
SINGLE-CHAIN CIRCULAR RNA AND METHOD OF PRODUCING THE SAME 

DESCRIPTION 

Technical Field 

The present invention relates to a single-chain circular RNA, a method of producing the 

RNA, and a pharmaceutical composition comprising the RNA. 

Background Art 

Conventional RNA interference methods are generally classified into two groups: a 

method using chemically synthesized double-stranded RNAs and a method using plasmid 

vectors. The RNA interference method using plasmid vectors is widely used in the field of 

biotechnology, mainly in basic biology experiments. However, when the RNA interference 

method is applied to developing pharmaceutical preparations, the method using plasmid 

vectors has a problem of safety to a human body. Hence, it is likely to be more preferable to 

use the chemically synthesized double-stranded RNAs. 

However, there is the problem that chemically synthesized double-stranded RNAs are 

unstable in vivo, namely, susceptible to degradation with enzymes (nucleases) in ceils. To 

solve this problem, RNA strands with non-natural nucleic acids have been developed in order 

to enhance stability of double-stranded RNAs in cells; however, there exists another problem 

that its biological activity reduces while the stability is improved. Additionally, toxicity 

caused by non-natural nucleic acids is unknown. Therefore, it remains difficult to achieve 

the application to pharmaceutical preparations. 

The forms of a double-stranded RNA usable for the RNA interference method include a 

double-stranded RNA having blunt ends or protruding ends, an RNA having a hairpin 

structure with a loop at either end of the double-stranded RNA (JP2003-502012A), a circular 

nucleic acid which contains approximately 19 base pairs, two loops, and optionally chemically 

modified polynucleotides (JP2006-2713 87A), and the like. However, this circular nucleic 

acid is not subjected to testing for RNA interference effect. 
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In addition, an RNA-DNA chimeric dumbbell-shaped nucleic acid is disclosed (JP11-

137260A(1999)). This nucleic acid is not for use in RNA interference. The RNA portion 

of the dumbbell-shaped nucleic acid is cleaved by an enzyme in cells, and the resulting 

antisense DNA portion binds to a mRNA in cells to inhibit it. JP11-137260A(1999) 

discloses that a nucleic acid possesses a high resistance to nucleic acid degrading enzymes in 

cells and remains stable in cells until ribonuclease H acts, owning to its dumbbell-shaped 

structure. It further discloses that, because a single-chain oligonucleotide containing the 

antisense DNA portion can be released into the cytoplasm of cells only after cleaving the 

complementary RNA portion with the effect of ribonuclease H. the antisense effect per dose is 

believed to be enhanced. 

Moreover, regarding the method of synthesizing a circular nucleic acid having a 

dumbbell-shaped structure, for example, it is disclosed that linear oligonucleotides are 

synthesized, a stem region and a hairpin loop region are formed to obtain a nick dumbbell-

shaped oligonucleotide, wherein one site of the target circular dumbbell-shaped 

oligonucleotide (the opposite end of the above hairpin loop region) is unbound, and the 5' end 

is ligated with a ligase to prepare a circular dumbbell-shaped circular nucleic acid (JP 11-

137260(1999)). 

It is an object of the present invention to provide a single-chain circular RNA and a 

method of producing the same. 

Summary of the Invention 

The present inventors have now found that, surprisingly, a single-chain circular RNA 

can be obtained with a high yield by separately synthesizing a sense strand and an antisense 

strand, both comprising a nucleotide sequence with unpaired nucleotides at each end, and 

allowing ligase to act on the nucleotides at both ends simultaneously, and that the obtained 

single-chain circular RNA exerts a sustained or slow-releasing RNA interference effect. 

Based on these scientific findings, the present inventors have accomplished the present 

invention. 
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In one aspect, the present invention refers to a single-chain circular RNA having a 

sustained or slow-releasing RNA interference effect, characterized in that the single-chain 

circular RNA comprises a sense strand sequence, an antisense strand sequence complementary 

to the sense strand sequence, identical or different two loop sequences between the sense 

strand and the antisense strand, connecting both strands, wherein the sense strand and the 

antisense strand are paired to form a stem, and wherein each of the two loop sequences has 6 

to 9 nucleotides in length. 

In another aspect, the present invention refers to a method of producing the single-

chain circular RNA as defined above, comprising synthesizing a sense strand and an antisense 

strand, both comprising a nucleotide sequence with unpaired nucleotides at the 5' end and 3' 

end, and simultaneously ligating the nucleotide at the 5' end of the nucleotide sequence with 

unpaired nucleotides in the sense strand, with the nucleotide at the 3' end of the nucleotide 

sequence with unpaired nucleotides in the antisense strand, and vice versa, using a ligase, 

wherein the nucleotide sequence with unpaired nucleotides at the 5' end of the sense 

strand and the nucleotide sequence with unpaired nucleotides at the 3' end of the antisense 

strand are bound to each other to form a loop, the nucleotide sequence with unpaired 

nucleotides at the 3' end of the sense strand and the nucleotide sequence with unpaired 

nucleotides at the 5' end of the antisense strand are bound to each other to form a loop, and the 

sense strand and the antisense strand are paired to form a stem. 

In another aspect, the present invention refers to a method of suppressing expression of 

a gene encoding a protein in vitro, comprising introducing the single-chain circular RNA as 

defined above to human-derived cells, and impairing a target RNA by the single-chain circular 

RNA to inhibit translation of the target RNA into the protein in a sustained manner. 

In another aspect, the present invention refers to a method of suppressing expression of 

a gene encoding a protein, comprising introducing in vitro the single-chain circular RNA as 

defined above to cells of non-human animals or plants, and impairing a target RNA by the 

single-chain circular RNA to inhibit translation of the target RNA into the protein in a 

sustained manner. 
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In another aspect, the present invention refers to a pharmaceutical composition 

comprising the single-chain circular RNA as defined above as an active ingredient. 

More specifically, the present disclosure includes the following examples. 
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(1) A single-chain circular RNA having a sustained or slow-releasing RNA interference 

effect, characterized in that the single-chain circular RNA comprises a sense strand sequence, 

an antisense strand sequence complementary to the sense strand sequence, identical or 

different two loop sequences between the sense strand and the antisense strand, connecting 

both strands, wherein the sense strand and the antisense strand are paired to form, a stem. 

(2) The single-chain circular RNA according to the above (1), wherein the expression 

of a target RNA is 0.4 or less 24 hours after introduction of the single-chain circular RNA into 

eukaxyotic cells, compared to control cells whose expression level of the target RNA is set to 1. 

(3) The single-chain circular RNA according to the above (1) or (2), wherein 70% or 

more thereof is retained after 8 hours in human serum. 

(4) A method of producing the single-chain circular RNA according to any one of the 

above (1) to (3), comprising synthesizing a sense strand and an antisense strand, both 

comprising a nucleotide sequence with unpaired nucleotides at the 5' end and 3' end, and 

simultaneously ligating the nucleotide at the 5' end of the nucleotide sequence with unpaired 

nucleotides in the sense strand, with the nucleotide at the 3' end of the nucleotide sequence 

with unpaired nucleotides in the antisense strand, and vice versa, using a ligase, 

wherein the nucleotide sequence with unpaired nucleotides at the 5' end of the sense 

strand and the nucleotide sequence with unpaired nucleotides at the 3' end of the antisense 

strand are bound to each other to form a loop, the nucleotide sequence with impaired 

nucleotides at the 3' end of the sense strand and the nucleotide sequence with unpaired 

nucleotides at the 5' end of the antisense strand are bound to each other to form a loop, and the 

sense strand and the antisense strand are paired to form a stem, 

(5) The method according to the above (4), further comprising phosphorylating each 5' 

end of the nucleotide sequence with unpaired nucleotides in the sense strand and the 

nucleotide sequence with unpaired nucleotides in the antisense strand. 

(6) The method according to the above (4) or (5), wherein the loop sequences axe 

identical to or different from each other. 

(7) The method according to any one of the above (4) to (6), wherein the loop length is 

2 to 20 nucleotides. 
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(8) The method according to any one of the above (4) to (7), wherein the stem length is 

19 to 31 nucleotides. 

(9) A method of suppressing expression of a gene encoding a protein in vitro, 

comprising introducing the single-chain circular RNA according to any one of the above (1) to 

(3) to human-derived cells, and impairing a target RNA by the single-chain circular RNA to 

inhibit translation of the target RNA into the protein in a sustained manner. 

(10) A method of suppressing expression of a gene encoding a protein, comprising 

introducing the single-chain circular RNA according to any one of the above (1) to (3) to non-

human animals, plants or cells thereof, and impairing a target RNA by the single-chain circular 

RNA to inhibit translation of the target RNA into the protein in a sustained manner. 

(11) A pharmaceutical composition comprising the single-chain circular RNA 

according to any one of the above (1) to (3) as an active ingredient. 

As used herein, the term "single-chain circular RNA" may be referred to as dumbbell-

shaped RNA. A dumbbell-shaped RNA refers to a single-chain circular RNA, wherein a 

sense strand and an antisense strand are complementarily paired to form a stem, loops are 

formed at both sides of the stem by a nucleotide sequence with unpaired nucleotides, and the 

entire shape of the single-chain circular RNA is in a dumbbell. 

According to the present disclosure, the dumbbell-shaped synthetic RNA, which is 

excellent in stability, sustainability and slow-releasing property, can be efficiently produced. 

In particular, the dumbbell-shaped RNA for use in the RNA interference method can be 

produced by cyclizing two RNA strands. Because both ends are closed in a loop shape, it has 

no RNA end and is therefore not likely to serve as a substrate for enzymes, exonuclease 

(RNase) and the like, except for specific enzymes such as Dicer in cells. Thus, it is less 

susceptible to enzymatic degradation and has significantly increased stability in the cell. As 

a result, there is no necessity to use non-natural nucleic acids to enhance stability. 

Moreover, the dumbbell-shaped RNA is specifically recognized by in vivo enzymes 

such as Dicer in cells, and the loop regions at both sides are cleaved to form a naturally 

occurring type double-stranded RNA (Figure 1). As a result, it can have activity equivalent 
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to that of a double-stranded RNA, and exerts a more sustainable or slow-releasing effect than 

RNA interference effect by conventional double-stranded RNAs. 

The dumbbell-shaped RNA of the present disclosure is also more stable than 

conventional double-stranded RNAs in human serum. 

Brief Description of the Drawings 

Figure 1 is a schematic view of the dumbbell-shaped RNA of the present invention. 

Figure 2 shows the structure of RNAs and an electrophoresis image of each RNA. 

Figure 3 shows the structure of siRNA and dumbbell-shaped RNAs. 

Figure 4 shows electrophoresis images of dumbbell-shaped RNAs and liner double-

stranded RNAs cleaved by Dicer. 

Figure 5 shows an interference effect of each dumbbell-shaped RNA 24 hours after 

transfection. 

Figure 6 shows a sustainable RNA interference effect of the dumbbell-shaped RNA. 

Figure 7 shows stability of the dumbbell-shaped RNA in human serum. 

Best Mode for Carrying Out the Invention 

The single-chain circular RNA of the present invention includes a sense strand 

sequence homologuous to the nucleotide sequence of a target RNA or part thereof, an 

antisense strand sequence which is complementary to the sense strand sequence and is capable 

of pairing with it, and loop sequences which cannot form pairing between the strands. 

The sense strand and the antisense strand are paired to form a stem. The length of the 

stem, not specifically limited, can be determined depending on the type, structure or the like of 

a target RNA. For example, the stem is composed of 19 to 31 base pairs, preferably 21 to 25 

base pairs, more preferably 22 to 24 base pairs, and even more preferably 23 base pairs. 

The nucleotide sequences with unpaired nucleotides are present at the 5' end and 3' end 

of both the sense strand and the antisense strand. The nucleotide at the 5' end of the 

nucleotide sequence with unpaired nucleotides in the sense strand and the nucleotide at the 3' 

end of the nucleotide sequence with unpaired nucleotides in the antisense strand are ligated 
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together to form a Loop. The nucleotide at the 3' end of the nucleotide sequence with 

unpaired nucleotides in the sense strand and the nucleotide at the 5' end of the nucleotide 

sequence with unpaired nucleotides in the antisense strand are ligated together to form a loop. 

The loop length is preferably 2 to 20 bases, more preferably 6 to 12 bases. Therefore, the 

entire single-chain circular RNA is preferably composed of 42 to 102 bases. 

Where the nucleotide sequence with unpaired nucleotides at the 5' end of the sense 

strand is represented as A, the nucleotide sequence with unpaired nucleotides at the 3' end of 

the antisense strand is represented as B, the nucleotide sequence with unpaired nucleotides at 

the 3' end of the sense strand is represented as C, and the nucleotide sequence with unpaired 

nucleotides at the 5' end of the antisense strand is represented as D, for example, if the loop 

length is 20 bases, then A is 1 to 19 bases in length, B is 19 to 1 bases in length, C is 19 to 1 

bases in length, and D is 1 to 19 bases in length. Therefore, the nucleotide at the 5' end of A 

and the nucleotide at the 3' end of B are ligated together to form a 20-base loop, and the 

nucleotide at the 3' end of C and the nucleotide at the 5* end of D are ligated together to form 

a 20-base loop. 

It is preferable that the sequences, which cannot form pairing with each other, vary in 

length between A and B, and between C and D, for example, by 1- base, 2 bases or 3 bases or, 

alternatively, that the sequences are of the same length. Therefore, for example, where the 

loop length is 8 bases, it is preferable that A is 3 to 5 bases in length, B is 5 to 3 bases in length, 

C is 5 to 3 bases in length, and D is 3 to 5 bases in length. Where the loop length is 9 bases, 

it is preferable that A is 3 to 6 bases in length, B is 6 to 3 bases in length. C is 6 to 3 bases in 

length, and D is 3 to 6 bases in length. Where the loop length is 10 bases, it is preferable that 

A is 4 to 6 bases in length, B is 6 to 4 bases in length, C is 6 to 4 bases in length, and D is 4 to 

6 bases in length. 

In addition, the nucleotide sequences of the loop formed by A and B and the loop 

formed by C and D may be identical or different. 

The single-chain circular RNA of the present invention can be used for the RNA 

interference method. 
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RNA interference is also known as RNAi, and is a phenomenon in which a small RNA 

molecule having a. sequence complementary to a target RNA binds to the target RNA, thereby 

degrading the target RNA or suppressing the translation of the target RNA. 

The antisense strand of the dumbbell-shaped RNA has a sequence complementary to a 

target RNA (for example, mRNA or the precursor RNA thereof). Moreover, the nucleotide 

sequences with unpaired nucleotides include, but not limited to, UUCAAGAGA and 

UGUGCUGUC (M, Miyagishi et al., Oligonucleotides 2003, Vol. 13: pp. 1-7). 

Furthermore, the loop in the dumbbell-shaped RNA may be chemically modified. For 

example, in vivo stability of the dumbbell-shaped RNA can be enhanced by modifying with 

polyethylene glycoL whose molecular weight is approximately 2000 to 5000. The loop of the 

dumbbell-shaped RNA is cleaved by an enzyme like Dicer in cells to be removed. Therefore, 

it is believed that polyethylene glycol has little effect when the stem exerts its RNA 

interference effect as an siRNA or miRNA. 

With the dumbbell-shaped RNA of the present invention, the expression of a target 

RNA in cells, in which the dumbbell-shaped RNA has been introduced, is preferably 0.4 or 

less 24 hours after introduction of the dumbbell-shaped RNA into the cells, compared to 

control cells (without the dumbbell-shaped RNA being introduced) whose expression level of 

the target RNA is set to 1. 

According to the present invention, the cells are eukaryotic cells, preferably animal 

cells and plant cells. 

The expression of a target RNA can be confirmed by, for example, transforming cells 

with a reporter gene (e.g.. luciferase, P-galactosidase, ^-glucuronidase, or green fluorescent 

protein (GFP) gene), and measuring the coloring or fluorescence of the reporter gene-derived 

protein to examine the level of inhibition of a target RNA expression by the dumbbell-shaped 

RNA, wherein mRNA of the reporter gene may be used as the target RNA. 

Moreover, the dumbbell-shaped RNA of the present invention is characterized in that 

70% or more thereof are retained without being degraded after 8 hours in human serum. For 

example, this can be confirmed by incubating the dumbbell-shaped RNA in human serum and 
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measuring the molecular weight by using electrophoresis or the like to test whether it is 

degraded over time. 

The method of producing the dumbbell-shaped single-chain circular RNA of the 

present invention includes synthesizing a sense strand and an antisense strand, both 

comprising a nucleotide sequence with unpaired nucleotides at the 5' end and 3' end, and 

simultaneously ligating the nucleotide at the 5' end of the nucleotide sequence with unpaired 

nucleotides in the sense strand, with the nucleotide at the 3' end of the nucleotide sequence 

with unpaired nucleotides in the antisense strand, and vice versa, using a ligase. 

The sense strand and the antisense strand can be designed to suppress the function of a. 

target gene, based on the nucleotide sequence of the target gene. The designs can be 

confirmed by producing multiple sense and antisense strands and testing for each suppression 

efficiency. For example, designing using an algorithm for siRNA design or the like can be 

applied (References: J. A. Jaeger et al., Methods in Enzymology (1989) 183: 281-306; D. H. 

Mathews et al., J. Mot Biol. (1999) 288: 911-940). When designing, it is preferable that the 

strands do not suppress the expression of genes other than a target gene, the genes having 

sequences similar to the target gene (which is known as the off target effect). The lengths of 

the sense and the antisense strands are preferably designed in the range of, for example, 19 to 

31 bases, preferably 21 to 25 bases, more preferably 22 to 24 bases, and even more preferably 

23 bases. 

The target gene includes, but not limited to, abl/bcr gene for leukemia, VEGF gene for 

age-related macular degeneration, and HCV gene for hepatitis. 

A sequence which subsequently forms a loop, for example the above sequence 

UUCAAGAGA, is divided into two fragments at an arbitrary position to form a nucleotide 

sequence with unpaired nucleotides (wherein the sequence is 9 bases, and when divided into 

two fragments, as described above, the difference in length is preferably in the range of 1 to 3 

bases). A sequence is designed, so that one fragment is ligated to the 3' end of the antisense 

strand, and the other is ligated to the 5' end of the sense strand. By the same method, another 

sequence is designed so that one fragment is ligated to the 35 end of the sense strand, the other 

is ligated to the 5' end of the antisense strand. Single-chain nucleic acids having these two 
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designed sequences are separately synthesized. In doing this, it is preferable to perform the 

5' end phosphorylation by using a chemical phosphorylation reagent. Moreover, it is 

preferable to design a sequence to form a loop, whose length is, for example, 2 to 20 bases, 

and preferably 6 to 12 bases. 

There are various methods for synthesizing nucleic acids such as in vitro transcription 

synthesis method, methods using plasmids or virual vectors, and methods using PGR cassettes. 

Although a method of synthesizing nucleic acids is not specifically limited, a chemical 

synthesis method is preferred in terms of high purity, ability to produce in large quantities, 

safety for use in vivo5 ability of chemical modification, and the like. Examples of chemical 

synthesis method include, but not limited to, H-phosphonate method and phosphoroamidite 

method. For this purpose, commercially available automatic nucleic acid synthesizers may 

be used. 

The ends of the nucleotide sequences with unpaired nucleotides at both ends of the 

sense strand and the antisense strand are ligated with a ligase (for example, T4 RNA ligase or 

T4 DNA ligase) to form two loops simultaneously. The reaction conditions include, for 

example, incubating in a buffer containing polyethylene glycol (PEG), BSA and the like foi 20 

hours at a low temperature. The synthesized dumbbell-shaped single-chain circular RNA can 

be collected and purified by ordinary methods (for example, high-performance liquid 

chromatography and PAGE method). 

Moreover, the single-chain circular RNA may be chemically modified with 

polyethylene glycol (PEG) or the like, wherein the chemical modification is preferably 

performed at the loop region. For binding, both ends of PEG are modified to introduce a 

functional group reactive with the amino groups in bases, such as a formyl group or an N-

hydroxysuccimmide ester group. 

The RNA interference method using the dumbbell-shaped RNA produced by the above 

method is described hereinafter. 

According to the present invention, the single-chain circular RNA of the present 

invention can be introduced in cells and impair a target RNA to inhibit the translation of the 
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target RNA into a protein in a sustained manner, wherein human cells or non-human animal or 

plant cells can be used as the cells. 

When the RNA interference method is performed in vitro, the dumbbell-shaped RNA is 

introduced into cells by, for example, electroporation method, microinjection method, 

Iipofection method, or calcium phosphate transfection. 

When the RNA interference method is performed in vivo, first, dumbbell-shaped RNA 

containing sample is subjected to dialysis, pH adjustment or the like to allow it to adapt to a 

living organism. Methods of introducing the dumbbell-shaped RNA into animal or plant 

bodies include, but not limited to, local administration, intravenous administration, and a 

method using a gene gun. When applied to humans, it is not preferable to use 

microorganisms and the like in terms of safety. 

The dumbbell-shaped RNA introduced into cells is cleaved by Dicer in the cells to 

generate a double-stranded RNA (siRNA) which has an RNA interference effect (Figure 1). 

The ends of the siRNA can be either blunt ends or protruding ends. The siRNA turns into a 

single chain to form an RNA-nuclease complex (RNA induced silencing complex (RISC)), 

which recognizes a target mRNA having a sequence complementary to the siRNA, and 

degrades the target mRNA, thereby suppressing the expression of the corresponding target 

gene. 

The single-chain circular RNA of the present invention can be used in any of plants, 

animals (for example, humans, pets, mammals including domestic animals), and cells thereof. 

Wide applications in the fields of medicine and agriculture will be expected. For example, 

the single-chain circular RNA of the present invention can be used for various purposes 

including elucidation of the function of a specific gene or protein in plants or animals, or at 

plant or animal cellular level, by using for example knockout methods. 

In addition, the present invention includes a pharmaceutical composition comprising 

the single-chain circular RNA as an active ingredient. 

The amount of the single-chain circular RNA formulated in the pharmaceutical 

composition may be adjusted in accordance with the kind and purpose of the composition. 

For example, the amount of the RNA includes, but not limited to, 1 wt%, 3 wt%, 5 wt%, 10 
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wt%, 20 wt%; 30 wt%, 40 wt%, 50 wt%, 60 wt%, 70 wt%, 80 wt%, 90 wt% or 100 wt% 

relative to the total amount of the composition. 

Examples of the pharmaceutical composition of the present invention include liquid 

preparations (such as solution, suspension, emulsion), solid preparations (such as freeze-dried 

preparation capable of being reconstituted before use), liposome (preferably, calionic 

liposome)-encapsulated preparations. In addition, preferred administration route is a 

parenteral administration, which includes, fox example, local administration applying the 

preparation directly at an affected site, pulmonary administration, transmucosal administration 

such as nasal administration, and intravenous administration. 

The pharmaceutical composition of the present invention may include excipients 

(saline, sterilized water, Ringer's solution and the like), buffering agents, tonicity agents, 

stabilizing agents, and the like, depending on formulations or dosage forms. 

Moreover, the dosage of the pharmaceutical composition of the present invention may 

vary depending on sex, weight, age, severity, symptoms, or the like, of a patient. 

The pharmaceutical composition of the present invention is applicable to, for example, 

treatment of diseases such as cancers (e.g., suppression of functions of genes or proteins which, 

are specifically expressed in cancer cells). 

The present invention will hereinafter be described further specifically by the following 

examples. However, it should be understood that the scope of the present invention is not 

limited to the specific examples. 

Examples 

Example 1: Preparation of a dumbbell-shaped RNA 

5'-phosphorylated RNAs serving as raw materials for dumbbell-shaped RNAs were all 

synthesized on DNA synthesizer (GeneWorld H8-SE) in accordance with the 

phosphoroamidite method. Protected TBDMS (Proligo Corp.) was used for RNA amidites, 

and Chemical Phosphorylation Reagent (Glen Research Corp.) was used for 5'~ 

phosphorylation. Deprotection was performed by the ordinary method, followed by PAGE-

purification. The sequences of the synthesized RNA are shown in SEQ ID NO: 1 (sense 
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strand, 28 mer), SEQ ID NO: 2 (antisense strand, 28 mer), SEQ ID NO: 3 (56 mer), and in 

Figure 2. Moreover, in the RNA sequences shown in Figure 2, the underlined sequences are 

sequences which form the loop region of a dumbbell-shaped RNA. 

Subsequently, enzymatic reaction was performed in the mixture of 2 \iM RNA double 

strand, 2.0 units/pl T4 RNA ligase, 0.006% BSA, 25% PEG6000, 50 mM Tris-HCl (pH 7.5), 

10 mM MgCb, 10 mM DTT and 1 mM ATP in a total volume of 25 jil. 

More specifically, first, 5'-phosphorylated double-stranded RNA was dissolved to 12.5 

jj.1 of a buffer (2 x buffer) containing 100 mM Tris-HCl (pH 7.5), 20 mM MgC^, 20 mM DTT 

and 2 mM ATP, at a concentration of 4 \iM. The solution was heated at 65°C for 5 minutes, 

and then slowly cooled to room temperature. Subsequently, BSA solution, PEG6000 

solution and T4 RNA ligase (Takara Bio Inc.) were added to form the above composition and 

reaction volume. The solution was then incubated at 11°C for 20 hours. RNA was 

collected by ethanol precipitation and analyzed by PAGE. 

The samples at each lane of PAGE in Figure 2 are as follows. 

Lane 1: mixture of the 28-base sense strand and the 28-base antisense strand (marker) 

Lane 2: 57-base RNA (marker) 

Lane 3: dumbbell-shaped RNA formed from the 28-base sense strand and the 28-base 

antisense strand 

Lane 4: dumbbell-shaped RNA formed from 56 bases (single-chain) 

Lane 5: 28-base sense strand treated with RNA ligase (reference) 

Lane 6: 28-base antisense strand treated with RNA ligase (reference) 

The dumbbell-shaped RNA at Lane 4 was produced by synthesizing a single chain 

having 56 bases (SEQ ID NO: 3), forming a stem region and hairpin loop region, and ligating 

the first nucleotide and last nucleotide with T4 ligase. 

The band surrounded by a circle on Lane 3 represents the dumbbell-shaped RNA 

produced by the method of the present invention, and the yield was approximately 80%. The 

dumbbell-shaped RNA at Lane 4 had a yield of approximately 5% or less. 

Example 2: Examination of the stem length of the dumbbell-shaped RNA 
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RNAs represented by SEQ ID NOS: 4 through 13 were synthesized by the above DNA 

synthesizer. SEQ ID NOS: 4 and 5 form a double-stranded RNA which forms 18 base pairs 

(siRNA-1), SEQ ID NOS: 6 and 7 form a dumbbel] - shaped RNA whose stem length is 19 

bases (Db-19), SEQ ID NOS: 8 and 9 form a dumbbell-shaped RNA whose stem length is 23 

bases (Db-23), SEQ ID NOS: 10 and 11 form a dumbbell-shaped RNA whose stem length is 

27 bases (Db-27), and SEQ ID NOS: 12 and 13 form a dumbbell-shaped RNA whose stem 

length is 31 bases (Db-31) (Figure 3). 

An enzymatic reaction was performed in the composition of 2 pM RNA double strand, 

1.0 units/jil T4 RNA ligase, 0.006% BSAs 25% PEG6000, 50 mM Tris-HCl (pH 7.5), 10 mM 

MgCl2,10 mM DTT and 1 mM ATP in a reaction volume ranging from 1.5 to 2.5 ml. 

More specifically, 5'-phosphoryiated double-stranded RNA was dissolved in a buffer 

(2 x buffer, half of the amount of final reaction solution) containing 100 mM Tris-HCl (pH 

7.5), 20 mM MgCk, 20 mM DTT and 2 mM ATP, at a concentration of 4 pM. The solution 

was heated at 65°C for 5 minutes and then slowly cooled to room temperature. Subsequently. 

BSA solution, PEG6000 solution and T4 RNA ligase (Takara Bio Inc.) were added to form the 

above composition and reaction volume. The solution was then incubated at 11°C for 20 

hours. 

RNA was collected by alcohol precipitation from the reaction solution, and the cyclized 

products were isolated by using PAGE. Bands containing the targets were visualized by the 

UV shadowing method, cut out, crushed into small pieces, and extracted 3 times with 4 ml of 

an elation buffer (0.2 M NaCl, 1 mM EDTA (pH 8.0)). The extract was desalted with a Sep-

Pak cartridge (eluted with 6 ml of 50% acetonitrile in water), condensed with a centrifugal 

evaporator, and further subjected to alcohol precipitation in the presence of ammonium acetate. 

The targets were quantified by measuring UV spectra. 

Two units of ColdShock-DICER (Takara Bio Inc.) was added to 2 pg of each of the 

above dumbbell-shaped RNAs in a buffer containing 20 mM Tris-HCl (pH 8.5), 150 mM 

NaCl and 2.5 mM MgCl2 (reaction volume: 20 pi), and the resulting solution was then 

incubated at 37°C. After 1, 6 and 18 hours. 3 pi of the reaction solution was collected as a 

sample. Each sample was mixed with 2 pi of 120 mM EDTA solution to terminate the 
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enzymatic reaction. These were then analyzed by native PAGE (10% PAGE, 1 x TBE) (after 

being stained with 1 x SYBR Green I, the samples were imaged and quantified on a BioRad 

Molecular Imager FX). 

Figure 4 shows PAGE of each dumbbell-shaped RNA. As a control, a cleavage 

reaction using the double-stranded RNA prior to a dumbbelling reaction as a substrate was 

examined by the same method. As a result, the cleavage reaction of Db-19 proceeded 

approximately 5% after 1 hour, and the production of double-stranded RNAs of 20 bases in 

length was confirmed. The cleavage fragments of Db-19 in the range of 20 bases maintained 

almost the same level of concentration after 6 and 18 hours. In contrast, almost 100% of the 

control including 19-base pair linear chain (Liner) was cleaved after 1 hour, and double-

stranded RNAs of 20 bases in length were observed. Subsequently, double-stranded RNAs 

of the product were degraded and disappeared over time. With Db-23, approximately 8% 

was cleaved after 1 hour, and double-stranded RNAs of 20 bases in length were produced. It 

was confirmed that as the stem length increases, the cleavage speed after 1 hour increases to 

10% and 20% in Db-27 and Db-31, respectively. After 18 hours, approximately 75% of Db-

19 remains intact whereas Db-31 completely disappeared. From these results, it was revealed 

that the dumbbell-shaped RNAs with shorter stem length are more stable against an enzyme. 

Example 3: RNA interference effect of the dumbbell-shaped RNA 

RNA interference effect of the above dumbbell-shaped RNAs (Db-19, Db-23, Db-27 

and Db-31) was evaluated by an inhibition experiment of the expression of firefly luciferase 

reporter gene pGL3. 

NIH 3T3 cells (Riken Cell Bank) were cultured in DMEM (GIBCO) medium 

containing 10% FCS at 37°C in 5% CO2, and a 100 jil aliquot of the culture was inoculated to 

each well of a 96-well plate at a concentration of 1.6 x I04 cells/well. The sample was 

further cultured at 37°C in 5% CO2 for 39 hours to give approximately 70% confluence. The 

cells were then cotransfected with 2 kinds of plasmid vectors (pGL3~Controi and pRL-TIC (for 

internal standard), from Promega Corp.) and each kind of RNAs, using the transfection 
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reagent GeneSilencer (Genlantis Inc.) in accordance with the protocol attached to the 

transfection reagent. The concentration conditions at the time of transfection are as follows. 

0.2 pg pGL3-Control/ 0.02 pg pRL-TK/ 25 nM RNA (Final volume 100 pi) 

GeneSilencer 1 pi 

DMEM medium 25 jul 

siRNA diluted solution 2.5 pi 

DMEM medium 15 pi 

RNA (5 pmol/pl) 0.5 pi 

pGL3-Control (1 pg/pl) 0.2 pi 

pRL-TK (0.1 its/til) 0.2 ul 

44.4 pi 

After transfection, the culture was incubated at 37°C in 5% CO2 for 4 hours. One 

hundred pi of DMEM medium containing 20% serum was then added to each well. After 

further incubation at 37°C for 20 hours, the cells were solubilized to quantify the expression 

level of iuciferase using Dual-luciferase Reporter Assay System (Promega Corp.) in 

accordance with the protocol attached (Conditions: the amount of reagent 30 pi, delay time 2 

seconds, reading time 10 seconds. Equipment: Wallac ARVO SX 1420 Multilabel Counter). 

For comparison, a control (buffer only) was evaluated by the same method. The 

fluorescence intensity of firefly Iuciferase was corrected for the fluorescence intensity of 

renilla Iuciferase as an internal standard. The results are shown in Figure 5. After 24 hours, 

among the dumbbell-shaped RNAs, Db-23 showed the highest activity, and exhibited an 

inhibition effect as low as 0.24. From these results, the most preferred double-strand length 

was set to 23 bases. 

Example 4: Sustainability of RNA interference effect 

SustainabUity of RNA interference effect of Db-23 and siRNA-1 was compared. 

NIH 3T3 cells were cultured in Dulbeco's Modified Eagles Medium (DMEM, Gibco) 

supplemented with 10% fetal calf serum (FCS, Invitro/Gibco) in a 5% C02-humidified 

chamber. 40 hours before transfection at about 70% confluent, cells were seeded in 96-well 
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plates at a density of 1.6 x 104 cells per well (100 pi). Co-transfection of reporter plasmids 

and RNA was carried out with GeneSilencer (Gene Therapy systems, Inc.) as described by the 

manufacturer for adherent cell lines. Per well, 16 ng/pj or 1.6 ng/pl pGL3-Control (Promega 

Corp.), 1.6 ng/pl pRL-TK (Promega Corp.) and 25 nM RNA formulated with the transfection 

reagent were applied (100 jjl). After 4 h incubation, 100 pi of 20% FCS in DMEM was 

added. For a prolonged incubation longer than 3 days, the medium was replaced as needed. 

Luciferase expression was monitored after 24 hours, 72 hours, and 120 hours with Dual-

Luciferase Reporter Assay System (Promega Corp.) according to the instructions provided on 

Wallac ARVO SX 1420 Multilabel Counter (Perkin-Elmer, Inc.) (Fig. 6). A sample without 

RNA was used as a control. 

Db-23 and siRNA-1 both showed almost equal level of iuciferase activity after 24 

hours. However, after 120 hours, Db-23 showed a higher gene expression suppression effect. 

From these results, both the slow-releasing effect and long-term activation effect of the 

dumbbell-shaped RNA were shown. 

Example 5: Stability of the dumbbell-shaped RNA in human serum 

Stability of Db-23 and siRN A in human serum was compared. 

4 pi of pre-annealed dsRNA (siRNA-1, 20 pM) or dumbbell RNA (Db-23, 20 pM) in 

annealing buffer (100 mM potassium acctate, 30 mM HEPES-KOH (pH7.4), 2 mM 

magnesium acetate) was mixed with 32 pi of PBS, 4 pi of Normal Human Serum (Chemicon 

International, Inc.), incubated at 37 °C. Aliquot (5 p.1) was taken after 0.5, 1, 1.5, 3, 8 and 20 

hours. The reaction was analyzed by 15% native PAGE, stained with SYBR Green I and 

visualized with Molecularlmager FX (BioRad. Laboratories, Inc.). 

As a result, up to 50% of siRNA was degraded after 3 hours, whereas 80% or more of 

Db-23 still remained after 3 hours, and 70% or more even after 8 hours. Therefore, high 

stability of Db-23 in vivo could be expected. 

Industrial Applicability 
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The present invention can be used as a nucleic acid molecule applicable to living 

organisms and can produce the molecule with a high yield. 
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CLAIMS 

1. A single-chain circular RNA having a sustained or slow-releasing RNA 
interference effect, characterized in that the single-chain circular RNA comprises a 
sense strand sequence, an antisense strand sequence complementary to the sense strand 
sequence, identical or different two loop sequences between the sense strand and the 
antisense strand, connecting both strands, wherein the sense strand and the antisense 
strand are paired to form a stem, and wherein each of the two loop sequences has 6 to 9 
nucleotides in length. 

2. The single-chain circular RNA according to claim 1, wherein the expression of 
a target RNA is 0.4 or less 24 hours after introduction of the single-chain circular RNA 
into eukaryotic cells, compared to control cells whose expression level of the target 
RNA is set to I. 

3. The single-chain circular RNA according to claim 1 or 2, wherein 70% or 
more thereof is retained after 8 hours in human serum. 

4. A method of producing the single-chain circular RNA according to any one of 
claims 1 to 3, comprising synthesizing a sense strand and an antisense strand, both 
comprising a nucleotide sequence with unpaired nucleotides at the 5' end and 3' end, 
and simultaneously ligating the nucleotide at the 5' end of the nucleotide sequence 
with unpaired nucleotides in the sense strand, with the nucleotide at the 3' end of the 
nucleotide sequence with unpaired nucleotides in the antisense strand, and vice versa, 
using a ligase, 

wherein the nucleotide sequence with unpaired nucleotides at the 5' end of the 
sense strand and the nucleotide sequence with unpaired nucleotides at the 3' end of the 
antisense strand are bound to each other to form a loop, the nucleotide sequence with 
unpaired nucleotides at the 3' end of the sense strand and the nucleotide sequence with 
unpaired nucleotides at the 5' end of the antisense strand are bound to each other to 
form a loop, and the sense strand and the antisense strand are paired to form a stem. 

5. The method according to claim 4, further comprising phosphorylating each 5' 
end of the nucleotide sequence with unpaired nucleotides in the sense strand and the 
nucleotide sequence with unpaired nucleotides in the antisense strand. 
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6. The method according to claim 4 or 5, wherein the loop sequences are 
identical to or different from each other. 

7. The method according to any one of claims 4 to 6, wherein the stem length is 
19 to 31 nucleotides. 

8. A method of suppressing expression of a gene encoding a protein in vitro, 
comprising introducing the single-chain circular RNA according to any one of claims 1 
to 3 to human-derived cells, and impairing a target RNA by the single-chain circular 
RNA to inhibit translation of the target RNA into the protein in a sustained manner. 

9. A method of suppressing expression of a gene encoding a protein, comprising 
introducing in vitro the single-chain circular RNA according to any one of claims 1 to 
3 to cells of non-human animals or plants, and impairing a target RNA by the 
single-chain circular RNA to inhibit translation of the target RNA into the protein in a 
sustained manner. 

10. A pharmaceutical composition comprising the single-chain circular RNA 
according to any one of claims 1 to 3 as an active ingredient. 
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