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Introduction  
 

  The advances in molecular biology and biotechnology in the recent years have 

greatly enhanced the understanding of disease pathogenesis and various 

molecular-targeted drugs have been developed. Many of the currently approved 

molecular targeted drugs are low-molecular compounds or antibody drugs. In 

particular, 19 antibody drugs have been approved for the treatment of diseases such 

as cancer, autoimmune diseases and transplant rejections and there are many more in 

various stages of clinical trials1. However, one problem with antibody drugs is that 

there are many targets that cannot create an antibody. Therefore, the development of 

an improved molecular-targeted drug is urgently required. In recent years, 

tailor-made therapy that provides the optimum treatment for each individual has 

been attracting attention. Nucleic acids are becoming increasingly important as 

tailor-made therapeutic molecules mainly for the ease with which specificity for a 

vast range of targets of these drugs is achieved. Therefore nucleic acid-based drugs 

are a promising successor to antibody drug.  

 

 

Chemical synthesis of oligonucleotide 
 

  With the development of synthetic oligonucleotides technologies oligonucleotides 

can now be synthesized easily in bulk using DNA and RNA synthesizers. The 

presently widely used chemical biology, which was formulated by Robert Letsinger 

and further developed by Marvin Caruthers, is known as the phosphoramidite 

method2-5. The technique is extremely useful in the synthesis of nucleic acid-based 

drugs. This reaction sequence adds a single nucleotide to a growing oligonucleotide 

chain as follows (Scheme 1). 
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Step 1: Detritylation  

  The dimethoxytrityl (DMTr) protecting group at the 5’ end of the growing 

oligonucleotide chain (which is anchored via a linking group at the 5’ end to a solid 

support) is removed with an acid solution, such as 2% trichloroacetic acid (TCA) in 

dichloromethane.  

 

Step 2: Coupling 

  The newly liberated 5’ end of the oligonucleotide is coupled to the 

3’-phosphoramidaite derivative of the next deoxynucleoside to be added to the chain. 

Nucleoside phosphoramidite in acetonitrile is activated by a 0.2–0.7 M solution of 

an acidic azole catalyst (e.g. 1H-tetrazole).  

 

Step 3: Capping 

  Any unreacted 5’ end is capped by acetylation so as to block its extension in 

subsequent coupling reactions. This prevents the extension of erroneous 

oligonucleotides. 

 

Step 4: Oxidation 

  In the coupling step the next desired base is added to the previous base, which 

results in an unstable phosphite linkage. To stabilize this linkage a solution of dilute 

iodine in water, pyridine, and tetrahydrofuran is added to the reaction column. The 

phosphite trimester group is oxidized to form a much more stable phosphotriester, 

thereby yielding a chain that has been lengthened by one nucleotide. This reaction 

sequence, in commercially available automated synthesizers, can be repeated up to ~ 

150 times with a cycle time of 20 min or less. Once an oligonucleotide of the desired 

sequence has been synthesized, it is released from its support and its various 

blocking groups, including those on the bases, are removed. The product can then be 

purified by high performance liquid chromatography (HPLC) or gel electrophoresis. 
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Scheme 1. The reaction cycle in the phosphite-triester method of oligonucleotide 

synthesis. 
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Nucleic acid-based drugs  
 

  With the successful sequencing of the human genome by the Human Genome 

Project6,7 , a host of candidate genes have emerged with possible roles in the 

causation, prevention, and/or treatment of human diseases. It is estimated that over 

10,000 human diseases have genetic abnormalities as the underlying cause8. 

Furthermore, recent mutations in RNA seem to be responsible for several diseases9. 

For these reasons, it is important to study nucleic acid drugs. Several agents mediate 

the suppression of mRNA translation. Ribozymes are one of the nucleic acid drugs 

and are catalytically active oligonucleotides. These enzymes downregulate gene 

expression by not only binding, but also cleaving, the target RNA10. The possibility 

of designing ribozymes to cleave a specific target RNA has rendered them useful 

tools in basic studies, however therapeutic applications are only now being found, 

most likely due to the efficacy results11. Small interfering RNAs (siRNAs) are short 

double-stranded RNA molecules that induce sequence specific gene silencing. 

siRNA is highly specific and efficient, requiring much smaller doses to achieve 

effective silencing. Currently there is no approved siRNA-based drug, although 

there are many compounds in development. On the other hand, aptamers and 

antisense oligonucleotides have reached the stage of clinical trials and Fomivirsen 

has been approved by the FDA for use in humans for the treatment of 

Cytomegalovirus (CMV) retinitis12. As some nucleic acid-based drugs have already 

been put to practical use, many researchers in academia and pharmaceutical 

companies are studying gene therapy. In this doctoral thesis, the author describes the 

study of stimuli responsive nucleic acid-based drugs. 
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Ribozyme 
  Ribozymes are catalytic RNA molecules capable of cleaving themselves or other 

RNA molecules13. Ribozymes were discovered in 1981 by Cech et al. 14 Shortly 

thereafter, Altman and coworkers discovered the active role of the RNA component 

of RNase P in the process of tRNA maturation 15. This was the first characterization 

of a true RNA enzyme that catalyzes the reaction of a free substrate. The most 

commonly studied types of ribozymes, hammerhead and hairpin (Fig. 1), are small 

(<100 nt in the catalytic core) and feature catalytic activities that require the 

involvement of Mg2+ or other divalent ions as cofactors16. Using base-pairing and 

tertiary interactions to help align the cleavage site within the catalytic core, these 

ribozymes cleave only at a specific location17-19. Once the target RNA is cleaved, the 

ribozymes dissociate and recycle themselves. This makes them very effective gene 

silencing agents. The therapeutic effectiveness of ribozymes was first shown in 

experiments in which the mRNA of the oncogenes Ras and Bcr–Abl was cleaved in 

test tubes and in transfected cells 20,21. However, ribozyme have low in vivo efficacy 

and improved cellular localization stratified is needed to produce. 
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Figure 1. The structures of: a. the hammerhead ribozyme, b. the hairpin ribozyme. 
X represents any nucleotide. 

 

 

siRNA 
  Interference of gene expression by exogenous double-stranded RNA was first 

discovered in 1998. by Fire et al., and the mechanism of action is called RNA 

interference (RNAi)22. In 1999, silencing in plants was shown to be accompanied by 

the appearance of ~20–25 nt RNAs that match the sequence of the silencing trigger 
23. Very shortly thereafter, the direct conversion of dsRNAs into~21–23 nt siRNAs 

was reported. RNA interference is initiated by long double-stranded RNA molecules, 

which are processed into 21–23 nucleotides long RNAs by the Dicer enzyme (Fig. 

2). This RNase III protein is thought to act as a dimer that cleaves both strands of 

dsRNAs and leaves two-nucleotide, 3’ overhanging ends. These small interfering 

RNAs (siRNAs) are then incorporated into the RNA-induced silencing complex 

(RISC), a protein/RNA complex, and guide a nuclease, which degrades the target 

RNA.  
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Figure 2. Gene silencing by RNA interference (RNAi). RNAi is triggered by 
siRNAs,which can by generated in three ways. (I) Long double-stranded RNA molecules are 
processed into siRNA by the Dicer enzyme; (II) chemically synthesized or in vitro transcribed 
siRNA duplexes can be transfected into cells; (III) the siRNA molecules can be generated in vivo 
from plasmids,retroviral vectors or adenoviruses. The siRNA is incorporated into the RISC and 
guides a nuclease to the target RNA. (Eur. J. Biochem. 2003, 270, 1628−1644.) 

 

 

This conserved biochemical mechanism could be used to study gene functions in a 

variety of model organisms, but its application to mammalian cells was hampered by 

the fact that long double-stranded RNA molecules induce an interferon response. In 

a revolutionary breakthrough, when Tuschl and coworkers showed that 21 

nucleotide-long siRNA duplexes with 3’ overhangs could specifically suppress gene 

expression in mammalian cells 24. This finding triggered many studies using RNAi 

in mammalian cells, as it is thought to provide a significantly higher potency. 
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Aptamer 
Nucleic acid aptamers: Nucleic acid aptamers are single-stranded nucleic acids that 

have been selected from random pools based on their ability to bind target proteins25. 

This selection procedure has been called SELEX (Systematic Evolution of Ligands 

by EXponential Enrichment). The SELEX process normally starts with a large 

population (1013-1016) of single-stranded nucleic acid molecules and is followed by 

multiple rounds of processes that utilize PCR to specifically amplify sequences 

having high binding affinity to a target. Aptamers as therapeutics would most likely 

bind proteins involved in the regulation and expression of genes. In 2004, the first 

aptamer based therapeutic drug, Pegaptanib sodium (Macugen; Eyetech 

Pharmaceuticals/Pfizer) was approved by FDA (Fig. 3). Pegaptanib sodium is an 

RNA aptamer medicine for the treatment of neovascular (Wet) 

age-related macular degeneration (AMD)26. This aptamer drug is directed against 

vascular endothelial growth factor (VEGF)-165, the VEGF isoform primarily 

responsible for pathological ocular neovascularization and vascular permeability. 

Many other aptamer based drugs are being evaluated in clinical trials.  
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Figure 3. Structure of Pegaptanib sodium 
(Fraunfelder, F.W. Pegaptanib for wet macular degeneration Drugs Today 2005, 41(11): 703 
ISSN 1699-3993) 
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Antisense oligonucleotide  
 
Antisense Mechanisms: Antisense oligonucleotides are valuable tools for 

selectively inhibiting target gene expression. The potential of oligodeoxynucleotides 

to act as antisense oligonucleotides that inhibit Rous sarcoma viral replication and 

cell transformation was discovered by Zamecnik and Stephenson in 197827. In 

general, Antisense oligonucleotides are relatively short (13–25 nucleotides) and 

hybridize to not only mRNA but also microRNA (miRNA) present in cells. The 

antisense mechanism to inhibit gene expression can be broadly divided into two 

distinct categories (Fig. 4). The first category is RNase H-mediated cleavage of the 

target mRNA after hybridization of the antisense28. The second category is the 

RNase H-independent mechanisms that rely on steric block of translation29.  

 

Figure 4. Action mechanism of antisense oligonucleotides 
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MicroRNA (miRNA): miRNA is an endogenously-encoded, post-transcriptional gene 

regulator. miRNAs inhibit gene expression by binding in the 3’ UTR of target 

mRNAs with complementarity sequences and preventing protein translation or 

promoting mRNA degradation30. Aberrant miRNA expression leads to 

developmental abnormalities and diseases, such as cardiovascular disorders and 

cancer; however, the stimuli and processes regulating miRNA biogenesis are largely 

unknown31. Much of the progress in understanding the miRNA function to date has 

been from inhibition studies with antisense oligonucleotides. 

 

Artificial Oligonucleotide 

 
Although it is easy to synthesize phosphodiester antisense oligonucleotides, they are 

rapidly degraded by intracellular endonucleases and exonucleases32-34. In addition, 

the products of enzymatic degradation of the phosphodiester oligonucleotides, 

deoxyribonucleoside-5’-phosphate (dNMP) mononucleotides, may be cytotoxic and 

also exert antiproliferative effects35. Therefore, many chemical modifications (Fig. 

5) have been developed to overcome these problems. 

 
Methylphosphonate modified oligonucleotides: 

Methylphosphonate modified oligonucleotides are 

nuclease resistance oligomers, in which a non-bridging 

oxygen atom is replaced by a methyl group at each 

phosphorus in the oligonucleotide chain36. These 

compounds are not negatively charged, which facilitates 

their cellular uptake37,38. However, the absence of a 

negative charge also reduces their low solubility in water. 

Besides, stereoisomers of methylphosphonate linkages 

destabilize the hybrids between methylphosphonate-modified oligonucleotides and 

Methylphosphonate,
Oligonucleo2de,�
�
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the target RNA. Moreover, methylphosphonate modified oligonucleotides cannot 

invoke RNase H activity39. These features severely restrict their use as antisense 

molecules.  

 

Phosphorothioates oligonucleotides:   

Phosphorothioates oligonucleotides were first synthesized in 

the 1960s by De Clercq et al40. In these oligonucleotide 

analogs, one of the non-bridging oxygen atoms in the 

phophodiester bond is replaced by sulfur. The 

phosphorothioate oligonucleotides have a good solubility in 

water, highly nuclease stability and RNase H activity. As 

phosphorothioate modification is relatively easy to 

synthesize, these compounds are one of the most widely 

studied oligonucleotides. Although phosphorothioate 

oligonucleotides have many attractive features as antisense oligonucleotides, there 

are potential limitations do exist with these compounds. The major problems with 

commonly used phosphorothioates oligonucleotides are the toxicity at high 

concentration and their low affinity towards target RNA due to their diastereomer 

formation41.  

 

2’-O-methyl (or 2’-O-methoxy-ethyl) Oligonucleotides:  

The disadvantage of phosphorothioate 

oligonucleotides has been solved to 

some extent by modifying the alkyl 

group at the 2’ position of the ribose  

(2’-O-methyl or 2’-O-methoxy-ethyl). 

These oligonucleotides bind to RNA 

targets with high melting temperatures42 and induce an antisense effect. In addition, 

2’#O#methyl+
Oligoribonucleo4des+�

2’#O#methoxy#ethyl+
Oligoribonucleo4des+�
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they have lower toxicity than phosphorothioates oligonucleotides. On the other hand, 

owing to the conformational changes induced by the modifications, they do not 

recruit RNase H and for this reason their antisense effect is limited to a steric block 

of translation43-44. In 1997, Brenda F et al. first reported that the expression of the 

intercellular adhesion molecule 1 (ICAM-1) could be inhibited efficiently with an 

RNase H-independent 2’-O-methoxy-ethyl-modified antisense oligonucleotide that 

was targeted against the 5’-cap region45. 

 

Peptide nucleic acids (PNAs):  

Peptide nucleic acid (PNA) is a DNA analog with 

nucleobases attached to an uncharged pseudopeptide 

backbone 46-48. PNA was first introduced by Nielsen et al. in 

199149. PNA is resistant to both nucleases and proteases. 

Furthermore, PNA oligonucleotides can form very stable 

PNA/RNA hetero duplexes50. Because PNAs are not elicit 

target RNA cleavage by RNase H., the antisense mechanism 

of PNAs depends on steric hindrance. PNAs can bind mRNA and inhibit splicing 51 

or translation initiation52. 

 

Bridged nucleic acids (BNAs)/ Locked Nucleic Acids 

(LNAs): 

  In 1997, Obika et al. (in Imanishi’s group) reported the 
first synthesis of bridged nucleic acids53 (BNA, also known 
as Locked Nucleic Acids (LNAs)54). BNA nucleotides 
contain a methylene bridge that connects the 2’ -oxygen with 
the 4’ -carbon of the ribose ring. LNA modified antisense 
oligonucleotides induce a conformational change of the DNA/RNA hetero duplex 
towards the A-type helix55 and therefore prevents RNase H cleavage of the target 
RNA.  
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Morpholino oligonucleotides: 

  Morpholino oligonucleotides were devised by Summerton 
et al. in 1985.  Morpholino oligonucleotides are uncharged 
DNA analogs, in which the ribose sugar is replaced by a 
morpholino moiety and ribose backbone linked by 
phosphoroamidate intersubunit bonds instead of 
phosphodiester bonds56-58. These oligonucleotides are 
completely stable to nucleases59 and exhibit efficient antisense 
activity in a few cultured animal cell lines60, 61).  
 
 

 
Figure 5. Nucleic acid analogs chemical structures. Schematic of unmodified DNA 
base pair (left). Different backbone modifications that can be applied (top row) and 
different 2’-sugar modifications that can be used (bottom row) to increase nuclease 
resistance and RNA binding affinity of the antisense oligonucleotides. Deviations from 
the original unmodified Nucleic acid are highlighted by circles. 
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Stimuli responsive Antisense oligonucleotides 
  In more recent years, a variety of stimuli responsive antisense nucleotides have 

been developed (Fig 6). For example, photo caged AS-ODNs that hybridized with 

complementary caging oligonucleotides having a photocleavable linker62 (Fig. 6a) or 

an azobenzene63,64 moiety (Fig. 6b) that can control the stability of the 

AS-ODN/RNA duplex by photoirradiation. Moreover, photocrosslinkable antisense 

oligonucleotide containing psoralen (Fig. 6c) were reported by Higuchi et al65. 

Because of the specific and irreversible complexation between psoralen-conjugated 

oligodeoxy nucleotides and the target mRNA, the regulation of gene expression was 

achieved with a low concentration of AS-ODN (IC50 = 50 nM) and UV irradiation.  

 

 
Figure 6. Stimuli responsive antisense oligonucleotides 
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In 2008, Yoshimura and Fujimoto reported on photoresponsive synthetic 

oligonucleotides containing 3-Cyanovinylcarbazole nucleoside (cnvK) that can 

photocrosslink to complementary DNA or RNA strand via [2+2] photocycloaddition 

between cnvK and pyrimidine base in complementary strand with a few second of 

366 nm irradiation66 (Fig. 7). This ultra fast photo-crosslinking reaction is applicable 

for selection of miRNAs67, construction and/or stabilization of nanostructured 

DNA68−70 , single nucleotide polymorphism (SNP) typing of DNA71 and antisense 

strategy. The quantum yield of the photo-cross-linking reaction of CNVK is ca. 

10-fold larger than that of psoralen moiety, which is the representative 

photo-crosslinker used for antisense strategy and that requires some minutes of 365 

nm irradiation for the cross-linking reaction65,71.  

 

 

Figure 7. Photo-reactive antisense oligonucleotide containing cnvK 
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CpG oligonucleotide 
  CpG oligonucleotide is one of the activators of the innate immune system via 

interaction with the pattern-recognition receptor Toll-like receptor 9 (TLR9)72-74. 

Oligonucleotides contain unmethylated CpG (Cytosine – phosphate - Guanine) 

sequences similar to those commonly found in bacterial DNA (CpG DNA)75.76. 

TLR9 recognizes bacterial and viral components, but the direct interaction between 

the receptor and ligand is unclear. In humans, TLR9 is expressed predominantly on 

B cells and plasmacytoid dendritic cells (pDCs). TLR9 activation in cells induces 

proinflammatory cytokines and interferons through the signal-transduction pathways 

(Fig. 8) CpG oligonucleotide has important properties that can be applied to 

infectious diseases, allergy treatments and cancer therapy77-79.  

 
Figure 8. TLR9 signal pathway 
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Objective of this study 
 
  Nucleic acids are becoming increasingly important as tailor-made therapeutic 

molecules mainly for the ease with which specificity for a vast range of targets of 

these drugs is achieved. Therefore, many researchers in academia and 

pharmaceutical companies are paying attention to the development of nucleic acid 

based drugs. In particular, stimuli responsible nucleic acid drugs have a great 

potential for organ specific therapy. In this thesis, the author suggests the high 

photo-responsible antisense oligonucleotide and radiation trigger of artificial CpG 

oligonucleotides.  

 

  In Chapter 1, I describe the development of new photoresponsive AS-ODNs using 
a photoresponsive nucleoside analogue, 3-cyanovinylcarbazole nucleoside (CNVK.), 
which can quickly photocrosslink to the pyrimidine base in complementary RNA 
strands with only a few seconds of photoirradiation. The photoreactivity and the 
sequence selectivity of the AS-ODNs containing CNVK with the target 
oligoribonucleotides (ORNs) were evaluated, and the photoinduced antisense effect 
was evaluated by an in vitro translation technique.  

 

Figure 9. Schematic drawing of the regulation of gene expression by 
photoresponsive AS-ODN containing CNVK. 
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In Chapter 2, I describe the photoresponsive gene silencing activity of CNVK-AS 

for the regulation of endogenous GFP expression in a GFP stable cell line 

(GFP-HeLa). This study clearly demonstrated that photoreactive AS-ODNs 

having CNVK act as an effective photo-regulator for endogenous GFP gene 

expression in living cells with only 10 seconds of 366 nm irradiation, and that the 

antisense effect is temporally controllable by the photoirradiation. 

 

 

 
 
Figure 10. Schematic drawing of the regulation of gene expression by 
photoresponsive AS-ODN containing CNVK. 
 

 

 

 

 

 

 

 

 

 

 

 

 

cnvK�

cnvK-AS�



 21 

In Chapter 3, I describe the synthesis of disulfide crosslinking tethered CpG 

oligonucleotide (S-S CpG) as radiation-trigger immune activator. The S-S CpG had 

an alkyl chain and two CpG DNA units were connected by an X-ray-sensitive 

disulfide bond. X-irradiation of Raw cells, to which S-S CpG were administered, 

resulted in an induced Ifnb mRNA expression because of the reductively-cleaved 

CpG immune activation. 

 
Figure 11. Schematic drawing of the immune activation by disulfide crosslinking 
tethered CpG oligonucleotide (S-S CpG). 
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1.1 Introduction 

 
It is important to understand the regulation of the mRNA function for the 

development of genome-based drugs. An antisense strategy that can regulate 

specifically the mRNA function with the specific binding property of a short 

oligonucleotide, i.e. an antisense oligonucleotide (AS-ODN), and its complementary 

target mRNA is a promising technology in this field. Since the pioneering work in 

the late 70s,1,2 many researchers have made efforts to further develop this method, 

and drugs based on this strategy have been applied to clinical usage and/or ongoing 

phase I/II clinical trials, and also have been applied in the basic study of mRNA 

function. In this strategy, chemically modified AS-ODNs, such as 

phosphorothioates,3,4 peptide nucleic acids5-7 and locked (bridged) nucleic acids,8-12 

have been used to avoid the degradation by nucleases in blood or cells, or to 

stabilize the hetero-duplex of AS-ODN and its target mRNA, and these AS-ODNs 

successfully regulate the gene expression in vivo.13-15 Other stimuli responsive 

AS-ODNs have been reported: for example, caged AS-ODNs that hybridized with 

complementary caging ODN (ccODN) having a photocleavable linker16 or an 

azobenzene17, 18 moiety that can control the stability of the AS-ODN/ccODN duplex 

by photoirradiation. Recently, Higuchi et al. reported that the photocrosslinkable 

oligonucleotide containing psoralen moiety at the 2′ position of adenosine 

effectively and specifically inhibits the expression of the codon 12 point-mutated 

K-ras (G12V) gene in living cells.19-21 Because of the specific and irreversible 

complexation between photoreactive AS-ODN and the target mRNA, the regulation 

of gene expression was achieved with a low concentration of AS-ODN (IC50 = 50 

nM) and UV irradiation. This method has the potential to provide a location-specific 

drug that can regulate gene expression by photoirradiation at the desired location in 

the body, however, the requirement of relatively long photoirradiation because of 

the low photoreactivity of AS-ODN may cause undesired toxicity to healthy cells. In 
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this study, we tried to develop other photoresponsive AS-ODNs using a 

photoresponsive nucleoside analogue, 3-cyanovinylcarbazole nucleoside22-24 (CNVK, 

Fig. 1), which can quickly photocrosslink to the pyrimidine base in complementary 

RNA strands with only a few seconds of photoirradiation.25-26 The photoreactivity 

and the sequence selectivity of the AS-ODNs containing CNVK with the target 

oligoribonucleotides (ORNs) were evaluated, and the photoinduced antisense effect 

was evaluated by an in vitro translation technique. As a target mRNA, point mutated 

K-ras mRNA that causes irregular cell growth with the perturbation of the 

EGFR/Ras signaling pathway27 was adopted. 

 

 

 
Figure 1. Schematic drawing of the regulation of gene expression by 
photoresponsive AS-ODN containing cnvK. 
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1.3. Materials and Method 
 

General 
Mass spectra were recorded on a Voyager-DE PRO-SF, Applied Biosystems. 

Irradiation was performed by UV-LED (366 nm, 1600 mW cm−2; ZUV, OMRON, 

Japan). HPLC was performed on a Chemcobond 5-ODS-H column (10 x 150 mm, 

4.6 x150 mm) or a Chemcosorb 5-ODS-H column (4.6 x 150 mm) with a JASCO 

PU-980, HG-980-31, DG-980-50 system equipped with a JASCO UV 970 detector 

at 260 nm. Reagents for the DNA synthesizer such as A, G, C, T-β-cyanoethyl 

phosphoramidite, and CPG support were purchased from Glen Research. 

OligoRNAs were purchased from Fasmac (Japan) and used without further 

purification.  

 

3-Iodocarbazole  
To an ethanol solution (500 mL) of carbazole (2.50 g, 15.0 mmol), NaIO4 (0.80 g, 
3.75 mmol) and I2 (1.89 g, 7.45 mmol) were sequentially added, and then an ethanol 
solution (100 mL) of H2SO4 (1.60 mL, 30.0 mmol) was added. The reaction solution 
was refluxed for one hour at 65° C. The loss of raw materials was confirmed by 
TLC (HexH:AcOEt=4:1), and an ethanol solution (100 mL) of NaOH (1.4 g) was 
added thereto to neutralize the system. Ethanol was removed, and then the reaction 
solution was extracted two times with chloroform. The extract was washed two 
times with water. The organic phase was dried over Na2SO4, and the solvent was 
removed. The residue was purified by column chromatography (HexH:AcOEt=4:1), 
and thus 3-Iodocarbazole (1.83 g, 42%) was obtained as a white powder. 
3-Iodocarbazole: 1H NMR (DMSO-d6) δ 11.4 (s, 1H), 8.49 (d, 1H, J=1.7 Hz), 8.14 
(d, 1H, J=8.0 Hz), 7.62 (dd, 1H, J=8.4, 1.7 Hz), 7.48 (d, 1H, J=8.0 Hz), 7.40 (m, 1H), 
7.33 (d, 2H, J=8.4 Hz), 7.16 (m, 1H). 
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3-Cyanovinylcarbazole 
In an 8.0 mL glass vessel was placed palladium acetate (88 mg, 0.39 mmol), DMF 
(0.74 mL), 3-Iodocarbazole (1.15 g, 3.92 mmol), tributylamine (0.93 mL, 3.92 
mmol), acrylonitrile (0.65 mL, 9.8 mmol), and H2O (1.8 mL). The vessel was sealed 
and placed into the microwave cavity. Initial microwave irradiation of 60 W was 
used, the temperature being ramped from room temperature to the desired 
temperature of 160 °C. Once this was reached, the reaction mixture was held at this 
temperature for 10 min. After allowing the mixture to cool to room temperature, the 
reaction mixture was monitored by TLC (hexane/AcOEt, 4:1), which showed the 
absence of starting material. After the reaction mixture was evaporated, the residue 
was chromatographed on a silica gel using hexane/AcOEt (3:1, v/v) as eluent to give 
3-Cyanovinylcarbazole (1.97 g, 67%) as a white powder. 1H NMR (300 MHz, 
DMSO-d6) δ 11.6 (s, 1H), 8.44 (s, 1H), 8.11 (d, 1H, J = 8.0 Hz), 7.75 (d, 1H, J = 
16.7 Hz), 7.69-7.72 (m, 1H), 7.40-7.52 (m, 3H), 7.19-7.24 (m, 1H), 6.36 (d, 1H, J = 
16.7 Hz).  
 
3-Cyanovinylcarbazole-1’-β-deoxyriboside-3’,5’-di-(p-toluoyl)ester 
To a solution of potassium hydroxide (1.31 g, 25.7 mmol) and 
Tris[2-(2-methoxyethoxy)ethyl]amine (56.0 mg, 0.18 mmol) in CH3CN (220 mL) 
was added 3-cyanovinylcarbazole (1.90 g, 8.76 mmol) at room temperature and the 
reaction mixture was stirred at room temperature for 30 min. To this reaction 
mixture was added chlorosugar (2.80 g, 6.59 mmol) at room temperature and the 
reaction mixture was stirred at room temperature for 60 min. The reaction mixture 
was monitored by TLC (hexane/AcOEt, 4:1), which showed the absence of starting 
material. After the reaction mixture was evaporated, the residue was 
chromatographed on a silica gel using CHCl3 as eluent to give 
3-cyanovinylcarbazole-1’-β-deoxyriboside-3’,5’-di-(p-toluoyl)ester (3.20 g, 62%) as 
a yellow powder. 1H NMR (300 MHz, CDCl3) δ 8.09 (s, 1H), 8.02 (d, 2H, J = 8.4 
Hz), 7.98 (d, 2H, J = 8.4 Hz), 7.62-7.65 (m, 1H), 7.62 (d, 1H, J = 8.8 Hz), 7.49 (d, 
1H, J = 16.5 Hz), 7.25-7.31 (m, 7H), 7.17-7.20 (m, 1H), 6.68 (dd, 1H, J = 9.3, 5.8 
Hz), 5.78 (m, 1H), 5.76 (d, 1H, J = 16.5 Hz), 4.91 (dd, 1H, J = 12.4, 2.7 Hz), 4.78 
(dd, 1H, J = 12.4, 3.3 Hz), 4.55-4.57 (m, 1H), 3.09-3.20 (m, 1H), 2.45-2.52 (m, 1H), 
2.45 (s, 3H), 2.44 (s, 3H). 
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3-Cyanovinylcarbazole-1’-β-deoxyriboside. 
To a solution of 3-Cyanovinylcarbazole-1’-β-deoxyriboside-3’,5’-di-(p-toluoyl)ester 
(3.17 g, 16.7 mmol) in CH3OH (185 mL) was added 0.5 M methanolic NaOCH3 
(33.0 mL, 16.7 mmol) and CHCl3 (20 mL) at room temperature and the reaction 
mixture was stirred at room temperature for 1 h. The reaction mixture was 
monitored by TLC (CHCl3/CH3OH, 9:1), which showed the absence of starting 
material. After the reaction mixture was evaporated, the residue was 
chromatographed on a silica gel using CHCl3/CH3OH (9:1, v/v) as eluent to give 
3-Cyanovinylcarbazole-1’-β-deoxyriboside (1.67 g, 90%) as a white powder. 1H 
NMR (300 MHz, CDCl3) δ 8.12 (d, 1H, J = 1.7 Hz), 8.06 (d, 1H, J = 7.7 Hz), 7.59 (d, 
1H, J = 9.1 Hz), 7.43-7.57 (m, 4H), 7.26-7.31 (m, 1H), 6.64 (dd, 1H, J = 8.2, 6.9 Hz), 
5.87 (d, 1H, J = 16.5 Hz), 4.77-4.82 (m, 1H), 3.95-4.06 (m, 3H), 2.95 (dt, 1H, J = 
14.0, 8.2 Hz), 2.30 (ddd, 1H, J = 14.0, 6.9, 3.3 Hz).  
 

5’-O -(4,4’-dimethoxytrityl)-3-Cyanovinylcarbazole -1’-β –deoxyri 
boside-3’-O -(cyanoethoxy-N,N –diis opropylamino)phosphoramidite . 
To a solution of 3-Cyanovinylcarbazole-1’-β-deoxyriboside (0.83 g, 2.51 mmol) in 
pyridine (5 mL) was added a solution of 4,4’-dimethoxytrityl chloride (3.45 g, 10.2 
mmol) and 4-(dimethylamino)pyridine (0.21 g, 1.70 mmol) in pyridine (24 mL) at 
3-Cyanovinylcarbazole-1’-β-deoxyriboside room temperature and the reaction 
mixture was stirred at room temperature for 23 h. After the reaction mixture was 
evaporated, the residue was chromatographed on a silica gel using CHCl3/CH3OH 
(99:1, v/v) as eluent to give 5’-protected  4 (4.20 g, 78%) as a yellow powder. 1H 
NMR (300 MHz, CDCl3) δ 8.07 (d, 1H, J = 1.7 Hz), 8.02-8.05 (m, 1H), 7.71 (d, 1H, 
J = 8.5 Hz), 7.62-7.65 (m, 1H), 7.45-7.52 (m, 3H), 7.33-7.37 (m, 4H), 7.25-7.28 (m, 
4H), 7.12 (dd, 1H, J = 8.8, 1.7 Hz), 6.81 (dd, 4H, J = 8.8, 1.7 Hz), 6.61 (dd, 1H, J = 
8.2, 6.3 Hz), 5.77 (d, 1H, J = 16.7 Hz), 4.80-4.82 (m, 1H), 4.05-4.07 (m, 1H), 3.77 (s, 
3H), 3.76 (s, 3H), 3.56-3.58 (m, 2H), 2.89 (dt, 1H, J = 13.8, 8.2 Hz), 2.23 (ddd, 1H, 
J = 13.8, 6.3, 2.7 Hz), 1.98 (d, 1H, J = 3.6 Hz). 5’-protected 4 (0.32 g, 0.50 mmol) in 
a sealed bottle was dissolved in CH3CN and coevaporated three times in vacuo. 
After substituted with argon, 2-cyanoethyl N,N,N',N'-tetraisopropylphosphorodiami 
dite (160 µL, 0.50 mmol) in CH3CN (2.2 mL) and 0.45 M 1H-tetrazole in CH3CN 
(1.18 µL, 0.50 mmol) were added, and the reaction mixture was stirred at room 
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temperature for 2 h. Then the reaction mixture was extracted with AcOEt, which 
was washed with a saturated aqueous solution of NaHCO3, and water. The organic 
layer was collected, dried over anhydrous sodium sulfate, filtered, and evaporated to 
dryness under reduced pressure. Then, the crude product 5’-O 
-(4,4’-dimethoxytrityl)-3-Cyanovinylcarbazole -1’-β -deoxyriboside-3’-O 
-(cyanoethoxy-N,N –diis opropylamino)phosphoramidite (0.42 g, quant.) in a sealed 
bottle was dissolved in CH3CN and coevaporated three times, and was used for 
automated DNA synthesizer without further purification. 
 

Preparation of ODNs 
ODN sequences were synthesized by the conventional phosphoramidite method 

using an automated DNA synthesizer (3400 DNA synthesizer, Applied Biosystems, 

CA). The coupling efficiency was monitored with a trityl monitor. The coupling 

efficiency of a crude mixture of CNVK showed a 97% yield. The coupling time of a 

crude mixture of CNVK was 999 s. They were deprotected by incubation with 28% 

ammonia for 4 h at 65 °C and purified on a Chemcobond 5-ODS-H column (10 

x150 mm) by reverse phase HPLC; elution was with 0.05 M ammonium formate 

containing 3–25% CH3CN, linear gradient (30 min) at a flow rate of 2.5 mL min−1. 

Preparation of ODNs was confirmed by MALDI-TOF-MS analysis. 

MALDI-TOF-MS: calcd 4547.83 for ODN-1 [(M + H)+], found 4548.95; calcd 

4563.83 for ODN-2 [(M + H)+], found 4565.43; calcd 4538.82 for ODN-3 [(M + 

H)+], found 4538.64; calcd 4538.82 for ODN-4 [(M + H)+], found 4538.57; calcd 

4563.83 for ODN-5 [(M + H)+], found 4564.31; calcd 4547.83 for ODN-6 [(M + 

H)+], found 4546.42; calcd 4587.84 for ODN-7 [(M + H)+], found 4587.58; calcd 

6112.09 for ODN-8 [(M + H)+], found 6112.69; calcd 7331.30 for ODN-9 [(M + 

H)+], found 7333.39; calcd 8511.49 for ODN-10 [(M + H)+], found 8510.55; calcd 

6046.05 for ODN-11 [(M + H)+], found 6047.26. 
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Cell culture and RNA extraction 
Pancreatic adenocarcinoma cell lines (BxPC-3 and Capan-1) were purchased from 

ATCC (VA, US). Cells were cultured with an appropriate medium (RPMI1640) 

containing 10% FBS, 100 U ml−1 penicillin and 100 µg ml−1 according to the 

protocol of ATCC. Total RNAwas extracted from each cell line using the High Pure 

RNA Isolation Kit (Roche, Switzerland) and subjected to the following experiments. 

 
Real-time RT-PCR 
Reverse transcription was performed by the PrimeScript® RT reagent Kit (Takara, 

Japan) with 0.2 µg of total RNA from cells. Resulting cDNA was subjected to 

Real-time PCR using an automated real-time PCR system (Smart Cycler®, Takara, 

Japan) with SYBR Premix Ex Taq II perfect real time (Takara, Japan) and 0.4 µM of 

primers (K-ras, forward; CTGAATATAAACTTGTGGTAGTTGG, reverse; 

TGACCTGCTGTGTCGAGAAT, GAPDH, forward; CATGCCAGTGAGCTTCCC 

GTT, reverse; GTGGAGTCTACTGGCGTCTTC). Inhibition efficiency was 

estimated from the change in CT values with the normalization using the amounts of 

GAPDH mRNA estimated from RT-PCR with a GAPDH primer set. 

 

In vitro translation and ELISA 
In vitro translation was performed with a rabbit reticulocyte lysate system (Promega, 

WI, US) with 18 µg of total RNA. The reaction solution was subjected to the Ras 

GTPase Activation ELISA Kit (Millipore, MA, US) and the chemiluminescence was 

measured by a microplate reader (Varioskan, Thermo, MA, US). 
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Cell treatment with cnvK-AS 
Pancreatic adenocarcinoma cell lines (BxPC-3 and Capan-1) were grown in 
RPMI-1640 (Wako) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 
and 100 µg/ml streptomycin at 37 ºC, 5%CO2 in a moist atmosphere. Cells were 
trypsinized and resuspended in Opti-MEM medium without antibiotics and 
transferred to 96-well plate at a density of 2×104 cells per well in a volume of 100 µl 
and incubate for 24 h (37 ºC, 5%CO2). Transfection of  AS-ODNs containing CNVK 
was carried our using Lipofectamine 2000 (Invitrogen) according to the 
manufacture’s protocol.  Irradiation was performed by transilluminator (366 nm, 

Funakoshi). 
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1.3. Results and Discussion 
 
In this study, I have used the photoresponsive nucleoside analogue, CNVK. The 
synthesis of the phosphoramidite of CNVK is outlined in Scheme X. The various 
modified ODNs, were prepared, according to standard phosphoramidite chemistry, 
on a DNA synthesizer using phosphoramidite cnvK . ODNs containing CNVK were 
characterized by MALDI-TOF-MS. 
 

Scheme 1. Synthesis of the Phosphoramidite of 3-Cyanovinylcarbazole Nucleoside. 
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Photocrosslinking property of the AS-ODNs containing CNVK with synthetic 

oligoRNAsTo evaluate the selectivity and photoreactivity of ODNs containing CNVK, 
CNVK modified ODNs that have complementary sequences for 6 potential variations 

of K-ras codon 12 point mutated mRNAs27 were prepared (Table 1).  

 

Table 1. Oligonucleotides used in this study 

 
 

First, I performed UPLC analysis of the 1 : 1 mixture of ODNs and ORNs before 

and after the 2 s irradiation of UV light (366 nm). As shown in Fig. 2a, peaks 

identical to the ODN-1 (5.9 min) and ORN-1 (2.8 min) were clearly decreased and a 

new peak identical to the photo dimer consisting of ODN-1 and ORN-1 (3.2 min) 

appeared after the UV irradiation. The peaks identical to the ODN-1 and ORN-1 

were 75% decreased within 2 s irradiation and a moderate undesired reaction was 

observed in the case of ORN-wt (Fig. 2b), indicating that the photocrosslinking 

reaction was selective to the target sequences. This suggests that ODN having CNVK 

can crosslink to the complementary RNA with only 2 s photoirradiation and also can 

discriminate a single base mismatched sequence. The generality of the quick and 

selective photoreaction to the other ORNs having a potential mutation site of K-ras 

was evaluated. As shown in Fig. 2c, in the case of most ODNs, photocrosslinking 
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efficiency was highest in the case of ORNs having full match sequences, although 

an unspecific reaction was observed.  

 

 

 
 
Figure 2. Selective photocrosslinking between the ODNs containing CNVK and its 
complementary ORNs. UPLC chromatograms of the mixture of ODN-1 and ORN-1 (a) or 
ORN-wt (b) before (top) and after (bottom) the 2 s photoirradiation. (c) Crosslinking yields of 
the ODNs containing CNVK toward the ORNs after the 2 s photoirradiation. Photoreactions were 
performed with a 1 : 1 mixture of ODN containing CNVK and ORN ([ODN] = [ORN] = 2 µM in 
50 mM sodium cacodylate buffer (pH 7.4) containing 10 µM 2′-deoxyuridine, 37 °C). 
 
This indicates that the selectivity of the photoreaction is moderate. As shown in 

Table 2, there was no significant correlation between the selectivity and the 

difference in thermal stability of the ODN/ORN duplexes or the position of the 

mismatched site, suggesting that a novel approach is required for clear 

discrimination of 1 base mismatched RNA sequences. 

 

 

 
 

 

 



 43 

Improvement of the selectivity of antisense ODN for the G12V variant 
of K-ras mRNA 
As the G12V variant has the highest hazard ratio among all mutation variants at 

codon 12 of K-ras mRNA (Table 1),27 it is important that the highly selective 

crosslinking property of AS-ODN for G12V mutated mRNA is required to avoid the 

undesired side effect in healthy cells. Therefore, I designed the sequence of ODN to 

improve the selectivity of antisense ODN for G12V mutated RNA, i.e. ODN-7. 

ODN-7 has crosslinking ability to the mutated uridine base at the center of codon 12 

and the base is guanine in the case of unmutated RNA. To evaluate the selective 

photocrosslinking property of ODN-7 for mutated K-ras RNA, UPLC (Fig. 3) and 

PAGE (Fig. 4) analysis were performed.  

  As shown in Fig. 3a, peaks identical to ODN-7 and ORN-1 clearly disappeared 

and a new peak (*) having the mass of a photodimer consisting of ODN-7 and 

ORN-1 (calcd [(M + K)+], 9433.42; found 9433.92) appeared with 1 s irradiation of 

UV light. These phenomena were not observed in the case of ORN-wt (Fig. 3b and 

4), indicating that the CNVK in the ODN-7 photocrosslinked to the mutated uracil 

base in ORN-1. 
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Figure 3. UPLC chromatograms of the mixture of ODN-7 and ORN-1 (a) or 
ORN-wt (b) at the various photoirradiation time periods. (c) Time course of the 
remaining ORNs during the photocrosslinking reaction between ODN-7 and ORN-1 
(blue) or ORN-wt (red). [ODN-7] = [ORN] = 2 µM in sodium cacodylate buffer (pH 7.4) 
containing 100 mM NaCl and 10 µM 2′-deoxyuridine (dU) as an internal standard. 
 

 
Figure 4. Denatured polyacrylamide gel electrophoresis of the mixture of ODN-7 
and ORN-1 before and after the 1 sec photoirradiation. [ODN–7] = [ORN–1] = 1 µM in 
sodium cacodylate buffer (pH 7.4) containing 100 mM NaCl. 
 
The same point-mutation selective photocrosslinking property was also observed in 

the case of ODN-8 (Fig. 5), and the photoadduct consists of rU and CNVK was 

observed in the enzyme digested products of the photodimer (Fig. 6), suggesting that 

the photocrosslinked duplex was generated by photoreaction between CNVK and the 

mutated uracil base.  
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Figure 5. UPLC analysis of the photocrosslinking reaction between ODN–8 and 
ORN having G12V mutated sequence. [ODN–8] = [ORN] = 2 µM in sodium cacodylate 
buffer (pH 7.4) containing 100 mM NaCl and 30 µM 2’-deoxyuridine as an internal standard. 
ORN20–mut, UGGAGCUGUUGGCGUA GGCA; ORN20–wt, 
UGGAGCUGGUGGCGUAGGCA. Photoirradiation time was indicated on the each 
chromatograms. 
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a) 

 
 
b)

 
Figure 6. Reversed-phase HPLC analysis of enzyme digested duplexes (a) and 
MALDI-TOF-MS analysis of the photoadduct (b). ODN/ORN duplexes were treated 
with P1 nuclease, snake venom phosphodiesterase and calf intestinal alkaline phosphatase, and 
then subjected to HPLC analysis. ODN-ctl/ORN-ctl was reported that the duplex generate 
rU<>CNVK photoadduct (Y. Yoshimura et al., ChemBioChem 2009, 10, 1473). Peak generated 
with the photoirradiation (27 min) was collected and analyzed by MALDI-TOF-MS. 
rU<>CNVK photoadduct; Calcd. for [(M+H)]+, 579.2085; Found, 579.2342. 
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Based on this strategy, the selectivity of the photocrosslinking reaction was 

significantly improved (Table 2). 

 

 

 

 

 
 

 

 

 

 

 
Table 2. TM, photoreaction yield, and selectivity of ODNs containing CNVK with complementary 
ORN (cORN) or ORN-wt 

 

 
Quick and selective photo-regulation of reverse-transcription activity 

of G12V point mutated K-ras mRNA extracted from pancreatic cancer 

cell lines 
To prepare the endogenous target mRNA, pancreatic cancer cell lines, BxPC-3 and 

Capan-1, which have wild type (GGU) and G12V (GUU) mutated sequences at 

codon 12 of K-ras mRNA, respectively (Fig. 7), were cultured and total RNAs were 

extracted from each cell line. To evaluate the photoreactivity of ODNs having CNVK 

to K-ras mRNAs, the total RNAs were mixed with ODN-8, -9, -10, photoirradiated, 

and then the mixtures were subjected to real-time reverse transcription polymerase 

chain reaction (RT-PCR). If the photocrosslinking reaction occurred, the reverse 

transcription was completely inhibited by the steric hindrance caused by the 

formation of an irreversible photoadduct. 
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Figure 7. Sequence of K-ras mRNA from BxPC–3 (a) and Capan–1 (b) around 
codon 12. 
 
As shown in Fig. 8a,c,e, 2 µM ODN-8, -9 or -10 and 1 s UV irradiation caused 38%, 

96% or 92% inhibition of reverse transcription, respectively, indicating that the 

ODN-8, -9 and -10 photocrosslinked to target K-ras mRNA having a point mutated 

sequence (GUU).  

Such inhibition was not observed in the case of total RNA from BxPC-3 having an 

unmutated K-ras sequence (Fig. 8b,d,f ), suggesting that the photocrosslinking 

reaction is quite selective to GG̲U to GU̲U point mutation. The efficient and 

photoirradiation dependent inhibition was observed in the case of ODN-9 and -10 

whose oligonucleotide length was 4 or 8 nucleotides longer than that of ODN-8, 

respectively, suggesting that the binding affinity of the AS-ODNs to the target 

mRNA is quite important to the inhibition of the reverse transcription. The 

photo-induced inhibition was also observed in the presence of 10 µM of the ODNs, 

although the moderate inhibition was observed in the case without photoirradiation. 

This indicates that the antisense effect was not dependent on the photoreaction that 

occurred in such a high concentration of ODN 

G""""C""""U"""G"""G"""U"""G"""G"""C� G"""""C""""U""""G"""U"""U"""G"""G"""C�
Codon"11""Codon"12""Codon"13� Codon"11"""Codon"12"""Codon"13�

Capan%1'(K-ras"mutant)�BxPC%3'(K-ras"wild"type)�

(a)� (b)�
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Figure 8. Selective inhibition of reverse transcription activity of K-ras mRNA 
extracted from Capan-1 (a, c, e) or BxPC-3 (b, d, f ) by ODN-8 (a, b), -9 (c, d) and 
-10 (e, f ). Inhibition % was calculated from the CT values of the amplification curves of 
real-time PCR. The CT values were normalized with the CT values of the amplification curves 
of GAPDH in the same mixture of ODN-8 and total RNA. Error bar = standard deviation (n = 
3). 
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The same inhibition effect of the reverse transcription of K-ras mRNA was reported 

using 2′-Opsoralen modified 15 nt AS-ODNs, and the concentration required for 

40% inhibition was 400 nM.19-21 In our cases, 2 µM of 20 nt AS-ODN (ODN-8) was 

required for 40% inhibition efficiency, indicating that our ODN requires at least 

5-fold high concentrations of AS-ODN to regulate the mRNA function with the 

same oligonucleotide length of AS-ODN. As the CNVK does not have hydrogen 

bonding ability to the nucleobase in the target mRNA, it seems that the relatively 

low affinity of our AS-ODN leads to the requirement of a high concentration of 

ODNs. The 100 nM ODN-9 (24 nt) inhibited 50% of the reverse transcription, 

indicating that the disadvantage mentioned above can easily be overcome by 

controlling the oligonucleotide length of the AS-ODNs. The photoirradiation time 

for the regulation of reverse transcription was shorter, only 1 s, compared with 

2′-Opsoralen modified AS-ODNs that required 10 min photoirradiation for 40% 

inhibition of the reverse transcription, indicating that AS-ODNs containing CNVK 

can much more quickly photocrosslink to RNAs compared with 2′-O-psoralen 

modified AS-ODNs. These results also suggest that the photocrosslinking reaction 

occurs not only in the case of ORN but also in the case of mRNA. Compared with 

some other crosslinkable ODNs, such as ODNs containing 2-amino-6-vinylpurine 

nucleoside,28-29 it takes hours of incubation for 50% conversion of the crosslinking 

reaction, our photocrosslinkable ODNs are superior for the quick regulation of the 

mRNA functions. The same photoinduced inhibition of reverse transcription using 

our photocrosslinkable ODN was also observed in the case of the vascular 

endothelial growth factor receptor (VEGFR) mRNA and its complementary ODN 

containing CNVK (ODN-11), indicating that the photocrosslinking strategy is 

effective not only in the case of K-ras mRNA but also other mRNA (Fig. 9). 
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Figure 9. Photocrosslinking efficiency of ODN-11 with VEGF mRNA estimated by 
inhibition of reverse transcription of VEGF mRNA. 
 

 
Quick and selective photo-regulation of translation activity of G12V 

point mutated K-ras mRNA extracted from pancreatic cancer cell 

lines. 
To assess the feasibility of ODN having CNVK for the regulation of K-ras protein 

expression, an in vitro translation study was performed using the rabbit reticulocyte 

lysate system. Total RNA from Capan-1 or BxPC-3 was irradiated with ODN-8 and 

subjected to the in vitro translation system. Then translated K-ras protein was 

quantified by the ELISA system. As shown in Fig. 10, UV irradiation in the 

presence of ODN-8 clearly decreases the amount of translated K-ras protein when 

using the total RNA from Capan-1 that has G12V point mutation on the codon 12 of 

K-ras gene. Such a decrease was not observed without the UV irradiation, indicating 

that the photocrosslinking reaction between ODN-8 and K-ras mRNA is a key factor 

in this down regulation. Such a photo-induced down regulation was not observed in 
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the case of the total RNA from BxPC-3 that has an unmutated K-ras gene, indicating 

that the ODN-8 selectively photocrosslinks to mutated K-ras mRNA, and inhibits 

the translation as expected. The strategy, that targeted the mutated uridine base at 

the center of codon 12 of K-ras mRNA as a photocrosslinking site of the 

photoreactive ODNs containing trioxalen as a photoreactive moiety, was previously 

reported by Higuchi et al.19-21 They successfully regulated the expression of the 

K-ras gene in cells with the photoirradiation, however, the photoreactivity of their 

ODNs is much lower than that of our photoreactive ODNs containing CNVK. This 

suggests that the ODNs containing CNVK enable the effective photodynamic 

antisense therapy with quicker UV treatment compared with that of the reported 

photoreactive ODNs. 

 
Figure 10. Photo-regulation of the in vitro translation of active K-ras proteins using 
ODN-8. The error bars indicate the standard error of the mean. * P < 0.05. 
 
 
 
 
 
 

��
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Selective inhibition of growth of pancreatic cancer cell lines by cnvK-AS 
Using BxPC-3 cells (K-ras wild type) and Capan-1 (K-ras mutant type) cells, the 

possible selective anti-proliferative of cnvK-AS was examined. Twenty-four hours 

after transfection, phosphorothioate modified ODN 9 (ODN 9) significantly 

inhibited the growth of Capan-1 cells by only after UV irradiation (P < 0.05). When 

compared to BxPC-3 cells, the cytostatic activity of phosphorothioate modified 

ODN 9 on Capan-1 cells was higher (Fig 11). Therefore, I achieved sequence 

selective photo-regulation of cancer cell growth by using ODN containing CNVK. 
 

 
Figure 11. Selective cytostatic activity of cnvK-AS (nucleoside phosphorothioate)s 
on the proliferation of human pancreatic cell line. ODN9 (phosphorothioate modified) 
was 100 nM. Error bar = standard deviation (n = 3). (ns=not significant, *P < 0.05) 
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1.4. Conclusions 
 
In this study, I demonstrated that the ODNs containing CNVK are quickly and 

selectively photocrosslinked to ORNs having mutated K-ras sequences by a few 

seconds of photoirradiation and that the selectivity can be enhanced by adopting the 

mutated pyrimidine base as the photocrosslinking site of CNVK. RT-PCR 

experiments revealed that the ODN having CNVK clearly photocrosslinks to its target 

mRNA in a sequence selective manner and then the function of mRNA as the 

substrate of reverse transcriptase is clearly regulated with only 1 s photoirradiation. 

In addition, the translation activity of target mRNA is clearly inhibited by 

photoirradiation, suggesting that ODNs having CNVK have the potential to be 

effective photodynamic antisense drugs that act at desired locations around the body 

with a few seconds of photoirradiation. 
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Chapter 2 
Photochemical regulation of RNA functions in cell by cyanovinyl- 

carbazole mediated photocrosslinking 
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2.1. Introduction 
 
3-Cyanovinylcarbazole nucleoside contained in oligonucleotide can be effectively 

photocrosslinked to the pyrimidine base in complementary RNA strands by a few 

seconds of photo irradiation. Here I report the potential of the photocrosslinkable 

antisense oligonucleotide containing 3-Cyanovinylcarbazole nucleoside (cnvK-AS) 

for gene regulation in cells. I demonstrate that a cnvK-AS that targets GFP mRNA 

disrupts GFP in transfected cells by a few seconds of photoirradiation.  

 
Figure 1. Schematic drawing of GFP gene regulation by photoreaction 

 
In the antisense method, the antisense oligonucleotide (AS-ODN) is required to have 

high affinity and specificity for the target mRNA1. Hence, a number of studies have 

reported on chemically modified antisense oligonucleotides, such as 

phosphorothioates,2 peptide nucleic acids3 and bridged (locked) nucleic acids4,5. 

Besides, several photoresponsive AS-ODNs have been reported, as exemplified by 

photo caged AS-ODNs that hybridized with complementary caging ODN (ccODN) 

having a photocleavable temporary block of the binding capability6 or an 

azobenzene moiety that can control the stability of the AS-ODN/ccODN duplex by 

photoisomerization7. Moreover, photocrosslinkable antisense oligonucleotides 

containing psoralen have been reported by Higuchi et al8. Because of the specific 

and irreversible complexation between psoralen-conjugated oligodeoxy nucleotides 
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and the target mRNA, the regulation of gene expression was achieved with a low 

concentration of AS-ODN (IC50 = 50 nM) and UV irradiation. However, this method 

requires relatively long photoirradiation because the low photoreactivity of 

AS-ODN may cause undesired toxicity to healthy cells. On the other hand, we 

previously reported on photoresponsive synthetic oligonucleotides containing 

3-Cyanovinylcarbazole nucleoside (cnvK), which can photocrosslink to 

complementary DNA or RNA strand via [2+2] photocycloaddition between the cnvK 

and pyrimidine base in the complementary strand with a few second of 366 nm 

irradiation9 . We reported that the ODN having CNVK clearly photocrosslinks to the 

target mRNA extracted from cells in a sequence selective manner and then the 

function of mRNA as the substrate of reverse transcriptase is clearly regulated with 

only 1 second of photoirradiation. In addition, the translation activity of the target 

mRNA is clearly inhibited by photoirradiation10. However, the efficiency of 
CNVK-AS in cell culture models remains to be investigated. Therefore, in this study, I 

evaluated the effect of regulating the gene expression of GFP stably expressed in 

HeLa cells by CNVK-AS. 
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2.2. Materials and methods 
 

General methods 
Mass spectra were recorded on a Voyager-DE PRO-SF, Applied Biosystems. 

Irradiation was performed by UV-LED (366 nm, 1600 mW cm−2; ZUV, OMRON, 

Japan). HPLC was performed on a Chemcobond 5-ODS-H column (10 x 150 mm, 

4.6 x 150 mm) or a Chemcosorb 5-ODS-H column (4.6 x 150 mm) with a JASCO 

PU-980, HG-980-31, DG-980-50 system equipped with a JASCO UV 970 detector 

at 260 nm. Reagentsfor the DNA synthesizer such as A, G, C, T-β-cyanoethyl 

phosphoramidite,and CPG support were purchased from Glen Research. Oligo 

RNAs were purchased from Fasmac (Japan) and used without further purification.  

 

Denaturing polyacrylamide gel electrophoresis 
For analysis of the sizes of DNA nanostructures by gel electrophoresis, sample 

solutions were diluted by 7 M Urea in formamide. Loading samples were prepared 

with an appropriate amount of 6x loading buffer [36% (v/v) glycerol, 30 mM EDTA 

and 0.05% (w/v) each of bromophenol blue and xylene cyanol] and loaded onto gels 

prepared with 15% polyacrylamide (29:1, polyacrylamide: bisacrylamide) 

containing 7 M Urea and running buffer (1 x TBE). The gels were run at 180 V on a 

gel electrophoresis apparatus (Bio-RAD). After electrophoresis, the gels were 

stained with SYBRgold (Molecular Probe) and imaged on an Imaging System 

LAS-3000 (FUJIFILM Inc.). 

 

Preparation of ODNs 
ODN sequences were synthesized by the conventional phosphoramidite method 

using an automated DNA synthesizer (3400 DNA synthesizer, Applied Biosystems, 

CA). The coupling efficiency was monitored with a trityl monitor. The coupling 

efficiency of a crude mixture of CNVK showed a 97% yield. The coupling time of a 



 63 

crude mixture of CNVK was 999 s. They were deprotected by incubation with 28% 

ammonia for 5 h at 65 °C and purified on a Chemcobond 5-ODS-H column (10 x 

150 mm) by reverse phase HPLC; elution was with 0.05 M ammonium formate 

containing 1–25% CH3CN, linear gradient (40 min) at a flow rate of 3 mL min−1. 

Preparation of ODNs was confirmed by MALDI-TOF-MS analysis. 

MALDI-TOF-MS: calcd 8020.77 for cnvK-AS (a-2) [(M + H)+], found 8020.51; 

calcd 7996.76 for cnvK-AS (a-14) [(M + H)+], found 7997.45; calcd 7913.73 for AS 

(a-con) [(M + H)+], found 7913.48; calcd 8020.77 for cnvK-AS (a-invert) [(M + H)+], 

found 8018.87; calcd 8037.74 for cnvK-AS (b-2) [(M + H)+], found 8037.41; calcd 

7995.72 for AS (b-con) [(M + H)+], found 7996.88; calcd 8247.78 for cnvK-AS (c-2) 

[(M + H)+], found 8247.92; calcd 8140.74 for cnvK-AS (c-con) [(M + H)+], found 

8303.78. cnvK-AS (d-2) [(M + H)+], found 8300.48; calcd 8211.74 for cnvK-AS 

(d-con) [(M + H)+], found 8216.00. 

 

Cell culture and Cell treatment with cnvK-AS 
HeLa-GEP cell lines were purchased from Cell Biolabs, Inc. HeLa-GFP cells were 

grown in Dulbecco’MEM (Life technologies) containing 10% fetal bovine serum 

(FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin at 37 ºC, 5%CO2 in a moist 

atmosphere. Cells were trypsinized and resuspended in Opti-MEM medium without 

antibiotics and transferred to 96-well plate at a density of 2×104 cells per well in a 

volume of 100 µl and incubate for 24 h (37 ºC, 5%CO2). Transfection of cnvK-ASs 

was carried our using Lipofectamine RNAi MAX (Invitrogen) according to the 

manufacture’s protocol.   

 

Real-time RT-PCR analysis.  
Total RNA was extracted using CellAmpTM Direct RNA Prep Kit (Takara) and 

Reverse transcription was performed by the PrimeScript® RT reagent Kit (Takara, 

Japan) according to the manufacturer’s instructions. Resulting cDNA was subjected 
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to Real-time PCR using an automated real-time PCR system (Smart Cycler®, Takara, 

Japan) with SYBR Premix Ex Taq II perfect real time (Takara, Japan) and 0.4 µM of 

primers (Sequences of the primers used for PCR are listed in Table 1). Inhibition 

efficiency was estimated from the change in CT values with the normalization using 

the amounts of GAPDH mRNA estimated from RT-PCR with a GAPDH primer set.  

 

Table 1. Primers were used in the study for qRT-PCR 

 

 

Confocal microscopy 
Confocal microscopy was carried out using a Nikon confocal laser scanning 

microscope (C2Si). All images were taken using a x10 objective lens. GFP 

fluorescence was excited at a wavelength of 488 nm and detected at 525 nm, pinhole 

radius of 30.00 µm. For fluorescence images, identical operation Monochrome 

images generated with charge-couple device (CCD) camera were pseudocolored to 

the appropriate color. Following confocal microscopy, image analysis was 

performed using NIS-Elements AR 3.2. The mean fluorescence intensity of equally 

divided squares for each channel was calculated.  

 

 

 

 
 

Name� Primer (5’-3’) �

GFP a (f) 
GFP a �r� 
 
GFP b,c,d (f) 
GFP b,c,d (r) 
 
GAPDH �f��
GAPDH (r) 

Used for�
�
Amplification for target site A�
 
 
Amplification for target site B 
or  target site C or target site D 
  

ATGGTGAGCAAGGGCGAG 
GTGGTGCAGATGAACTTC 
 
CAACAGCCACAACGTCTATATC 
AACTCCAGCAGGACCATGTGAT 
 
CATGCCAGTGAGCTTCCCGTT 
GTGGAGTCTACTGGCGTCTTC�

Direction�

Forward 
Reverse 
 
Forward 
Reverse 
 
Forward 
Reverse 
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2.3. Results and discussion 
 

Photocrosslinking properties of cnvK-ASs 
In this study, I adopted a phosphorothioate backbone modification to protect 
CNVK-AS from cellular nucleases degradation. Before evaluation in cells, to evaluate 

the photoreactivity of phosphorothioate CNVK-AS, I performed denaturing PAGE 

analysis of the 1 : 1 mixture of CNVK-ASs and complementary oligo RNA (ORN)s 

after the UV irradiation. CNVK-ASs that have complementary sequences for 4 

different GFP mRNA target sites (Fig. 2) were prepared (Table 2). cnvK-ASs is low 

identity (76% or less) sequence relative to other mRNA. 

 

Table 2. Oligonucleotides used in this study  

 
aTM values were determined from UV melting curves of the duplex ([Duplex] = 0.5 µM in 50 mM soduim cacodylate 
(pH 7.4) containing 100 mM NaCl). bNot determined. 

Name� Sequencea� TMWith Target ORN (ºC)�

AS (a-con)  
cnvK-AS (a-2) 
cnvK-AS (a-14) 
cnvK-AS (a-6-G) 
cnvK-AS (a-2-invert) 
AS (b-con)  
cnvK-AS (b-2)  
AS (c-con)  

cnvK-AS (c-2)  
AS (d-con)  

cnvK-AS (d-2)  
ORN-a�
ORN-b 
ORN-c 
ORN-d     
�

ACCACCCCGGTGACCAGCTCCTCGC 
AXCACCCCGGTGAACAGCTCCTCGC�
ACCACCCCGGTGAXCAGCTCCTCGC�
ACCACXCCGGTGAACAGCTCCTCGC�
CGCTCCTCGACAAGTGGCCCCACXA�
AGTTCACCTTGATGCCGTTCTTCTG�
AXTTCACCTTGATGCCGTTCTTCTG�
ACTGGGTGCTCAGGTAGTGGTTGTC�
AXTGGGTGCTCAGGTAGTGGTTGTC�
ATGGGGGTGTTCTGCTGGTAGTGGT  
AXGGGGGTGTTCTGCTGGTAGTGGT �
GCGAGGAGCUGUUCACCGGGGUGGU 
CAGAAGAACGGCAUCAAGGUGAACU 
GACAACCACUACCUGAGCACCCAGU 
UGACCCACGAGUCCAUCACCAACAG    �

Target�

ORN-a 
ORN-a�
ORN-a�
ORN-a�
����- 
ORN-b�
ORN-b�
ORN-c�
ORN-c 
ORN-d�
ORN-d�

69.4±0.6�
67.0±0.5 
64.5±0.5�
65.8±0.8 
     n.d.b 

55.6±0.6�
52.3±0.4�
59.3±0.6�
57.6±0.6 
67.3±0.0 
65.4±0.3 
 
 
�

a X indicates cnvK �
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Figure 2. GFP mRNA secondary structure 
 

 
CNVK-AS (a-2), CNVK-AS (a-14) and CNVK-AS (a-6-G) were complementary to 14 

nt~38 nt (Target Site A). CNVK-AS (a-2) and CNVK-AS (a-14) was including CNVK in 

the second-base position and the fourteenth-base position from 5’, respectively. As a 

result of PAGE analysis, ORN-a and CNVK-AS (CNVK-AS (a-2) or CNVK-AS (a-14)) 

clearly disappeared and a band having mobility of about 40 nt appeared after UV 

irradiation (Fig. 3a,b). In addition, after the UV irradiation for 5 seconds, conversion 

of ORN-a did not confirm the remarkable difference in case of comparing CNVK-AS 

(a-2) with CNVK-AS (a-14) (Fig. 3e). On the other hand, these phenomena were not 

observed in the case of CNVK-AS (a-6-G) and CNVK-AS (a-2-invert) (Fig 3c,d). 
CNVK-AS (a-6-G) was included CNVK in sixth-base position from 5’. This CNVK-AS 

has no crosslinking ability to the complementary sequence because CNVK cannot 

crosslink to guanine. CNVK-AS (a-2-invert) is inverted control of CNVK-AS (a-2).  
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Figure 3. photocrosslinking between CNVK-AS and its complementary ORNs. PAGE 
analysis of the mixture of ORN-a and CNVK-AS (a-2) (a) , CNVK-AS (a-14) (b), NVK-AS 
(a-2-invert) (c) or CNVK-AS (a-6) (d) after UV irradiation.  (e) Time course of the remaining 
ORNs during the photocrosslinking reaction. Photoreactions were performed with a 1 : 1 
mixture of CNVK-AS and ORN ([CNVK-AS] = [ORN] = 2 µM in PBS (-), 37 °C). Error bar = 
standard deviation. 

 
This result shows that cnvK-ASs can photocrosslinke to complementary ORN 

sequence selectively at the single base level with a few seconds of UV irradiation. 

Furthermore, we evaluated the photoreactivity other CNVK-AS that have different 

target sites.  CNVK-AS (b-2), CNVK-AS (c-2), CNVK-AS (d-2) was complementary to 

471 nt~495 nt (Target Site B), 592 nt~616 nt (Target Site C), 542 nt~566 nt (Target 

Site D). These CNVK-ASs also photocrosslinked to complementary ORNs. 
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Photo-regulation of reverse-transcription of GFP mRNA in GFP-HeLa 
cells 
A major difficulty with the phosphorothioate-antisense approach is that most 

phosphorothioate antisense oligonucleotides are ineffective against their targeted 

RNA because their low affinity for complementary RNA substantially limits their 

ability to invade RNA secondary structures. cnvK-AS’s target mRNA sites (Target 

Site A, B or C) form two types of structure. Target Site A and Target Site B form a 

long base-paired structure, whereas Target Site C consists of two internal loops (Fig. 

2). To evaluate the photoreactivity of cnvK-ASs that have different target mRNA 

sites, it is necessary to quantitate the GFP-mRNA of cnvK-ASs treated cells. In this 

study, real-time reverse transcription polymerase chain reaction (qRT-PCR) protocol 

was adopted.  

Total mRNAs were extracted from cells 2 hours after cnvK-ASs treatment with UV 

irradiation. They were transcribed by reverse transcriptase in the presence of oligo 

(dT) primer, followed by PCR reactions. If a photocrosslinking reaction occurred, 

the reverse transcription was completely inhibited by the steric hindrance caused by 

the formation of an irreversible photoadduct. As shown in Fig. 3a, 100 nM cnvK-AS 

(a-2) and cnvK-AS (a-14) caused 57 % and 42% inhibition of reverse transcription 

respectively with 10 seconds of UV irradiation. The inhibition rate of reverse 

transcription of cnvK-AS (a-2) containing cnvK in the second-base position from 5’ 

was 15% higher compared with cnvK-AS (a-14) containing cnvK in the 

fourteenth-base position from 5’. On the other hand, AS (a-con), cnvK-AS (a-6-G) 

and cnvK-AS (a-2-invert) did not inhibit reverse transcription regardless of whether 

receiving UV irradiation or not (Fig 4a). This result shows that cnvK-AS can 

photocrosslink to target mRNA site sequences selectively at the single base level 

with a few seconds of UV irradiation. Furthermore, we evaluated cnvK-AS (b-2) and 
cnvK-AS (c-2) against different target sites of GFP mRNA. As a result, cnvK-AS (b-2) 

and cnvK-AS (c-2) were found to cause 47 % and 39% inhibition of reverse 
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transcription respectively with 10 seconds of UV irradiation. In addition, cnvK-AS 

(d-2) was found to cause 44 inhibition of reverse transcription respectively with 10 

seconds of UV irradiation. cnvK-ASs targeting other regions of GFP mRNA (cnvK-AS 

(b-2, c-2, d-2)) show the same levels of gene silencing effect as cnvK-AS (a-2) (Fig 

4b), although the secondary structure of these target regions would be different from 

each other (Fig. 2), suggesting the possibility that the K-AS invade the 

intramolecular duplex of the target region. 
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a) 

 
b) 

 
Figure 4. Down regulation of GFP expression in GFP-HeLa cells caused by 
photoirradiation with cnvK-ASs treatment.cnvK-ASs were 100 nM. Relative amount % 
was calculated from the CT values of the amplification curves of real-time PCR. The CT values 
were normalized with the CT values of the amplification curves of GAPDH in the same total 
RNA. Error bar = standard deviation (n = 3). The error bars indicate standard deviation of 
the mean. *P < 0.05. 
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This result shows that cnvK-ASs can bind to the target mRNA regardless of the 

different target site and difference in Tm value. The reason for this is thought to be 

because the cnvK-ASs and target site crosslink by forming a covalent bond between 
cnvK and the target pyrimidine base. Therefore, it is easier to design the antisense 

sequence with cnvK-AS than with normal phosphorothioate-antisense. As shown in 

Fig. 5, the photo-regulation efficiency of cnvK-AS (a-2) has a dose dependent 

manner, and the 50% inhibition concentration (IC50) was 75 nM. The IC50 

was 2- to 3-fold smaller than that of standard phosphorothioate antisense 

ODNs for endogenous GFP,6,11 suggesting that the irreversible covalent bond 

formation between K- AS ODNs and target mRNA enhances the antisense 

effect. 

 

 

Figure 5. Dose dependency of cnvK-AS (a-2) for the down regulation of GFP 
gene expression. The error bars = standard deviation (n=3) 
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UV irradiation timing dependent regulation of reverse-transcription of 
GFP mRNA in GFP-HeLa cells 
Next, I examined the correlation between UV irradiation timing and the amount of 

intact GFP mRNA in cnvK-AS (a-2) transfected cells. In the experiment shown in  

Fig. 6a, media were changed to fresh media containing 0.5 % FBS after 5 hours 

transfection and cells were allowed to culture for another 2, 26, 50 hours. After that 

time total mRNAs were extracted from cells. To evaluate the amount of intact GFP 

mRNA, the total RNAs were subjected to qRT-PCR protocol. The result shows that 

remarkable inhibition of reverse transcription was not confirmed. By contrast, in the 

experiment shown in Fig. 6b, cells were washed with PBS buffer and UV irradiated 

for 10 seconds after 5 hours transfection. After 10 seconds UV irradiation, fresh 

media were applied and cells were allowed to culture for another 2, 26, 50 hours. 

The result shows that 57 % inhibition of reverse transcription was confirmed after 2 

hours of UV irradiation. Additionally, after 26 and 50 hours from 10 seconds of UV 

irradiation, 36%, 22% inhibition of reverse transcription was confirmed. This 

phenomena seems to be due to the constant production of mRNA by transfection 

from the gene. In the experiment shown in Fig 6c, cells were UV irradiated for 10 

seconds after 24 hours transfection. The result shows that inhibition of reverse 

transcription was not confirmed before UV irradiation for 10 seconds, 58% 

inhibition was confirmed after UV irradiation. In the experiment shown in Fig. 6d 

cells were UV irradiated for 10 seconds twice after 5 hours transfection and 24 hours 

incubation. The result shows that 87% inhibition of reverse transcription was 

confirmed after a second course of UV irradiation for 10 seconds. After 24 hours 

from the second course of UV irradiation for 10 seconds, 78% inhibition of reverse 

transcription was confirmed. These results showed that cnvK-AS (a-2) clearly causes 

inhibition of reverse transcription by UV irradiation in a time dependent fashion. 

The ability to control gene expression by UV irradiation at desired timing would be 

useful in biotechnology, molecular biology and other applications. 
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Figure 6. Inhibition of reverse transcription of GFP mRNA by cnvK-AS (a-2) cnvK-AS 
(a-2) was 100 nM. Relative amount % was calculated from the CT values of the amplification curves 
of real-time PCR. The CT values were normalized with the CT values of the amplification curves of 
GAPDH in the same total RNA. Error bar = standard deviation (n = 3). 
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Photo-regulation of GFP expression in GFP-HeLa cells  
To determine the efficacy of cnvK-ASs at regulating GFP knockdown by UV 

irradiation, GFP-HeLa cells were transfected with cnvK-AS (a-2). Cells in one group 

of experiments were washed with PBS buffer and UV irradiated after 5 hours 

transfection. After 10 seconds of UV irradiation, fresh media were applied and cells 

were allowed to culture for another 24 hours. In the other group, cells were treated 

in the same way but with no UV irradiation. The GFP signals of the cells were 

examined by confocal laser scanning microscopy. All images were taken under the 

identical imaging conditions for all experimental groups. Fig. 7 shows the result of 

photoregulation of GFP expression with cnvK-AS (a-2). cnvK-AS (a-2) inhibited GFP 

translation only in the case of UV irradiation for 10 seconds. This loss of GFP is not 

the result of UV quenching, since no transfected cells not conformed loss of GFP 

after UV irradiation (Fig. 7f).  

 
Figure 7. Photomodulation of GFP expression in GFP-HeLa cells. 
In a 96-well plate, GFP-HeLa cells were transfected with cnvK-AS (a-2) using Lipofectamine ® 

RNAiMAX Reagent. (a,e) GFP-HeLa cells . (b,f) GFP-HeLa cells were UV irradiation [366 nm 
(1600 mW/cm2), 10 sec].(c,g) GFP-Hela Cells transfected with cnvK-AS-ODN (GFP) . (d,h) 
GFP-Hela Cells transfected with cnvK-AS-ODN (GFP) were UV irradiation [366 nm (1600 
mW/cm2), 10 sec]. 
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As shown in Fig. 8, the fluorescence intensity of GFP in cells was clearly decreased 

40% by the photoirradiation with the treatment of K-AS-a1, suggesting that the 

K-AS-a1 can down regulate the cellular synthesis of GFP by 10 sec of 

photoirradiation. 

 
 
Figure 8. Fluorescence intensity of GFP in cells before and after the treatment of 
antisense (K-AS-a1) and 10 sec of 366 nm irradiation. The error bars indicate the 
standard error of the mean. * P < 0.05. 
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Comparison of lipofection reagent  
  I compared the antisense effects of cnvK-AS (a-2) transfected in GFP-HeLa cells 

by Lipofectamine 2000 transfection reagent (Invitrogen) with antisense effects of 
cnvK-AS (a-2) transfected in GFP-HeLa cells by Lipofectamine RNAiMAX 

transfection reagent (Invitrogen). As shown in Fig. 9, in the case of cnvK-AS (a-2) 

transfected by Lipofectamine 2000 transfection reagent, significant down 

regulation of GFP mRNA was induced by 366 nm photoirradiation as well as 

in the case of cnvK-AS (a-2) transfected by Lipofectamine RNAiMAX. 

 

 
 
Figure 9. Comparison of lipofection reagent.cnvK-ASs were 100 nM. Relative amount % 
was calculated from the CT values of the amplification curves of real-time PCR. The CT values 
were normalized with the CT values of the amplification curves of GAPDH in the same total 
RNA. GFP mRNA wasquantified by real-time RT-PCR at 2 h after the photoirradiation. Error 
bar = standard deviation (n = 3). The error bars indicate standard deviation of the mean. *P < 
0.05. 
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2.4. Conclusion 
In this study, I demonstrated that cnvK-ASs that targets GFP mRNA disrupts GFP in 

transfected cells by 10 seconds of UV irradiation. qRT-PCR experiments revealed 

that the cnvK-ASs clearly photocrosslinks to its target mRNA in a sequence selective 

manner. Further, in spite of difference of Tm value and difference of target site, all 

active cnvK-ASs caused inhibition of reverse transcription by 10 seconds UV 

irradiation. Furthermore, cnvK-AS (a-2) clearly caused inhibition of reverse 

transcription by 10 seconds UV irradiation timing dependent. In addition, the 

translation of target GFP mRNA is inhibited by 10 seconds UV irradiation. cnvK-AS 

have the potential to be applications to spatiotemporal photoregulation of gene 

expression or effective photodynamic antisense drugs that act at desired locations 

around the body with a few seconds of 10 seconds UV irradiation.  
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Chapter 3 

Synthesis of disulfide crosslinking tethered CpG oligonucleotide for 

immune activation by radiation 
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3.1.  Introduction 
Microbial and bacterial DNA are potent immunostimulants 1 and research has found 

that the abundance of CpG dinucleotides (CpGs) in genomes of prokaryotes is a 

major factor contributing to their immunostimulatory properties2. Toll-like receptor 

9 (TLR9) belongs to the innate immune system and recognizes microbial and 

vertebrate DNA. This receptor is located intracellularly within the endosomal 

compartments and functions to alert the immune system of viral and bacterial 

infections by binding to DNA rich in CpG motifs. CpG-motifs activate the 

TLR9-mediated MyD88 dependent NF-κB signaling pathway and interferin 

regulatory factor 3 (IRF3)3. TLR9 have attracted attention for application of the 

microbial recognition mechanism mediated activation of the innate immune system 

to therapy for infectious diseases and cancer. In recent years, a synthetic 

oligodeoxynucleotide that contains unmethylated CpG motifs (CpG-ODN) has been 

demonstrated to activate TLR9 4,5, improve cell survival and prevent cell apoptosis 6. 

However, the clinical use of CpG ODN is limited to one phase I trial of 23 patients 

with non-Hodgkin lymphoma (diverse group of blood cancers that include any kind 

of lymphoma except Hodgkin's lymphomas) who had progressed through at least 

one round of therapy7. Patients were given two infusions of increasing doses of a 

CpG ODN. The safety analysis demonstrated serious adverse events including 

anemia, thrombocytopenia and neutropenia that were attributed to the disease; 

however, given more recent data, these events may also have been at least partly due 

to the CpG ODN8,9. No clinical effects were seen with this infusion and the 

immunological effects were limited to mild increases in NK cell number, anecdotal 

improvement in NK cell activity and the transient increases in circulating IL-6. The 

lack of effects seen in this phase I trial is unlikely to reflect underdosing as the rate 

of serious side effects is troubling and reminiscent of the trial of subcutaneously 

injected CpG ODN in patients with non-small-cell lung cancer (NSCLC), which was 

stopped early owing to a combination of serious adverse events and poor efficacy8,9. 
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Therefore development of new immune activators with fewer side effects and high 

efficacy is urgently required.  

  In this study I designed and synthesized an original immune activator which 

containing the CpG motif. CpG ODN can stimulate the immune system via 

interaction with the TLR9, but the direct interaction of the receptor and ligand is 

unclear2,3). Recent investigations have suggested that CpG ODN have two types of 

secondary structure, because of the palindromic sequence10 (Figure 1). We 

hypothesized that TLR9 recognizes the secondary structures of CpG DNA. 
 

 

 
Figure 1. Modifications in the stem-loop structure affect CpG induced invasion. 
Homopolymeric duplex (A) and hairpin stem-loop structure (B) of the CpG ODN molecule. 
(Mol Cancer Res 2008;6:1534–43.) 
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Therefore, we designed disulfide crosslink CpG ODN (S-S CpG) (Fig. 2.). 
 

 
 
Figure 2. S-S CpG synthesized in this study 
 
 
S-S CpG DNA were obstructed the formation of the original structure of CpG ODN 

by disulfide crosslinking. X-irradiation, which triggered selective reduction at the 

disulfide bond in the S-S CpG ODN, induced an exchange reaction, resulting in 

dissociation of the disulfide crosslinking and S CpG conforming to the original 

structure of CpG ODN as shown in Fig. 1. Mechanistic studies revealed that 

reducing species such as hydrogen atoms and/or hydrated electrons (eaq − ) generated 

from radiolysis of water molecules are most likely to be a key active species for the 

exchange reaction. Therefore, I tried to develop spatiotemporal radiation trigger 

immuno drugs using these unique properties of S-S CpG DNA and the reaction of 

the disulfide bond. 
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Figure 3. Schematic drawing of radiation trigger artificial CpG oligonucleotide (S-S 
CpG) 
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3.2.  Materials and methods 
 
General methods 
1H-NMR spectra were measured with AVANCE III NMR 400 (Bruker, 400 MHz) 

spectrometer. Coupling constant (J value) are reported in hertz. The chemical shifts 

are expressed in ppm downfield from tetramethylsilane, using residual chloroform (δ 

= 7.24 in 1H-NMR) and DMSO (δ = 2.49 in 1H-NMR) as an internal standard.Mass 

spectra were recorded on a Voyager-DE PRO-SF, Applied Biosystems. HPLC was 

performed on a Chemcobond 5-ODS-H column (10 x 150 mm, 4.6 x 150 mm) or a 

Chemcosorb 5-ODS-H column (4.6 x 150 mm) with a JASCO PU-980, HG-980-31, 

DG-980-50 system equipped with a JASCO UV 970 detector at 260 nm. 

Reagentsfor the DNA synthesizer such as A, G, C, T-β-cyanoethyl 

phosphoramidite,and CPG support were purchased from Glen Research. Oligo 

RNAs were purchased from Fasmac (Japan) and used without further purification. 

 
Gel Electrophoresis 
Oligonucleotides were electrophoresed in 15 % (29:l, polyacrylamide: 

bisacrylamide ) containing (7 M urea) polyacrylamide gels. Samples were prepared 

by adding an equal volume of loading dye to the reaction mixture (36% (v/v) 

glycerol, 30 mM EDTA and 0.05% (w/v) each of bromophenol blue and xylene 

cyanol). Gels were prerun for 20 min prior to loading the DNA. Analytical samples 

were visualized by staining with SYBR gold (Molecular Probe), and imaged on an 

Imaging System LAS-3000. The samples were viewed under UV light, cut out, 

crushed, and soaked overnight in 1 M triethylammonium bicarbonate (TEAB), pH 

7.5, at room temperature. After this time, the supernatant was removed and the DNA 

was further extracted once with 1 M TEAB and three times with 25 mM TEAB. 

This solution of DNA was loaded onto a Cl8 Sep-Pak cartridge (Waters), which was 

washed with 20 mL of 25 mM TEAB. The DNA was then eluted in 6 mL of 30% 

CH3CN in 100 mM TEAB. The resulting fractions were lyophilized.  
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5′-O-(4,4′-Dimethoxytriryl) -2′-deoxyuridine (4).  
2′-deoxyuridine (1.0 g, 4.4 mmol) was dissolved in dry pridine and coevaporated 

three times. 4,4′-Dimethoxytrityl chloride (1.4 g, 4.2 mmol), 

N,N-dimethylaminopyridine (51 mg, 0.42 mmol) and triethylamine (0.375 mL, 2.69 

mmol) was added to a solution of 2′-deoxyuridine in dry pyridine (6 mL) The 

solution was stirred at ambient temperature under nitrogen atmosphere 18 h. The 

TLC analysis CHCl3/MeOH (9:1) showed the presence of starting material, but the 

reaction mixture was evaporated to dryness in vacuo. The residue was extracted with 

CHCl3 (20 mL x 3) and water (20 mL), and the organic layer was collected, dried 

over Na2SO4, filtered, and evapolated to dryness under reduced pressure. The crude 

product was purified by silica gel column chromatography with CHCl3/MeOH (9:1) 

and 5′-O-(4,4′-dimethoxytrityl)- 2′-deoxyuridine (1.3 g) was isolated in 56.0% yield 

as a white solid. 1H NMR(400 MHz DMSO): δ _11.30 (s, 1H, NH uracil), 7.64 (d, 

1H, J=8.0 Hz, H-6), 7.38 (d, 2H, trityl), 7.31 (t, 2H, J=7.2, 7.8 Hz, trytyl), 7.25 (dd, 

5H, J=2.4, 9.0, trityl), 6.90 (d, 2H, J=1.1, trityl), 6.88 (d, 2H, J=1.1 Hz, trityl), 6.15 

(t, 1H, J=6.5, 6.4 Hz,H-1’, 5.38 (d, 1H, J=8.0 Hz, H-5 uracil), 5.32 (d, 1H, J=4.7 

Hz,H-4’) 4.30 (m, 1H, H-3’) , 3.87(m, 1H, OH-3’) , 3.73 (s, 6H, OCH3 x 2), 3.22 (m, 

1H, H-5’) , 3.18 (m, 1H, H-5’), 2.19 (t, 2H, J=5.9, 6.3 Hz, H-2’ x 2) 

 
 
5′-O-(4,4′-Dimethoxytrityl)-3′-O-[2-cyanoethoxy-(N,N-diisopropylamin
o)-phosphino] -2′- deoxyuridine (5).  
5′-O-(4,4′-Dimethoxytriryl)- 2′-deoxyuridine (300 mg, 0.57 mmol) in a sealed bottle 

with septum was dissolved in dry acetonitrile and coevaporated three times in vacuo. 

After substitution with argon, 

2-cyanoethyl-N,N,N′,N′-tetraisopropylphosphoroamidite (180 µL, 0.57 mmol) in 

dry acetonitrile (2.0 mL), and 0.25 M tetrazole in dry acetonitrile (3.0 ml, 0.73 

mmol) were stirred for 1.0 h. After the completion of the reaction as evidence by 
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TLC, the reaction mixture was extracted with ethyl acetate (20 mL x 2), which was 

washed with saturated sodium bicarbonate aqueous solution and water (15 mL). The 

organic layer was collected, dried over anhydrous sodium sulfate, filtered, and 

evaporated to dryness under reduced pressure. Then, the crude product 

5′-O-(4,4′-Dimethoxytrityl)-3′-O-[2-cyanoethoxy-(N,N-diisopropylamino)-phosphin 

o]- 2′-deoxyuridine (0.34 g, 81 %) in a sealed bottle with septum was dissolved in 

dry acetonitrile and coevaporated three times. 

 

5′-O-(4,4′-Dimethoxytrityl)-N4-1,2,4-triazolyl-3′-O-[2-cyanoethoxy-(N,
N-diisopropylamino)-phosphino] -2′-deoxyuridine (6). 
To an ice cooled stirred suspension of 1,2,4-triazole (1.52 g, 22.0 mmol) in dry 
acetonitrile (28 mL) was added slowly POCl3 (0.44 mL, 4.72 mmol) followed by dry 
triethylamine (3.33 mL, 23.9 mmol). After 30 min a solution of 
5′-O-(4,4′-dimethoxytrityl)-3′-O-(2-cyanoethoxy- (N,N-diisopropylamino)-phosphin 
o)-5 -2′-deoxyuridine (0.38 mg, 0.53 mmol), in dry acetonitrile (3 mL) was added 
over a period of 5 min. Ice-cooled stirring was continued for 20 min followed by 40 
min at room temperature. The reaction solution was diluted with EtOAc (50 mL) 
and extracted with saturated NaHCO3 solution (50 mL). The organic layer was 
collected, dried over anhydrous sodium sulfate, filtered, and evaporated to dryness 
to yield 5′-O-(4,4′-dimethoxytrityl)-N4-1,2,4-triazolyl-3′-O- [2-cyanoethoxy-(N,N- 
diisopropylamino)-phosphino]-2′-deoxyuridine (276 mg, 0.341 mmol, 95%), which 
was directly used in an automated DNA synthesizer without further purification.  
 
Cystamine modified Oligonucleotide [Synthesis and Purification]  
Oligonucleotides were prepared by β-(cyanoethyl) phosphoramidite method on 

controlled pore glass supports (1 µmol) by using Applied Biosystems Model 

ABI3400 DNA synthesizer. Cyanoethylphosphoramidite of elaborated compounds 

was prepared as described above. After automated synthesis, the oligomer was 

detached from the support by soaking in conc. aqueous ammonia for 1 h at room 

temperature.5′-O-(4,4′-Dimethoxytrityl)-N4-1,2,4-triazolyl-3′-O-[2-cyanoethoxy-(N,
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N-diisopropylamino)-phosphino] -2′-deoxyuridine was used as a 0.1 M solution in 

acetonitrile, and the 1 µmol synthesis cycle was modified to add an extra 2 min to 

the coupling time for this base. With this modification, there is no notable difference 

between the efficiency of coupling for this amidite and for commercially available 

ones. After automated synthesis, Oligonucleotides were detached from the support 

by 1 M amine (cystamine), 1 mL per µmol of DNA. Mixtures were incubated at 65 

ºC for 18 h. CPG support was then removed by filterting, and the crude oligomer 

was purified by reverse phase HPLC and lyophilized.  

 
Preparation of Disulfide Cross-Linked Oligomers.  
Cystamine modified Oligonucleotide (1 µmol per mL of solution) were incubated in 

10 mM dithiothreitol (DTT) in 10 xTE (100 mM TrisCI and 10 mM EDTA, pH 8.0, 

degassed) under nitrogen at 37 ºC for 10-12 h. The reducing agent was removed by 

dialysis CIS Sep-Pak cartridge under aerobic conditions so as to allow air oxidation 

to the disulfide cross-link. The oligomers were purified by Gel Electrophoresis (as 

described above). 

 

Radiation-induced imume activation of S-S CpG.  
Raw264.7 cells were seeded into 12-well plates (1x105 cells/well) and incubated at 

37 °C for 24. The cells were then added the CpG DNAs and X ray irradiate (30 Gy). 

The cells were incubated for 3 h. After incubation, the qRT-PCR assay was 

performed as described above. 
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Real-time RT-PCR 
Reverse transcription was performed by the PrimeScript® RT reagent Kit (Takara, 

Japan) with 0.2 µg of total RNA from cells. Resulting cDNA was subjected to 

Real-time PCR using an automated real-time PCR system (Step One Plus: Applied 

Biosystems) with SYBR Premix Ex Taq II perfect real time (Takara, Japan) and 0.4 

µM of primers (Ifnb, forward; GAGCTCCAAGAAAGGACGAAC, reverse; 

GGCAGTGTAACTCTTCTGCAT, GAPDH, forward; 

AGGTCGGTGTGAACGGATTTG, reverse; TGTAGACCATGTAGTTGAGGTCA). 

Inhibition efficiency was estimated from the change in CT values with the 

normalization using the amounts of GAPDH mRNA estimated from RT-PCR with a 

GAPDH primer set. 
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3.3  Results and discussion 
In this study, I have used the convertible nucleoside 4-triazolyl-2′-deoxyuridine 

(Tri-dU) to insert disulfide-containing tethers into DNA at the C4 position of 

Cytosine. AM E. Ferentz et.al. reported that these tethers, when introduced as pairs 

into duplex DNA, can undergo efficient redox chemistry resulting in the formation 

of an interstrand disulfide cross-link11).  I synthesized the one modified version of 

the CpG DNA sequence 5’-d(TCGTCGTCGTTCGAACGACGTTGAT)-3’ by this 

approach (Fig. 2).  

The Tri-dU moiety was then converted to dU bearing a tether at C4 by an 

addition-elimination reaction using a primary amine (Scheme 1).  

 
Scheme 1. Synthesis of the Cystamine CpG 
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Scheme 2. Synthesis of the S-S CpG 
 

 
 
 
Reactions with cystamine resulted in high conversion to the desired tethered cytosine 

without significant quantities of side products, as assayed by HPLC analysis. The excess 

amine was removed, and the DNA mixed disulfides S-S CpG was cross-linked (Scheme 2).  

 

Table 2. Oligonucleotides used in this study  
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Reductive cleavege of S-S CpG 
The cross-linked DNA was purified by denaturing polyacrylamide gel 

electrophoresis (PAGE) at the end of the synthesis. The ability to form cross-linked 

duplexes was examined by denaturing PAGE using oligonucleotides S-S CpG, the 

tethers of which contained a mixed disulfide function. Brief treatment of the S-S 

CpG with 10 mM dithiothreitol (DTT), a disulfide reducing agent, led to a marked 

increase in mobility (band lower in gel; Fig. 4, compare Lanes 1 with 2). Removal 

of the reducing agent resulted in virtually quantitative conversion of the DTT-treated 

S-S CpG to the retarded species (lanes 1, which had the mobility of a linear about 

25-mer (lane 3).  

 
Figure 4. Denaturing polyacrylamide gel of cross-linking reactions. Lanes 1 show the 

S-S CpG contain the products of reduction of cross-links S-S CpG with 10 mM DTT. 

containing C2 mixed disulfide tethers, respectively; in lanes 2 are the disulfide cross-linked 

products. Lanes 3 are 10 bp DNA step ladder 
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S-S CpG induced Ifnb gene expression   
 
Even though the disulfide cross-linked molecules possess 50 nucleotide units, their 

mobility is more like that of a linear 50-mer. This behavior, which probably arises 

from their inherently higher compactness relative to that of linear molecules of the 

same size or their propensity to form transient duplex species even under the 

denaturing conditions of gel electrophoresis.  
I subsequently investigated the radiation-dependent immune activation effect of S-S 

CpG. After administration of S-S CpG to Raw cells and exposed Raw cells to 

X-radiolysis (30 Gy). After incubation for 3 h, I extract total RNA from Raw cells. 

RT-PCR experiments revealed that the S-S CpG slightly-induced Ifnb gene 

expression (Fig. 4).  

 
Figure 5. Ifnb mRNA expression in Raw cells. measured by qRT-PCR after stimulation 
in cell with non-CpG control, CpG (1 µM), S-CpG (1 µM) and S-S CpG (500 nM) for 3 h. The 
mRNA levels were normalized against GAPDH expression. 
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Anticipation of the secondary structure of CpG DNAs 
  In order to anticipate the CpG DNA’s secondary structures, the CpG DNAs were 
analyzed by Tm analysis and 16% native PAGE analysis. As shown in Fig. 6, the 
reciprocal CpG DNA’s melting temperature, Tm-1 is linearly-related the log of the 
CpG DNA’s concentration, CT. Furthermore, a dimer band was observed in Lane1, 
Lane 2 and Lane 3, and high mobility band was distantly observed in addition to the 
dimer band in Lane 1 and Lane 3. These results suggest that CpG DNA and S CpG 
forms a duplex structure mainly, and monomeric ODN is in the minor state in 
medium. However, an intramolecular hydrogen bond is thought of as the dominant 
bond at low concentration CpG ODN. Moreover, disulfide crosslinked S-S CpG has 
no immunostimulatory activity. Therefore, I speculate that monomeric ODN play an 
important role in TLR9 mediated immunostimulatory activity within the cell. 
 

 

 
Figure 6. Plots of TM

-1 vs. ln (CT/4) . 
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                       Lane   1     2     3     4 
Figure 7. 16 %Native polyacrylamide gel electrophoresis of CpG DNA. [ODN] = 1 
µM in PBS buffer. Lane 1, which is 25 bp DNA step ladder Lane 2 is 1 µM CpG DNA  
Lane 3 is 1 µM S CpG Lane 3 is 500 nM S-S CpG DNA.ODN= 1 µM in PBS buffer. 
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3.4.  Conclusions 
 
In conclusion, the author has synthesized disulfide crosslinking tethered CpG 

oligonucleotide (S-S CpG) as radiation-trigger immune activater. The S-S CpG had 

an alkyl chain and two CpG DNA units were connected by an X-ray-sensitive 

disulfide bond. X-irradiation of Raw cells, to which S-S CpG were administered, 

resulted in an Induced Ifnb because of the reductively- cleaved CpG immune 

activation. Thus, S-S CpG are promising as radiation-trigger immune activater that 

are applicable to drug.  
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In Chapter 1, I have shown that ODNs containing CNVK are quickly and selectively 
photocrosslinked to ORNs having mutated K-ras sequences by a few seconds of 
photoirradiation and that the selectivity can be enhanced by adopting the mutated 
pyrimidine base as the photocrosslinking site of CNVK. RT-PCR experiments 
revealed that the ODN having CNVK clearly photocrosslinks to its target mRNA in a 
sequence selective manner and then the function of mRNA as the substrate of 
reverse transcriptase is clearly regulated with only 1 s photoirradiation. In addition, 
the translation activity of target mRNA is clearly inhibited by photoirradiation, 
suggesting that ODNs having CNVK have the potential to be effective photodynamic 
antisense drugs that act at desired locations around the body with a few seconds of 
photoirradiation.  
 
 
In Chapter 2, I have demonstrated that cnvK-ASs that targets GFP mRNA disrupts 
GFP in transfected cells with 10 seconds of UV irradiation. qRT-PCR experiments 
revealed that the cnvK-ASs clearly photocrosslinks to its target mRNA in a sequence 
selective manner. Further, in spite of difference of Tm value and difference of target 
site, all active cnvK-ASs caused inhibition of reverse transcription by 10 s UV 
irradiation. Furthermore, cnvK-AS (a-2) clearly caused inhibition of reverse 
transcription by 10 s UV irradiation timing dependent. In addition, the translation of 
target GFP mRNA is inhibited by 10 s UV irradiation. cnvK-AS have the potential to 
be applications to spatiotemporal photoregulation of gene expression or effective 
photodynamic antisense drugs that act at desired locations around the body with a 
few seconds of 10 s UV irradiation. 
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In Chapter 3, I have synthesized disulfide crosslinking tethered CpG 
oligonucleotide (S-S CpG) as radiation-trigger immune activator. The S-S CpG had 
an alkyl chain and two CpG DNA units were connected by an X-ray-sensitive 
disulfide bond. X-irradiation of Raw cells, to which S-S CpG were administered, 
resulted in an induced Ifnb mRNA expression because of the reductively-cleaved 
CpG immune activation. Thus, S-S CpG are promising as radiation-trigger immune 
activator that are applicable to drug.  
 
 
Finally, during this thesis, I demonstrated the regulation of gene expression and 
immune activation by stimuli responsive artificial oligonucleotides. The stimuli 
responsive artificial oligonucleotides would not simply be due to low side effects of 
a drug but also useful in biotechnology, molecular biology and other applications. In 
future, the stimuli responsive artificial oligonucleotides will contribute to the 
progress of cancer therapy and biological researches. 
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