SNA (52%) and PNA (~10%) [67]. This indicated that SNA may be a promising 

alternative chemistry to PNA, however in vivo evaluation is required to gain more insights of 

SNA-modified AO potential. 

Goyenvalle et al. reported in vivo comparisons between tricyclo-DNA (tcDNA) M23D (+2-

13), 2ʹ-OMe-PS M23D (+2-18), and PMO M23D (+7-18) in their ability to induce exon 23 

skipping and functional correction of dystrophin in mdx mouse [68]. Different modified AOs 

were intravenously injected into mdx mice at 200 mg/kg/week for 12 weeks. The tcDNA 

treatment achieved up to six-fold higher levels of exon 23 skipping in muscles of various 

body regions compared to other chemistries [68]. It is notable that tcDNA treatment restored 

dystrophin production in heart while 2ʹ-OMe-PS and PMO did not. Later, the same group 

also reported that a truncated tcDNA AO, M23D (-1-13) induced efficient exon 23 skipping 

and dystrophin restoration in mdx mice [69].    
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In 2016, Le et al. reported evaluation of anhydrohexitol nucleic acid (HNA), cyclohexenyl 

nucleic acid (CeNA), and D-altritol nucleic acid (ANA) for their potential as splice 

modulating AOs [70]. These modifications were introduced to the 2ʹ-OMe-PS M23D (+2-18) 

sequence to generate mixmer AOs, while the fully modified 2ʹ-OMe-PS sequence was used 

as a positive control. All AOs induced efficient Dmd exon 23 skipping in myotubes 

differentiated from H2K mdx myoblasts, however, the 2ʹ-OMe-PS control demonstrated 

higher exon skipping efficiency than its mixmer counterparts. For example, the control AO 

achieved 40% of exon 23 skipping at 50 nM concentration while the mixmers induced 20-23% 

of skipping. However, HNA, CeNA, and ANA modified mixmers showed lower cellular 

toxicity and higher nuclease stability compared to the 2ʹ-OMe-PS control according to the 

results of in vitro cytotoxicity and phosphodiesterase I-based enzyme resistance assays [70]. 

Later, this group reported exploration of a nucleobase modification, 5-(phenyltriazol)-2ʹ-

deoxyuridine in constructing AOs for inducing splice modulation [71]. Results of transfection 

experiments indicated that 2ʹ-OMe-PS M23D (+2-18) containing 5-(phenyltriazol)-2ʹ-

deoxyuridine analogues achieved comparable exon 23 skipping efficiency to the fully 

modified 2ʹ-OMe-PS control [71]. In 2017, the same group also reported that introduction of 

LNA modification to 2ʹ-OMe-PS M23D (+2-18) allowed its truncated mixmer versions, i.e. 

LNA/2ʹ-OMe-PS M23D (+1-17), (-1-16), (-2-15), and (-3-14) to retain their capability of 

inducing exon 23 skipping. In contrast, the corresponding truncated fully modified 2ʹ-OMe-

PS AOs failed to mediate exon 23 skipping as efficiently as the shortened LNA modified 

mixmers [72]. Although these observations were based on preliminary in vitro data, the 

potential of LNA analogues in constructing splice modulating AO is clearly highlighted.       

3.2.4 Canine dystrophin Exon 6 and exon 8 skipping AO development  
Although the mdx mouse bears a nonsense mutation in dystrophin exon 23, it superficially 

appears asymptomatic and lives a normal life span. In contrast, the golden retriever muscular 
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dystrophy (GRMD) affected dog with manifests with exon 7 exclusion as a consequence of 

an exon 7 acceptor splice site mutation suffers from DMD-like symptoms, and is therefore a 

more relevant animal modal for DMD phenotypic and preclinical studies [73]. 

In 2006, McClorey et al. reported design of AOs targeting dystrophin exon 6 and exon 8 in 

GRMD affected dog [74]. Administration of these AOs as a cocktail achieved exon 6/8/9 

multi- skipping and thus correction of the dystrophin reading frame. Moreover, comparison 

of exon skipping efficacy was made between 2ʹ-OMe-PS, PMO, and cell penetrating peptide-

conjugated PMOs.  The latter led to induction of exon 6/8/9 multi- skipping and resultant 

dystrophin restoration at the highest level [74]. In 2009, Yokota et al. reported in vivo 

administration of a PMO cocktail containing three AOs targeting exon 6 and exon 8 in the 

GRMD dog, via intravenous delivery at a dosage of 200 mg/kg, seven times per week [75]. 

PMO treatment resulted in a transcript with in-frame deletion of three exons (exon 6, 7, 8 and 

9) and achieved body wide dystrophin restoration [75]. Later, Saito et al. reproduced the exon 

skipping effect of the 3 sequence-containing PMO cocktail in GRMD dog, further, they 

demonstrated the feasibility of direct translation of these PMOs from the dog model to human 

patients, by achieving human dystrophin exon 6/8/9 multi skipping and the resultant 

dystrophin restoration in DMD patient cells after transfection of these AOs [76].   

3.3 Clinical trials 
DMD patients possessing deletions of dystrophin exon 45 to 50, 47 to 50, 48 to 50, 50, 52, 

and 52 to 63 account for approximately 13% of the total DMD affected population, and it is 

therefore the largest sub-group of the disease [77]. As the disrupted dystrophin reading frame 

for all these deletions can be restored by further removal of exon 51, this exon was 

considered a preferential target for the development of exon skipping AO therapeutics for 

DMD. Two AO candidates of different chemistries have been developed for the induction of 

exon 51 skipping [78-81]. PRO051 (commercially named drisapersen) is a fully 2ʹ-OMe-PS 
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modified candidate developed by a biotechnology company in Netherlands named Prosensa 

(later acquired firstly by GlaxoSmithKline and then by BioMarin Pharmaceuticals), while 

Eteplirsen (brand name Exondys 51) is a PMO based candidate developed in Australia 

(Wilton et al., 2006) and licensed to Sarepta Therapeutics (formerly known as AVI 

Biopharmaceuticals). Clinical trials were initiated in parallel for these two AOs following 

similar procedures: detection of dystrophin expression after an intramuscular injection, and 

subsequent demonstration of increased dystrophin restoration with correct localization by 

analyzing biopsies collected before and after AO treatment [82, 83].  

In line with predictions made in the pre-clinical animal studies [84], both clinical trials 

demonstrated dystrophin expression near the injection site, indicating a proof of concept in 

restoration of dystrophin synthesis. Both candidates progressed to phase III clinical trials, 

however, investigation of drisapersen sponsored by GlaxoSmithKline was halted in 2013 due 

to the failure to meet primary and secondary end points. A detailed report of this study was 

published by Voit et al [85]. It was not surprising that drisapersen did not meet the end points 

in this study as no concomitant increase of dystrophin production was detected after extended 

periods of drisapersen treatment. Although Goemans et al. reported drisapersen achieved 

dystrophin restoration of up to 15% of healthy levels [86], a critical analysis of the data 

suggests that only a fractional increase from baseline dystrophin synthesis was induced by 

drisapersen treatment [87]. Further investigation is underway to understand if males of 

younger age are more responsive to drisapersen, and the latest data released suggest that this 

candidate might be useful in treating the less impaired DMD population [88].  However, in 

the light of unproven efficacy and severe adverse effects, including injection site reactions, 

drisapersen did not receive FDA approval.    

In contrast, eteplirsen was offered accelerated approval by the US FDA in September 2016 as 

it induced a modest increase in functional dystrophin production after administration to DMD 
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patients, with an excellent safety profile. It was reported that 48 weeks after eteplirsen 

treatment, 10 out of 12 teenage participants achieved maintenance of ambulation capability. 

The functional benefits were supported by evidence at the mRNA and protein levels showing 

that synthesis of BMD-like partially functional dystrophin was restored in the DMD 

participants treated by eteplirsen [89]. Furthermore, phase II clinical trials of eteplirsen in 

boys 4–6 years old (NCT02420379) and older males aged 7–21 years (NCT02286947) are 

ongoing [81]. It is worth noting that most recently golodirsen (Vyondys 53) targeting DMD 

exon 53 has been granted accelerated approval by the US FDA. 

In addition, clinical trials of three AO candidates: PRO044 (BMN044), PRO045 (BMN45) 

and PRO053 (BMN053) designed to target dystrophin exon 44, 45, and 53 for induced exon 

skipping respectively, were halted by BioMarin Pharmaceuticals. On the other hand, the 

PMO drug candidate developed by Sarepta Therapeutics: SRP-4045 for inducing exon 45 

skipping is currently in phase III clinical trials (NCT02500381) and recruiting participants 

[81]. Another PMO candidate, NS-065/NCNP-01 (viltolarsen) targeting exon 53 developed 

by a Japanese pharmaceutical company, Nippon Shinyaku Co., Ltd has recently completed a 

phase II clinical trial (NCT02740972), and it is enrolling participants in an extension study 

(NCT03167255) at present. Wave Life Sciences has been performing a global Phase I clinical 

trial (NCT03508947) for safety and tolerability examination of a drug candidate named 

WVE-210201, targeting exon 51 of DMD [81], however, the trial has recently been 

withdrawn after no increases in dystrophin expression was detected in trial participants. 

 

4. Exploration of novel chemical modification to improve 

therapeutic effects of splice modulating AOs in DMD 
Splice modulating AO induced exon skipping has been widely explored and validated as a 

feasible alternative therapy for DMD [90]. The accelerated approval of Exondys 51 and 
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Vyondys 53 (PMO chemistry, Sarepta Therapeutics) and rejection of Drisapersen (2′-OMe-

PS chemistry, Biomarin) by the US FDA highlights the importance of utilizing and 

optimizing chemical modification in therapeutic AO development, towards improving 

efficacy and reducing toxicity. More specifically, development and optimization of AOs 

incorporating nucleotide analogues aim at enhancing their target binding affinity, specificity, 

and nuclease stability, in contrast to the non-modified AOs (DNA/RNA). 

To expand the scope of chemically modified nucleic acids in developing AO therapeutics, 

compounds composed of different modified nucleotide analogues targeting the mdx mouse 

Dmd exon 23 were designed, synthesized, and evaluated in this study. Briefly, based on an in 

vitro DMD cellular modal, modified AOs were transfected into cultured mdx mouse H2K 

myotubes, followed by semi-quantitative examination of their exon skipping efficacy by 

performing reverse transcriptase polymerase chain reaction (RT-PCR) and subsequent 

densitometry analysis. In addition, the modified AOs were also characterized by their 

cytotoxicity (cell viability assay), and/or target binding affinity (melting temperature assay), 

and/or nuclease stability (enzyme degradation assay). 

4.1 General protocols for exon skipping AO experiments  

4.1.1 Design and synthesis of chemically-modified AOs  

All AOs were prepared in-house on either an ABI Expedite
®
 8909 (Applied Biosystems, 

Foster City, California, USA) or ÄKTA Oligopilot Plus 10 (GE Healthcare Life Sciences, 

Parramatta, NSW, Australia) oligonucleotide synthesizer using standard phosphoramidite 

chemistry at the 1 µmol scale. All synthesis reagents for ÄKTA and Expedite syntheses were 

purchased from Merck Millipore (Bayswater, VIC, Australia) and Sigma-Aldrich (Castle Hill, 

NSW, Australia). Synthesized AOs were deprotected and cleaved from the solid support by 

treatment with 1.0M NH4OH (Merck Millipore) at 55
o
C overnight, and the crude AOs were 

then purified by desalting through Illustra NAP-10 Columns (GE Healthcare Life Sciences).  
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4.1.2 Cell culture and transfection 

H2K mdx myoblasts
 
[91, 92] (provided by Prof. Sue Fletcher and Prof. Steve Wilton’s 

laboratory, Murdoch University, Australia)
 
were cultured and differentiated as described 

previously [93]. Briefly, when 60–80% confluent, myoblast cultures were treated with trypsin 

(Thermo Fisher Scientific, Scoresby, VIC, Australia) and seeded onto 24-well plates, pre-

treated with 50 μg/mL poly-D-lysine (Merck Millipore, Bayswater, VIC, Australia), followed 

by 100 μg/mL Matrigel (Corning, supplied through In Vitro Technologies, Noble Park North, 

VIC, Australia) at a density of 2.5 × 10
4
 cells/well. Cells were differentiated into myotubes in 

Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher Scientific) containing 5% 

horse serum (Thermo Fisher Scientific) by incubating at 37°C, 5% CO2 for 24 hours. AOs 

were complexed with Lipofectin transfection reagent (Thermo Fisher Scientific) at the ratio 

of 2:1 (w:w) (lipofectin:AO) and used in a final transfection volume of 500 μL/well in a 24-

well plate, as per the manufacturer's instructions, except that the solution was not removed 

after 3 hours.  

4.1.3 RNA extraction and RT-PCR 

Total RNA was extracted from transfected cells using Direct-zol™ RNA MiniPrep Plus with 

TRI Reagent
® 

(Zymo Research, supplied through Integrated Sciences, Chatswood, NSW, 

Australia) as per the manufacturer’s instructions. The dystrophin transcripts were then 

analysed by nested-RT-PCR using SuperScript™ III Reverse Transcriptase III and AmpliTaq 

Gold® 360 DNA Polymerase (Thermo Fisher Scientific) across exons 20–26 as described 

previously [93]. PCR products were separated on 2% agarose gels in Tris–acetate–EDTA 

buffer and the images were captured on a Fusion Fx gel documentation system (Vilber 

Lourmat, Marne-la-Vallee, France). Densitometry was performed by Image J software [94]. 

To quantify the actual exon skipping efficacy induced by AOs, the amounts of full length 

(901bp), exon 23 skipped  (688bp), and exon 22/23 dual skipping (542bp) products are 

expressed as percentages of total dystrophin transcript products. 
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4.1.4 Cell viability assay 

Cells were seeded and transfected with the AOs as described previously. After 24 hours, cell 

viability assay was performed using a dye-based colorimetric assay using WST-1 reagent (2-

(4-iodophenyl)-3-(4-nitro-phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) (Sigma-Aldrich). 

Briefly, WST-1 solution was added at ratio 1:10 (v/v) per well and incubated for 4 hours at 

37°C, 5% CO2. The absorbance was then measured with a microplate reader (FLUOstar 

Omega, BMG Labtech, Germany) at a wavelength of 450 nm. 

4.1.5 Melting temperature analysis of the AOs 

The samples were prepared as duplexes by mixing equal volumes of the AO and the synthetic 

complementary RNA sequence at 2 μM concentration in a buffer solution containing 10 mM 

NaCl, 0.01 mM EDTA adjusted to pH 7.0 with 10 mM sodium phosphate buffer. Before 

loading into a quartz cuvette  of 1 mm path-length, the duplexes were denatured at 95°C for 

10 minutes followed by slow cooling to room temperature. The melting process was 

monitored in a Shimadzu UV-1800 Spectrophotometer (Shimadzu, Rydalmere, NSW, 

Australia) with the Peltier temperature controller over the range of 20–90°C at a ramp rate of 

1.0°C min
−1

. Tm values were then determined as the maxima of the first derivative plots of the 

melting curves.  

4.1.6 Nuclease stability analysis of the AOs 

Stability of AOs against 3′→5′ exonuclease degradation was investigated using 

phosphodiesterase I from Crotalus adamanteus venom (Sigma-Aldrich, Castle Hill, NSW, 

Australia). Briefly, 10 μM of the AOs were incubated with 0.08 units/mL phosphodiesterase 

in a buffer containing 10 mM Tris–HCl, 100 mM NaCl, and 15 mM MgCl2 in a final volume 

of 60 μL. Samples were incubated at 37 °C and 10 μL samples were collected at 0, 10, 30, 60 

and 120 minutes and quenched with an equal volume of 80% formamide containing 

bromophenol blue and xylene cyanol gel tracking dyes. The samples were then heated for 5 

min at 95°C and analyzed by 20% denaturing polyacrylamide gel electrophoresis. 
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Quantitation and image capture was performed on a Fusion Fx gel documentation system 

(Vilber Lourmat, Marne-la-Vallee, France). 

4.2 Evaluation of exon skipping by novel chemically modified 

AOs in DMD modal  

4.2.1 Morpholino nucleic acid (MNA)-modified 2′-OMe AO  

4.2.1.1 Introduction 

Nucleic acid technologies have attracted significant interest in recent years as a means of 

targeting the molecular pathogenesis of various diseases [95]. AOs can efficiently regulate 

the expression of cellular RNAs by selectively cleaving, blocking, modifying or repairing 

pathogenic messenger RNAs [95]. AOs bind to complementary target RNA sequences 

through hydrogen bonding. High affinity RNA targeting, better mis-match recognition and a 

high degree of nuclease resistance are key factors in developing successful AO-based 

therapeutics. AOs composed of naturally occurring nucleotides show low target binding 

affinity and poor resistance to nucleases, and consequently are unsuitable for therapeutic 

application.  

To overcome these limitations and improve their pharmacokinetic profile, chemically-

modified nucleic acid analogues, mainly of sugar and phosphate backbone modifications, 

have been utilized in developing therapeutic oligonucleotides. So far, prominent chemical 

modifications that have been granted approval for clinical usage include PS [96], used in 

Vitravene, Kynamro, and Spinraza; 2'-OMe [53, 54, 97-99], used in Macugen and Onpattro; 

2'-Fluoro (2'-F) [53, 54, 97-99], used in Macugen; 2'-O-methoxyethyl (2'-OMOE) [100], used 

in Kynamro and Spinraza; and PMO [101], used in Exondys 51 and Vyondys 53 [2-4]. Of 

these, 2'-OMe and PMO have been explored extensively for AO-mediated splice modulation. 

In addition, several other analogues such as LNA [72, 102, 103], unlocked nucleic acid (UNA) 

[104], PNA [105], SNA [67], tcDNA [106], TINA [107], HNA [70], CeNA [70], and ANA 

[70] have also been investigated in splice modulation. Recently, nucleobase-modified AOs 
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containing 2-thioribothymidine, and 5-(phenyltriazol)-2'-deoxyuridine nucleotides have been 

reported to induce exon skipping in DMD model systems [108]. 

AO-mediated exon skipping has been established as one of the most promising therapeutic 

strategies for treating DMD [16, 87, 89, 109-112]. Skipping the mutation-associated exons 

can restore the dystrophin reading frame and rescue the production of the internally truncated 

but partially functional dystrophin protein. PMO and 2'-OMe-PS-modified AOs have been 

investigated in phase-3 clinical trials for DMD [10, 16, 87, 89, 90, 110-113]. The PMO drugs 

(Exondys 51 and Vyondys 53) have been granted accelerated approval by the US FDA [2-4]. 

In contrast, the 2'-OMe-PS-based candidate (drisapersen) was rejected mainly due to safety 

issues and lack of efficacy [114]. Although PMO-modified oligonucleotides show an 

excellent safety profile, production is not compatible with standard oligonucleotide synthesis 

chemistries for generation as mixmers with other well-known nucleotide analogues, and 

large-scale production of PMOs is challenging due to distinctive synthesis procedures. 

Therefore, it is necessary to evaluate alternatively modified PMO analogues that can be used 

for AO drug development. Towards this goal, herein, we report the synthesis of morpholino 

nucleic acid (MNA) phosphoramidite (Figure 4.2.1.1) and the evaluation of MNA/2'-OMe-

PS mixmer AOs for inducing exon 23 skipping in mdx mouse myogenic cells. 
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Figure 4.2.1.1 Structural representations of: 2'-OMe, PMO, MNA, PMO diamidate and MNA phosphoramidite 
monomer. 

4.2.1.2 Results and discussion: evaluation of melting temperature, exon skipping, and 

cytotoxicity using MNA-modified 2'-OMe-PS AO 

Inspired by the efficacy of PMO candidates to induce exon skipping in DMD and the recent 

clinical benefit of the PMO candidate eteplirsen (Exondys 51), we envisaged the construction 

of a mixmer AO candidate with a morpholino ring on a phosphodiester/phosphorothioate 

backbone (we name this as morpholino nucleic acid, MNA) via standard phosphoramidite 

chemistry. For this purpose, we have synthesized morpholino-urdine (MNA-U) 

phosphoramidite that is compatible with other nucleotide chemistries to synthesize a mixmer 

AO using an oligonucleotide synthesizer.  

In our study, we used DMD as a well characterized model system to evaluate the potential of 

MNA-modified AOs. Two candidates, derived from a previously reported sequence, M23D 
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(+2-18) were synthesized at the one micromole scale: a fully modified 2'-OMe-PS AO 

control and a MNA-modified 2'-OMe-PS mixmer (Table 4.2.1.2) that were designed to target 

Dmd exon 23 carrying a nonsense mutation. The MNA/2'-OMe-PS AO synthesized in this 

preliminary study had one MNA nucleotide at position 10.  

We performed thermal stability experiments for both AOs using the complementary target 

RNA (5’-rAG GUA AGC CGA GGU UUG GCC-3’). Notably, the MNA/2'-OMe-PS duplex 

was found to be less stable (55.4°C) compared to the control 2'-OMe-PS AO (59.8°C) (Table 

4.2.1.2).  

AO names Sequence, 5’→ 3’ direction Tm, °C 

2'-OMe-PS  GGCCAAACCUCGGCUUACCU 59.8 

MNA/2'-OMe-PS GGCCAAACCU
M

CGGCUUACCU 55.4 

MNA nucleotide is represented in bold underlined with a superscript ‘M’ 

Table 4.2.1.2 AO sequences used in this study and their melting temperature. 

To evaluate the efficacy of these AOs, mdx mice H2K myoblasts were propagated as 

previously described [115]. Cells were plated at confluent density and allowed to differentiate 

for 24 hours in low serum medium, prior to transfection. The 2'-OMe-PS and MNA/2'-OMe-

PS AOs were then transfected into differentiated myotubes, complexed with Lipoectin 

transfection reagent at 400 nM concentration, in a 2:1 Lipofectin /AO ratio. Transfected cells 

were incubated for 24 h, cells were harvested and total RNA was extracted, followed by RT-

PCR (SuperScript
®
 III one-step RT-PCR kit and specific primer pair were used to amplify 

exon 20-26) and 2% agarose gel electrophoresis. The results clearly showed that both 

MNA/2'-OMe-PS and the fully modified 2'-OMe-PS AOs induced efficient skipping of exon 

23 (full length band at 901 bp) at a 400 nM concentration by yielding the 688 bp deletion 

product (Figure 4.2.1.2.1A). Densitometry analysis of the gel images was performed to 

determine the percentage of skipped transcript (Figure 4.2.1.2.1B). Specifically, the 2'-OMe-
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PS AO achieved a higher percentage of exon skipping compared with the MNA/2'-OMe-PS 

mixmer AO (Figure 4.2.1.2.1). However, under these conditions, the MNA/2'-OMe-PS 

mixmer AO induced the exon 23 deletion product of 688 bp at a similar yield at 400 nM 

(60%, Figure 4.2.1.2.1), compared to the 2'-OMe-PS AO (61%, Figure 4.2.1.2.1). Notably, 

both AOs showed an additional band at 542 bp, due to the undesired dual exon 22/23 

skipping products (Figure 4.2.1.2.1A). This product was more evident in the case of the 

control 2'-OMe-PS AO (28%, Figure 4.2.1.2.1) compared with the MNA/2'-OMe-PS mixmer 

AO (25%, Figure 4.2.1.2.1). The efficacy of 2'-OMe-PS and the MNA/2'-OMe-PS AOs were 

analysed three times and it was observed that the conventional 2'-OMe-PS was slightly better 

at inducing exon skipping. Although these are very preliminary data, more systematic studies 

are currently underway.  

 

Figure 4.2.1.2.1 PCR analysis (A) and densitometry analysis (B) of exon 23 skipping in cultured mdx myotubes. 
Orange: percentage of exon 23 skipped product. Blue: percentage of dual exon 22/23 skipped product. Grey: percentage of 
full length product. UT: Untreated. 

To evaluate the cytotoxicity of the AOs, we then conducted a cell viability assay using WST-

1 reagent (Sigma, St. Louis, MO, USA). Briefly, the cells were seeded and transfected with 

the AOs (400 nM) as described previously. After 24 h incubation, cells were combined with a 

WST-1 reagent and incubated for 2 h at 37 C, 5% CO2, and the absorbance was measured at 

450 nm wavelength by a plate reader. In general, there was no difference between cells 
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treated with the 2'-OMe-PS AO and the MNA/2'-OMe-PS mixmer, which suggests that both 

AOs did not induce any cytotoxicity under the applied conditions (Figure 4.2.1.2.2). 

 

Figure 4.2.1.2.2 Cell viability assay after 24 h of transfection. UT: Untreated. 

4.2.1.3 Conclusion 

To summarise, we synthesized a morpholino nucleoside-uridine phosphoramidite and 

subsequently a 20-mer MNA-modified 2'-OMe mixmer AO was synthesized to investigate its 

potential in inducing exon 23 skipping in the Dmd gene transcript in mouse myotubes in vitro. 

We showed that the MNA-modified 2'-OMe-PS AO efficiently induced exon 23 skipping in 

parallel with the fully modified 2'-OMe-PS AO control. Although these are only preliminary 

studies, and more detailed investigations are essential for further verification. Based on the 

results to date, we believe that MNA-modified AOs could be used in constructing therapeutic 

antisense oligonucleotides for exon skipping and other antisense mechanisms. 

4.2.2 In vitro comparison between LNA and 2′-OMe modified 2′-F-PS 

chimeric AOs  

4.2.2.1 Introduction 

Apart from new nucleotide analogue design, more practically, AO optimization is focused on 

exploring novel chimeric design of existing analogues. Towards this, Kawasaki et al. 

introduced 2'-F as an attractive ribonucleotide analogue for constructing AOs. In fact, 2'-F-PS 
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AOs showed higher target binding affinity, and nuclease stability [98]. Previous studies have 

also revealed its enhanced capability to induce exon skipping in vitro compared to 2'-OMe-

PS (Figure 4.2.2.1) AOs [53, 54, 98, 99] that may be due to the recruitment of interleukin 

enhancer binding factors 2 and 3 (ILF2/3) by 2'-F AO/pre-mRNA duplex, resulting in 

improved steric block efficiency [53, 54, 99]. However, 2'-F-modified AOs did not reach 

clinical evaluation and the scope of 2'-F-modified AOs needs to be improved by novel design 

approaches. LNA (Figure 4.2.2.1) is another prominent RNA analogue that has been 

successfully investigated in recent studies to induce exon skipping in the dystrophin gene 

transcript [51, 72]. In this study, for the first time we report the design, synthesis and 

evaluation of LNA and 2′-OMe modified 2′-F-PS chimeric AOs based on a previously 

reported AO sequence, M23D (+1-17) to induce exon 23 skipping in DMD mouse myotubes 

in vitro [72]. 

 

Figure 4.2.2.1 Structural representations of 2'-F, 2'-OMe, and LNA monomers on a PS backbone. 

4.2.2.2 Results  

In the present study, we used a previously reported fully modified 2'-OMe-PS 18-mer AO 

sequence, M23D (+1-17) that was designed to induce exon 23 skipping in mouse Dmd 

transcript [72], as a positive control (Table 4.2.2.2). Based on this AO, we systematically 

designed and synthesized a fully modified 2'-F AO on a PS backbone, three 2'-OMe/2'-F-PS 

chimeric AOs, and three LNA/2'-F-PS chimeric AOs that include a gapmer and two mixmers 

designs (Table 4.2.2.2). Two-step systematic evaluation was performed in vitro in mouse 
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myotubes differentiated from H2K mdx myoblasts. Initial evaluation was conducted for all 

AOs at 12.5 nM, 25 nM, and 50 nM concentrations while secondary evaluation was 

performed at lower concentrations (2.5 nM, 5 nM, and 12.5 nM) for the chimeric AOs. In 

general, H2K mdx myoblasts were plated on 24-well plates and incubated for 24 h for 

differentiation. The differentiated myotubes were then transfected with different 

concentrations of the above-mentioned AOs using Lipofectin transfection reagent. Twenty-

four hours after transfection, cells were collected, followed by total cellular RNA extraction, 

and RT-PCR to amplify the dystrophin transcripts across exons 20 to 26, as reported 

previously [93]. The PCR products were separated by electrophoresis on 2% agarose gels, 

prior to image capture (Fusion FX gel documentation system) and densitometry analysis 

using Image J software. The percentages of full length (901bp), exon 23 skipped (688bp), and 

exon 22/23 dual skipped (542bp) products are presented relative to the total amount of the 

dystrophin transcripts. Systematic exon skipping evaluation was performed in duplicate. 

AO name Sequence, 5'→ 3' direction 
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F
U

F
C

F
G

F
GC

F
U

F
U

F
A

F
C

F
C 

2'-OMe/2'-F-PS mixmer 2 G
F
C

F
C

F
A

F
A

F
A

F
C

F
C

F
UC

F
G

F
GC

F
U

F
UA

F
C

F
C 

LNA/2'-F-PS gapmer G
L
C

L
C

F
A

F
A

F
A

F
C

F
C

F
U

F
C

F
G

F
G

F
C

F
U

F
U

F
A

F
C

L
C

L
 

LNA/2'-F-PS mixmer 1 G
L
C

F
C

F
A

F
A

F
A

F
C

L
C

F
U

F
C

F
G

F
G

L
C

F
U

F
U

F
A

F
C

F
C

L
 

LNA/2'-F-PS mixmer 2 G
F
C

F
C

F
A

F
A

F
A

F
C

F
C

F
T

L
C

F
G

F
G

L
C

F
U

F
T

L
A

F
C

F
C

L
 

Table 4.2.2.2 List of AO names and sequences used in this study. 2'-OMe nucleotides are represented underlined, bold 
in blue; 2'-F nucleotides are represented as black characters with superscript F; LNA nucleotides are represented underlined 
and bold, in red with superscript L. All AOs pare on a PS backbone. 
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4.2.2.2.1 Evaluation of 2'-F modified AOs to induce exon skipping in dystrophin 

transcript in H2K mdx mouse myotubes in vitro at 12.5 nM, 25 nM, and 50 nM 

concentrations  

Firstly, we evaluated the exon skipping efficiency of all AOs (Table 4.2.2.2) in vitro at three 

different concentrations (12.5 nM, 25 nM, and 50 nM). The results demonstrated that all AOs 

are capable of inducing variable, but efficient exon skipping (Figures 4.2.2.2.1.1: agarose 

gel images and densitometries of each repetition; 4.2.2.2.1.2: averaged densitometry 

with error bars). In line with a previous report [72], the 2'-OMe-PS control AO induced 

efficient exon 23 skipping, yielding the skipped product of 688 bp at all concentrations (43% 

at 12.5 nM, 47% at 25 nM, and 51% at 50 nM; Figure 4.2.2.2.1.2A). Interestingly, the fully 

modified 2'-F-PS AO showed higher exon 23 skipping at 12.5 nM (50%) compared to the 

control AO (43%), but the efficiency reduced to 44% at 25 nM and remained at 51% at 50 

nM. However, the 2'-F-PS AOs showed the undesired exon 22/23 dual skipping product of 

542 bp at a higher yield at 25 nM (35%) compared to 2'-OMe-PS AO (27%) (Figure 

4.2.2.2.1.2A).  

All mixmer and gapmer AOs achieved the highest exon 23 skipping at 25 nM or 50 nM, 

(Figure 4.2.2.2.1.2B and C). Notably, the LNA/2'-F-PS mixmer 2 yielded the highest level 

of exon 23 skipping (63%) (Figure 4.2.2.2.1.2C) compared to all other AOs (42-53%) at 50 

nM concentration (Figure 4.2.2.2.1.2). Surprisingly, a significant drop in the exon 23 skipped 

product was observed after transfection with 12.5 nM of the 2'-OMe/2'-F-PS gapmer, which 

induced only 26% (Figure 4.2.2.2.1.2B) skipping while other AOs achieved 43-56% of 

skipping at this concentration (Figure 4.2.2.2.1.2). Direct comparison between the 2'-

OMe/2'-F-PS and the corresponding LNA/2'-F-PS gapmer and mixmer AOs indicated that the 

LNA/2'-F-PS AOs achieved higher exon 23 skipping efficiency at various concentrations. For 

instance, at 25 nM concentration, exon 23 skipping induced by LNA/2'-F gapmer (58%) was 

higher than 2'-OMe/2'-F gapmer (42%), LNA/2'-F mixmer 1 (54%) was higher than 2'-



140 
 

OMe/2'-F mixmer 1 (46%), and LNA/2'-F mixmer 2 (51%) was higher than 2'-OMe/2'-F 

mixmer 2 (50%). Furthermore, at all concentrations, each type of LNA/2'-F mixmers 

(mixmer 1: 31% at 12.5 nM, 35% at 25 nM; mixmer 2: 19% at 12.5 nM, 27% at 25 nM, 22% 

at 50 nM) induced the unwanted exon 22/23 dual skipping than its corresponding 2'-OMe/2'-

F mixmers (mixmer 1: 39% at 12.5 nM, 37% at 25 nM; mixmer 2: 37% at 12.5 nM, 36% at 

25 nM, 40% at 50 nM) except mixmer 1 AOs at 50 nM (LNA/2'-F mixmer 1: 46%; 2'-

OMe/2'-F mixmer 1: 39%). 
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Figure 4.2.2.2.1.1 Agarose gel analysis of RT-PCR products (two repetitions) and corresponding densitometry 
analysis of each repetition showed exon 23 and exon 22/23 dual skipping in mdx mouse H2K myotubes in vitro. 
Concentrations of AOs used include 12.5 nM, 25 nM, and 50 nM. (A1, 2) Fully modified 2'-OMe-PS control AO and fully 
modified 2'-F-PS AO; (B1, 2) 2'-OMe modified 2'-F-PS AO chimeras including 2'-OMe/2'-F-PS gapmer, 2'-OMe/2'-F-PS 
mixmer 1, and 2'-OMe/2'-F-PS mixmer 2; (C1, 2) LNA modified 2'-F-PS AO chimeras including LNA/2'-F-PS gapmer, 
LNA/2'-F-PS mixmer 1, and LNA/2'-F-PS mixmer 2. 
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Figure 4.2.2.2.1.2 Densitometry analysis of RT-PCR products (in duplicate) showed exon 23 and exon 22/23 dual 
skipping in AO transfected (12.5 nM, 25 nM, and 50 nM) mdx mouse H2K myotubes in vitro. (A) Fully modified 2'-
OMe-PS control AO and fully modified 2'-F-PS AO; (B) 2'-OMe modified 2'-F-PS AO chimeras including 2'-OMe/2'-F-PS 
gapmer, 2'-OMe/2'-F-PS mixmer 1, and 2'-OMe/2'-F-PS mixmer 2; (C) LNA modified 2'-F-PS AO chimeras including LNA/2'-
F-PS gapmer, LNA/2'-F-PS mixmer 1, and LNA/2'-F-PS mixmer 2.  

4.2.2.2.2 Evaluation of chimeric AOs to induce exon skipping in the dystrophin 

transcript in H2K mdx mouse myotubes in vitro at 2.5 nM, 5 nM, and 12.5 nM 

concentrations 

To further explore the ability of the 2'-F modified chimeric AOs in inducing exon skipping, 

we transfected all chimeric AOs (2'-OMe/2'-F-PS chimeras and LNA/2'-F-PS chimeras) 

(Table 4.2.2.2) at lower concentrations (2.5 nM, 5 nM, and 12.5 nM) together with 2'-OMe-
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PS control. In general, all AOs yielded efficient exon 23 skipped products in a dose-

dependent manner, except the 2'-OMe/2'-F gapmer (Figures 4.2.2.2.2.1: agarose gel images 

and densitometries of each repetition; 4.2.2.2.2.2: averaged densitometry with error 

bars). Furthermore, all 2'-F modified chimeras achieved higher exon 23 skipping efficiency 

than the 2'-OMe-PS control at all concentrations except 2'-OMe/2'-F gapmer at 12.5 nM (2'-

OMe/2'-F gapmer: 20%; 2'-OMe-PS control: 33%) (Figure 4.2.2.2.2.2). Notably, at 12.5 nM, 

LNA/2'-F-PS gapmer achieved the highest level of exon 23 skipping (51%) (Figure 

4.2.2.2.2.2C) in comparison to all other chimeric AOs (20-48%) (Figure 4.2.2.2.2.2B, C). It 

was also noted that LNA/2'-F chimeric AOs achieved higher or comparable exon 23 skipping 

efficiency compared with the corresponding 2'-OMe/2'-F chimeric AO at all concentrations 

except LNA/2'-F mixmer 2 at 2.5 nM (LNA/2'-F mixmer 2: 18%; 2'-OMe/2'-F mixmer 2: 

24%) (Figure 4.2.2.2.2.2B, C). The percentage of exon 23 skipping induced by LNA/2'-F 

gapmer (33% at 2.5 nM, 40% at 5 nM, 51% at 12.5 nM) was higher than 2'-OMe/2'-F gapmer 

(14% at 2.5 nM, 26% at 5 nM, 20% at 12.5 nM); LNA/2'-F mixmer 1 (33% at 2.5 nM, 40% 

at 5 nM, 48% at 12.5 nM) was higher than 2'-OMe/2'-F mixmer 1 (31% at 2.5 nM, 34% at 5 

nM, 39% at 12.5 nM); and LNA/2'-F mixmer 2 (32% at 5 nM, 44% at 12.5 nM) was higher 

than or equivalent to 2'-OMe/2'-F mixmer 2 (32% at 5 nM, 41% at 12.5 nM). In addition, at 

all concentrations (2.5nM, 5nM, 12.5 nM), LNA/2'-F mixmers (mixmer 1: 15%, 18%, 27%; 

mixmer 2: 16%, 13%, 22%) induced less undesired exon 22/23 dual skipping than their 

corresponding 2'-OMe/2'-F mixmer (mixmer 1: 23%, 29%, 35%; mixmer 2: 29%, 33%, 34%) 

(Figure 4.2.2.2.2.2B, C). Interestingly, exon 22/23 dual skipping was not evident in the case 

of 2'-OMe/2'-F-PS gapmer at 2.5 nM and 5 nM (Figures 4.2.2.2.2.1B, 4.2.2.2.2.2B). 

To further evaluate the optimal design of the AO, we compared the exon skipping efficiency 

between the gapmer and two mixmer chimeric AOs. The results demonstrated that at all 

concentrations (2.5 nM, 5 nM, 12.5 nM), the 2'-OMe/2'-F mixmer chimeras achieved higher 
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exon 23 skipping efficiency than the 2'-OMe/2'-F gapmer chimeras (Figures 4.2.2.2.2.1B, 

4.2.2.2.2.2B), however, the LNA/2'-F gapmer induced higher or comparable exon 23 

skipping compared with the LNA/2'-F mixmers. That is, exon 23 skipping induced by 2'-

OMe/2'-F mixmers (mixmer 1: 31% at 2.5 nM, 34% at 5 nM, 39% at 12.5 nM; mixmer 2: 24% 

at 2.5 nM, 32% at 5 nM, 41% at 12.5 nM) was higher than 2'-OMe/2'-F gapmer (14% at 2.5 

nM, 26% at 5 nM, 20% at 12.5 nM) (Figure 4.2.2.2.2.2B); while exon 23 skipping induced 

by LNA/2'-F gapmer (33% at 2.5 nM, 40% at 5 nM, 51% at 12.5 nM) was higher than or 

comparable to that induced by the LNA/2'-F mixmers (mixmer 1: 33% at 2.5 nM, 40% at 5 

nM, 48% at 12.5 nM; mixmer 2: 18% at 2.5 nM, 32% at 5 nM, 44% at 12.5 nM) (Figure 

4.2.2.2.2.2C). On the other hand, LNA/2'-F mixmers induced less of the unwanted exon 

22/23 dual skipped product than LNA/2'-F gapmer. Therefore, exon 22/23 skipping induced 

by LNA/2'-F mixmers (mixmer 1: 15% at 2.5 nM, 18% at 5 nM, 27% at 12.5 nM; mixmer 2: 

16% at 2.5 nM, 13% at 5 nM, 22% at 12.5 nM) was lower than LNA/2'-F gapmer (21% at 2.5 

nM, 27% at 5 nM, 28% at 12.5 nM) (Figure 4.2.2.2.2.2C). 
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Figure 4.2.2.2.2.1 Agarose gel analysis of RT-PCR products (two repetitions) and corresponding densitometry of 
Dmd transcript products from AO treated mdx mouse myotubes in vitro.  Concentrations of AOs used include 2.5 
nM, 5 nM, and 12.5 nM. (A1, 2) Fully modified 2'-OMe-PS control AO; (B1, 2) 2'-OMe modified 2'-F-PS AO chimeras 
including 2'-OMe/2'-F-PS gapmer, 2'-OMe/2'-F-PS mixmer 1, and 2'-OMe/2'-F-PS mixmer 2; (C1, 2) LNA modified 2'-F-PS 
AO chimeras including LNA/2'-F-PS gapmer, LNA/2'-F-PS mixmer 1, and LNA/2'-F-PS mixmer 2. 
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Figure 4.2.2.2.2.2 Densitometry analysis of the Dmd RT-PCR products (in duplicate) derived from AO transfected 
(2.5 nM, 5 nM, and 12.5 nM) mdx mouse myotubes in vitro. (A) Fully modified 2'-OMe-PS control AO; (B) 2'-OMe 
modified 2'-F-PS AO chimeras including 2'-OMe/2'-F-PS gapmer, 2'-OMe/2'-F-PS mixmer 1, and 2'-OMe/2'-F-PS mixmer 2; 
(C) LNA modified 2'-F-PS AO chimeras including LNA/2'-F-PS gapmer, LNA/2'-F-PS mixmer 1, and LNA/2'-F-PS mixmer 2.  

4.2.2.2.3 Evaluation of in vitro cytotoxicity of the 2'-F modified AOs  

Safety is crucial for any clinically relevant therapeutic drug. Therefore, we performed 

cytotoxicity evaluation for all 2'-F modified AOs by conducting WST-1 reagent-based cell 

viability assay. Briefly, mouse myoblasts were seeded and differentiated into myotubes, 

followed by transfecting with the AOs (50 nM and 12.5 nM). The untreated groups were not 

transfected with an AO but were incubated with only the Lipofectin reagent. The cells were 
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then incubated with WST-1 reagent at a ratio of 1:10 (v/v) at 37°C, 5% CO2 for 4 h. 

Cytotoxicity was determined by measuring the absorbance at 450 nm wavelength. In general, 

all 2'-F modified AOs did not show any significant cytotoxicity in comparison to the fully 2'-

OMe-PS control (Figure 4.2.2.2.3). Notably, at 12.5 nM, LNA modified 2'-F chimeras 

showed higher viability than 2'-OMe modified 2'-F chimeras. On the other hand, 2'-OMe/2'-

F-PS mixmer 2 demonstrated lower viability than the other AOs at both concentrations, 

which may be due to the positioning of the 2'-OMe nucleotides, as the 2'-OMe/2'-F-PS 

mixmer 1 achieved higher cell viability at both concentrations (Figure 4.2.2.2.3). 

 

Figure 4.2.2.2.3 Cell viability assay (in duplicate) of 2'-F modified AOs.  

4.2.2.2.4 Evaluation of in vitro nuclease stability of the 2'-F modified AOs  

To gain greater insight into the AO stability, we then performed the nuclease degradation 

assay on all the 2'-F modified AOs in comparison to the fully 2'-OMe-PS control. In short, 

AOs were incubated with Phosphodiesterase I from Crotalus adamanteus venom that 
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possesses very high exonuclease activity at 37°C, for 0, 1, 2, 4, and 6 h. Samples were 

collected at the specified timepoints and quenched with formamide loading buffer, followed 

by denaturation at 95°C for 5 min. Next, 20% denaturing polyacrymide gel analysis was 

performed and the results were assessed by image capture (Fusion FX Gel documentation 

system) and analysis using ImageJ. All 2'-F modified AOs demonstrated high stability under 

the applied conditions, compared to the fully 2'-OMe-PS control (Figure 4.2.2.2.4). Not 

surprisingly, all the LNA/2'-F-PS chimeras showed higher nuclease resistance than the AOs 

without LNA modification (Figure 4.2.2.2.4). In addition, the gapmer chimeras showed 

higher stability than the mixmer chimeras. 

 

Figure 4.2.2.2.4 Nuclease stability analysis of 2'-F modified AOs.  

4.2.2.3 Discussion  

The first attempt to study 2'-F modified AOs was reported in 1993 when Kawasaki et al. 

found that 2'-F modification enhanced the target binding affinity of an AO to their 

complementary RNA compared, to 2'-OMe modified AOs, and showed excellent nuclease 

stability [98]. Two decades later, Rigo and colleagues discovered a unique property of the 2'-

F modified AO/target pre-mRNA duplex that is able to recruit the ILF2/3 proteins, resulting 

in exon 7 skipping of SMN2 mRNA in a SMA model system [99]. Building upon this finding, 

Aartsma-Rus and coworkers compared the exon skipping capability of the fully 2'-F-PS and 

fully 2'-OMe-PS AOs in targeting DMD, and showed that 2'-F-PS AO induced higher human 
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exon 53 and mouse exon 23 skipping in vitro [53, 54]. This finding was not surprising, as 2'-

F modification has many advantages, proven by Kawasaki et al. and Rigo et al. [98, 99], 

however, the 2'-F-PS AO was less efficient than 2'-OMe-PS in vivo and induced toxicity in 

mice [54]. Thus, their results did not support clinical use of 2'-F-PS AOs [54]. 

In an attempt to improve the therapeutic potential of 2'-F modified AOs, we incorporated 2'-

OMe-PS and LNA-PS nucleotides into an 18-mer 2'-F-PS AO sequence that contained either 

four 2'-OMe or LNA nucleotides in the sequence designed to target Dmd exon 23 in mdx 

mouse H2K myotubes (Table 4.2). The efficacies of the AOs were first evaluated at higher 

(12.5 nM, 25 nM, 50 nM), and then lower concentrations (2.5 nM, 5 nM, 12.5 nM); in 

addition to performing cytotoxicity and nuclease stability analysis. 

Fully modified 2'-F-PS AO induced higher exon 23 skipping than the fully modified 2'-OMe-

PS control at 12.5 nM, and both of them indicated similar exon 23 skipping efficiency on 

higher concentrations (25 nM, 50 nM), in line with the Aartsma-Rus et al. finding that 2'-F-

PS AO induced minimal increases in exon 23 skipping when compared to 2'-OMe-PS AO in 

vitro [100]. In general, chimeric 2'-F-PS AOs induced efficient exon 23 skipping. Each of the 

LNA/2'-F-PS chimeras achieved higher or comparable exon 23 skipping relative to their 

corresponding 2'-OMe/2'-F-PS counterparts (LNA/2'-F-PS gapmer > 2'-OMe/2'-F-PS gapmer, 

LNA/2'-F-PS mixmer 1 ≥ 2'-OMe/2'-F-PS mixmer 1, LNA/2'-F-PS mixmer 2 > 2'-OMe/2'-

F-PS mixmer 2), indicating that LNA modification may possess better exon 23 skipping 

capability than 2'-OMe AO on a 2'-F-PS platform. Notably, at 50 nM, LNA/2'-F-PS mixmer 

2 achieved the highest exon 23 skipping over other AOs, and, 2'-OMe/2'-F-PS gapmer 

induced the least exon 23 skipping compared to the other compounds at 12.5, 25, and 50 nM, 

suggesting that the positioning of LNA or 2'-OMe analogues also affects exon skipping 

efficiency. Interestingly, at 12.5 and 25 nM concentrations, the LNA/2'-F mixmers induced 

less of the unwanted exon 22/23 dual skipping product than their corresponding 2'-OMe/2'-F 
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mixmers, suggesting that LNA/2'-F mixmers may be a better tool for exon skipping 

application than 2'-OMe/2'-F mixmers.  

At lower concentrations (2.5 nM, 5 nM, 12.5 nM), all 2'-OMe/2'-F mixmer AOs showed 

higher exon 23 skipping than their gapmer counterpart at all three concentrations, while 

LNA/2'-F gapmer AO showed higher or comparable exon 23 skipping in comparison to its 

mixmer counterparts. This further suggests that the positioning of 2'-OMe or LNA 

nucleotides on a 2'-F-PS platform affects exon skipping efficiency. On the other hand, each 

of the LNA/2'-F-PS chimeras achieved higher or comparable exon 23 skipping compared 

with their corresponding 2'-OMe/2'-F-PS counterparts at 5 nM and 12.5 nM (LNA/2'-F-PS 

gapmer > 2'-OMe/2'-F-PS gapmer, LNA/2'-F-PS mixmer 1 > 2'-OMe/2'-F-PS mixmer 1, 

LNA/2'-F-PS mixmer 2 > 2'-OMe/2'-F-PS mixmer 2). This is consistent with previous 

experiments, and confirmed that LNA modification can result in higher exon 23 skipping 

than 2'-OMe on a 2'-F-PS platform. Furthermore, similar to the observation at higher 

concentrations (12.5 nM, 25 nM, 50 nM), the LNA/2'-F mixmers induced less of the exon 

22/23 dual skipping than its corresponding 2'-OMe/2'-F mixmers at all concentrations, which 

further confirmed that LNA/2'-F mixmers may be preferable to 2'-OMe/2'-F mixmers for 

exon skipping application. 

In addition, cell viability assay performed to assess the cytotoxicity of the AOs showed that 

all 2'-F modified chimeric AOs achieved comparable cytotoxicity profiles in comparison to 

their fully 2'-OMe-PS control and the fully modified 2'-F-PS AO. Notably, the LNA/2'-F-PS 

chimeras showed better safety profiles than the 2'-OMe/2'-F-PS chimeras, and the 2'-OMe/2'-

F-PS mixmer 2 appeared to be the most toxic AO of those studies. This suggests that 

nucleotide positioning can be important in optimizing AO toxicity, although further 

evaluation in in vivo models are required. Nuclease stability assay demonstrated that fully 2'-

F-PS AO and 2'-OMe/2'-F-PS chimeras possess similar stability to the fully 2'-OMe-PS 
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control in vitro. Not surprisingly, LNA/2'-F-PS chimeras were more stable than the other 

AOs without LNA modification. In addition, LNA/2’-F-PS gamper showed higher nuclease 

resistance than the corresponding mixmer chimeras. This phenomenon highlights a better 

protection effect of gapmer design than other mixmer designs. In fact, gapmer design has 

been regularly used to protect AOs from nuclease attack, for example, 5-10-5 MOE gapmer 

design has been predominantly used by Ionis pharmaceuticals. Moreover, the company has 

developed 5-10-5 LNA gapmer AOs for targeting different disease-causing genes as well. 

The principles underlying this phenomenon (gapmer design possesses higher nuclease 

protection that mixmer design) is that nuclease attacks AO sequence from its 5’ end instead 

of other positions in the sequence. 

4.2.2.4 Conclusion  

In conclusion, 2'-F-PS modified AOs induce higher Dmd exon 23 skipping efficiency than 

fully 2'-OMe-PS AO. Introduction of LNA nucleotides into the 2'-F-PS sequence further 

improved exon 23 skipping efficiencies, while not compromising cell viability and nuclease 

stability, in comparison to the 2'-OMe/2'-F-PS chimeras. In addition, mixmer designs of 2'-

OMe/2'-F chimeras achieved higher efficiency of exon 23 skipping than their gapmer 

counterparts, while the gapmer design of LNA/2'-F chimeras achieved higher efficiency of 

exon 23 skipping than their mixmer counterparts.  Collectively, our findings expand the 

scope of utilizing 2'-F modified AOs in splice modulation applications by constructing 2'-

OMe and LNA-modified 2'-F-PS chimeras. Specifically, we suggest that development of 

LNA modified 2'-F-PS mixmer or gapmer chimeric AOs may present a promising therapeutic 

strategy for DMD. 

4.3 Overall discussions and conclusions  
This chapter presents the work on design, synthesis and evaluation of chimeric AOs 

containing novel nucleotide analogues for inducing splice modulation in H2K mdx myogenic 
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cells, using DMD as a disease model. The 2'-OMe, MNA, 2'-F, and LNA analogues were 

utilized as building blocks for chimeric AO construction. The capability of inducing exon 

skipping, cytotoxicity, and/or nuclease stability, and/or thermal stability of different 

chemically modified AO mixmers were tested in vitro, compared with their fully modified 2'-

OMe-PS counterparts as a control. In conclusion, the findings in this chapter expand the 

scope of utilizing nucleic acid analogues in splice modulation applications by constructing 

AO chimeras, and demonstrates the feasibility of using these analogues for the purpose of 

AO optimization, in terms of improved splice modulating efficacy, safety, and stability. 

Further, evaluation of chimeric AOs in animal models should be conducted in the future in 

order to gain additional insights into their in vivo performance and pharmacokinetics. 
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Appendix A: Supplementary data for 

Chapter 2 
 

 

Supplementary figure 4.3.1.1 Screening of AO1-8 in Huh-7 cell line at 400 nanomolar 

concentration. S: scrambled sequence, UT: untreated, NC: negative control, Imax: RNAiMAX, pro: 

Metafectene® PRO, si: Metafectene® SI+. 
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Supplementary figure 4.3.1.2 Screening of AO9-16 in Huh-7 cell line using RNAiMAX reagent in 

Huh-7 cell line at 400 nanomolar concentration. S: scrambled sequence, UT: untreated, NC: 

negative control.  

 

 

 

 

 

 

 

 

 

 

 

 

 



168 
 

 

Supplementary figure 4.3.1.3 Screening of AO17-30 in Huh-7 cell line using RNAiMAX reagent in 

Huh-7 cell line at 400 nanomolar concentration. S: scrambled sequence, UT: untreated, NC: 

negative control.  
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Supplementary figure 4.3.3.1 Comparison of exon-2 skipping efficiency between mouse Ptpn1 

targeting AOs and human PTPN1 targeting AOs in mouse AML-12 cells at 400 nM concentration. 

UT: untreated, NC: negative control.  
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Appendix B: Publications 

 
First Author and co-author publications (up to 28

th
 May 2020). 

 

Publications from this thesis are listed in chronological order. 

 

The first page of each publications is shown.  
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