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Introduction

RNAs play an important role in biology and its related areas. 
The discovery of small catalytic RNAs (ribozymes) in the 
1980s shed light on the hypothesis that life passed through 
an “RNA world” before proteins and DNA started to serve as 
the functional components and the genetic carrier, respec-
tively.1,2 In recent years, small RNAs have produced much 
attention due to their versatile biological activities, such as 
gene silencing, cell apoptosis, and hormone secretion.3–5 
For example, more than 20,000 sequences of microRNAs 
have been identified, some of which are promising candidate 
regulation factors, vaccine materials, and antivirus factors.6–8 
Moreover, studies on microRNAs for therapeutic purposes in 
vivo are now emerging as a research hotspot.6,9,10 Accord-
ingly, a higher caliber is required for synthesizing RNA oligo-
mers in terms of both quality and quantity. Currently, organic 
synthesis serves as the predominant avenue for preparing 
RNA oligomers. However, in comparison with DNA, RNA is 
much more expensive due to the costly RNA phosphorami-
dite monomer and the low yield caused by special protec-
tion/deprotection steps on the 2′-OH of the ribose.11 Usually, 
commercially supplied RNA is only available in microgram 
(<100 nmol) quantities, and synthesizing milligram quantities 
of RNA oligomer is difficult.

“Runoff transcription”, a process based on in vitro tran-
scription using a linear double-stranded DNA as the tem-
plate, is an alternative approach to synthesize RNA.12 
Compared to chemical approaches, it provides higher quanti-
ties for synthesizing longer RNA oligomers (>50 nt). Because 
a double-stranded promoter is essential for RNA polymerase 
to transcribe with high efficiency, runoff transcription relies 
on DNAzyme or Ribozyme to remove the redundant RNA 
encoded by the promoter sequence. However, DNAzymes 
used for cleavage have limited cutting sites, such as 5′-AU-
3′ or 5′-GU-3′ for DNAzyme 10–23, and ribozymes are the 
RNAs themselves.13–15 Another recognized drawback of run-
off transcription is that the length of the products are often 

nonhomogeneous.16 Furthermore, an additional adenine 
nucleotide is usually attached to the 3′ termini of the RNA 
products by T7 and Sp6 RNA polymerase after being tran-
scribed to the end of the DNA template.12 To eliminate the 
redundant nucleotide, a longer template must be used and 
the redundant part is cleaved later. This additional process 
makes the protocol tricky and labor intensive. Therefore, pro-
tocols based on “runoff transcription” cannot be used in place 
of chemical synthesis methods.

As a comparable method to runoff transcription, roll-
ing circle transcription (RCT), using small circular single-
stranded DNA as the template, has been well investigated 
in the past two decades.17–19 Interestingly, transcription via 
the rolling circle mechanism could happen in the absence of 
any canonical promoters and generate transcripts that are 
tandemly repeated sequences complementary to the circu-
lar template.20 Drawbacks of runoff transcription, such as the 
dependence of the promoter sequence, transcription abortion 
and the 3′ add-on nucleotide, are circumvented once RCT is 
employed. In the practical sense, RCT seems to have poten-
tial and use for the generation of certain biologically relevant 
RNAs, but the products are multimers of the desired RNAs. 
The multimeric transcript must be cut at specific sites to yield 
a large amount of small RNAs of the desired length. We 
noticed that RNase H, known for its unique property to hydro-
lyze RNA strands in a DNA/RNA heteroduplex, could perform 
site-specific RNA cleavage once the DNA strand is subjected 
to a well-designed 2′-O-methyl modification.21 By designing 
the sequence, length, and positions for 2′-O-methylation  
of the modified DNA, small RNAs may be obtained from RCT 
products after disconnection by RNase H.

Here, we demonstrate a facile and efficient enzymatic RNA 
synthesis strategy, dubbed RCT-SSD, which combines RCT 
with the site-specific disconnection (SSD) of long RNA tran-
scripts. The transcription was carried out by T7 RNA poly-
merase and the precise cleavage of the transcribed RNA was 
accomplished by RNase H with the aid of a 2′-O-methylated 
DNA (Aid-DNA).
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Results

The detailed strategy is illustrated in Figure 1. First, the 
5′-phosphorated DNA oligomer (cDNA), which is comple-
mentary to the RNA sequence to be synthesized, is circu-
larized by a DNA ligase with the help of a splint DNA. The 
splint is complementary to the two ends of the cDNA. Then, 
the splint serves as the primer to initiate RCT with T7 RNA 
polymerase, which can initiate transcription in the absence of 
its promoter.20 The transcript is the covalently joined tandem 
repeats of the desired small RNA, and it can be cleaved at 
the joint positions by RNase H with the aid of a modified DNA. 
The novel design of the 2′-O-methyl modified DNA presented 
here was based on several reports.21–23 Considering that the 
long transcript may impede further transcription, RNase H 
and the Aid-DNA can also be added during transcription.

Synthesis of microRNA-16 by RCT-SSD
To demonstrate the feasibility of our methodology, we syn-
thesized the 22-nt-long microRNA-16 (mir-16, see Table 1 
for sequence) that regulates cell cycle progression and 
the metabolism of the amyloid precursor protein as an 
 example.25,26 In the presence of 1.0 μmol/l of the splint DNA, 
1.0 μmol/l of cDNA was ligated to form a circle at 30 °C by 
T4 DNA ligase (see detailed synthesis steps in the Materials 
and Methods). As shown in Figure 2a, the ligation products 
appeared as three major bands. By comparing the circular 
DNA markers (C72, C66, C60, see Supplementary Material 
for their sequences), the main product was determined to be 
the 44-nt-long DNA circle, dimer of the cDNA. The other two 
bands were assigned as the 66-nt-long circular trimer and 
the 22-nt-long circular monomer. The weaker band below the 
three major bands was the 22 nt linear cDNA that failed to be 
circularized. Obviously, RCT of all of these circular templates 
with various lengths can generate the same products, which 
are the tandem repeats of the desired RNA. Accordingly, the 
mixture of ligation products was used directly for the following 
RCT without further purification.

After RCT with T7 RNA polymerase at 37 °C for 2 hours, 
RNAs longer than 1,000 nt were observed (lane RCT in 

Figure 2a), indicating that long RNA strands consisting of tan-
dem repetitive RNA sequences could be transcribed from the 
circular template. Interestingly, RNA transcription was initiated 
from the 3′ end of the splint DNA in the absence of a promoter 
sequence, and T7 RNA polymerase could displace the synthe-
sized RNA strand (but not the sense DNA strand when using 
dsDNA as the template) for continuous transcription. Consider-
ing that the cDNA can form a DNA/RNA hybrid with the syn-
thesized RNA and cause random RNA digestion by RNase H 
(data not shown), the cDNA was removed by DNase I treat-
ment before SSD. RNase H-mediated SSD was accomplished 
using Aid-DNA-16-1 with four 2′-O-methyl-modified nucleotides 
(Table 1). Aid-DNA-16-1 could form a 12 bp DNA/RNA hetero-
duplex on the target region of the RNA transcript, which may 
undergo a sequence-directed cleavage by RNase H. As shown 
in Figure 2b, a single clear band was observed with the same 
mobility as that of chemically synthesized mir-16 with 5′-phos-
phate, indicating that the desired microRNA oligomer was suc-
cessfully synthesized with high purity. Shibahara et al.24 first 
demonstrated that a 12-nt-long 2′-O-methyl-modified DNA with 
seven modified nucleotides (similar as Aid-DNA-16-2, Table 
1) could be used for site-specific digestion of RNA. Here, we 
demonstrated that the number of modified nucleotides could 
be reduced. DNA with only two modified nucleotides could also 
be used to mediate site-specific cleavage, although more strict 
conditions must be applied (data not shown).

During the RCT reaction, the synthesized long RNA strand 
accumulated around the circular template and may block 
further RNA synthesis.17 Considering that this block of RNA 
synthesis may be alleviated if the newly synthesized long 

Figure 1  Strategy for rolling circle transcription (RCT) site-
specific disconnection (SSD) synthesis. cDNA is circularized to 
form a circular DNA template, and long RNA strands are generated 
by RCT consisting of tandem repeats of desired RNA. With the 
help of Aid-DNA, RNase H disconnects the transcript to generate 
thousands of copies of the desired RNA.

Table 1 Sequence of oligomers used in this studya

Name Sequence (5′→3′)a Length

cDNA-16 p-CGCCAATATTTACGTGCTGCTA 22 nt

Splint-16 TTGGCGTAGCAG 12 nt

Aid-DNA-16-1 GCTGCUACGCCA 12 nt

Aid-DNA-16-2 GCUGCUACGCCA 12 nt

mir-16 p-UAGCAGCACGUAAAUAUUGGCG 22 nt

cDNA-7i p-AACAGCACAAACTACTACCTCA 22 nt

Splint-7i GCTGTTTGAGGT 12 nt

Aid-DNA-7i TACCUCAAACAG 12 nt

mir-7i p-UGAGGUAGUAGUUUGUGCUGUU 22 nt

cDNA-159a p-TAGAGCTCCCTTCAATCCAAA 21 nt

Splint-159a GCTCTATTTGGA 12 nt

Aid-DNA-159a ATCCAAATAGAG 12 nt

mir-159a p-UUUGGAUUGAAGGGAGCUCUA 21 nt

cDNA-168a p-GTCCCGATCTGCACCAAGCGA 21 nt

Splint-168a CGGGACTCGCTT 12 nt

Aid-DNA-168a CAAGCGAGTCCC 12 nt

mir-168a p-UCGCUUGGUGCAGAUCGGGAC 21 nt

Hammerhead 
ribozyme

p-UAGCAGCUUUCCCUCCUGAUGAGUC 
GUGAGACGAAACACUUUGAUGCGGCG

51 nt

cDNA-Ribo p-TTTCGTCTCACGACTCATCAGGAGG 
GAAAGCTGCTACGCCCAATCAAAGTG

51 nt

Splint-Ribo ACGAAACACTTT 12 nt

RNA sub FITC-AUCAAAGUGUUGAGGGAAA 19 nt
a“p-” denotes a phosphate modification. “FITC” represents a fluorescein 
isothiocyanate modification. The italicized and bolded characters indicate 
2′-O-methyl-modified nucleotides.
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RNA strand was removed, small amounts of RNase H (2.5 U/
ml) and Aid-DNA-16-1 were added before RCT. As expected, 
more products were observed (lane 3, in Figure 2b). When 
much more RNase H was added (125 U/ml), RCT efficiency 
was reduced (data not shown), likely because the transcribed 
long RNA strand that hybridized to the cDNA was also quickly 
digested by RNase H in a non-specific fashion. In 2006, Sey-
han et al.27 reported a strategy that directly utilized RCT to 
prepare shRNA or siRNA. A dumbbell template was used 
and the transcripts were introduced into cells to function as 
potent and specific gene inhibitors. The disconnection of 
the dsRNA was carried out by recombinant Dicer enzyme 
in vitro and by intracellular processing in vivo. The research 
work demonstrated the potential of RCT as a general tool to 
develop advanced protocols. However, only functional RNAs 
based on duplex structures can be generated with this strat-
egy, while single-stranded small RNA oligomers could not be 
obtained. Moreover, the template used in Seyhan’s protocol 
must be longer than the desired RNAs. For RCT-SSD, cDNA 
templates are of the same length as the corresponding RNA 
oligomers, and small RNA oligomers both in duplex and sin-
gle-stranded form can be synthesized.

Interestingly, we found that microRNA was obtained even 
when 1.0 nmol/l of cDNA was used (Figure 3a). When the 
reaction time was lengthened from 2 to 4 hours, the amount 
of microRNA product was greatly increased, but no further 
improvement was observed after a 6-hour incubation, indi-
cating that the reaction was saturated after 4 hours. Consid-
ering that the accumulation of pyrophosphate may inhibit the 

transcription, we added inorganic pyrophosphatase in the 
RCT reaction to hydrolyze the pyrophosphate and improve the 
efficiency.28,29 As expected, more microRNA products were 
obtained from 10 and 100 nmol/l cDNA template (Figure 3b). 
Quantification was performed by analyzing the intensity of 
the bands in Figure 3b (see Supplementary Figure S1  
in Supplementary Material). Using the chemically synthe-
sized microRNA (lane S, Figure 3b) as a reference, the 
quantification results showed that ~10 μmol/l microRNA 
oligomer was present in the final SSD reaction solution using 
10 nmol/l cDNA templates in RCT in the presence of inor-
ganic pyrophosphatase. As the RCT reaction solution was 
diluted a total of four times for DNase I treatment and the 
SSD reaction, it can be concluded that at least 4 × 103 of 
microRNA products (compared to DNA template) could be 
synthesized. This efficiency is greater than that of runoff tran-
scription, which was reported to synthesize 102~103 times of 
RNA transcript compared to the template.30,31 Other merits 
of our approach can be summarized as: (i) no smaller by-
products; (ii) a short cDNA template with the same length as 
the RNA product can be used; (iii) the synthesized RNA has 
the expected length without a 3′ add-on nucleotide; (iv) the 
RNA product attaches a 5′-phosphate which is the same as 
natural occurring microRNAs in vivo.32

In the SSD reaction, disconnections at any specific sites of 
the transcript composed of repetitive sequences will gener-
ate microRNA oligomers with the same length. To determine 
whether the transcript was cleaved at the expected site, a chime-
ric DNA/RNA oligomer was used as the substrate (Figure 4a).  
If the cleavage occurred at the correct position, a 17-nt prod-
uct would be obtained. Otherwise, cleavage products that were 
longer or shorter than 17 nt would be observed. As shown in 
Figure 4b, the observed products were the exact length of 17 
nt, deviating from 16-nt and 18-nt oligomers, suggesting that 
the long RNA strand was disconnected at the expected site. 

Figure 3 MicroRNA synthesized by rolling circle transcription 
(RCT) site-specific disconnection (SSD) with various 
concentrations of circular cDNA template. (a) Time course of 
RCT in the absence of inorganic pyrophosphatase (IPP). (b) Effect 
of IPP on the amount of RNA products. Lane L, 25 nt RNA marker; 
Lane S, standard sample of chemically synthesized mir-16 (1 μl, 
100 μmol/l). In (b), RCT was processed for 4 hours, with 0.1 μmol/l 
Aid-DNA-16-1 and 1.0 U/ml IPP.
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Figure 2 Synthesis of the mir-16 oligomer using rolling circle 
transcription (RCT) site-specific disconnection (SSD). (a) 
Ligation products of the cDNA and transcript of the RCT reaction on 
circular cDNA. C72, C66, and C60 are synthesized circular ssDNA 
oligomers used as markers; Lane L, RNA ladder. Samples were 
separated by 14% denaturing PAGE (8 mol/l urea). (b) Analysis of 
synthesized mir-16. Lane 1, chemically synthesized mir-16; lane 2, 
RNase H was absent during RCT; lane 3, RNase-H (2.5 U/ml) was 
present during RCT. Samples were separated by 20% denaturing 
PAGE (8 mol/l urea). Other conditions used for RCT were: 0.5 μmol/l 
cDNA, 2.5 U/ml RNA polymerase, 37 °C, 2 hours; other conditions 
used for SSD were, 125 U/ml RNase H, 1.0 μmol/l Aid-DNA, 37 °C, 
2 hours.
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Therefore, it can be concluded that the obtained RNA oligomer 
from RCT-SSD had the correct sequence.

Separation and purification of synthesized RNA 
oligomers
As only 0.1 μmol/l Aid-DNA-16-1 (~1/100 of the synthesized 
RNA) was used during the SSD reaction as shown in Figure 3b,  
the synthesized microRNA oligomer could be used directly in 
some cases. To satisfy higher purity standards, the synthe-
sized RNA oligomers were purified using HPLC equipped with 
C18 reverse-phase column (Figure 5a). The purified oligomer 
featured a desirable integrity as no small fragments appeared 
on the electrophoretogram (Figure 5b). Calculated from the 

band intensity, we estimated that the purification procedure 
provided an 87% recovery rate. Stem-loop reverse transcrip-
tion quantitative polymerase chain reaction was also applied 
to precisely quantify the purified products (see Supplemen-
tary Material for detailed steps and results). Under optimized 
conditions and in an 80 μl reaction, 7.7 nmol (55 μg) mir-16 
was synthesized, which was comparable to the medium scale 
(1.7 OD) of the chemical synthesis.33 For a reaction volume 
of 0.5 ml, 31.7 nmol (7.2 OD) mir-16 was obtained. Obviously, 
much larger scales can be easily realized by using a larger 
reaction volume. The total cost of preparing a large amount 
(>10 nmol) of a specific small RNA oligomer by RCT-SSD 
was much lower than that of chemical protocols. The molecu-
lar weight of the synthesized RNA oligomer was measured 
by electrospray ionization mass spectrometry (ESI-MS). As 
shown in Figure 6a, a variety of molecular ion signals in the 
region between m/z 500 and m/z 1,120 were obtained for 
the RNA oligomer. Deconvolution was applied using Thermo 
Xcalibur software and the result was shown in Figure 6b. 
The molecular weight of the RNA oligomer was measured as 
7,135.17 Da, while the calculated molecular weight of the mir-
16 oligomer was 7,144.3 Da. The error between tested and 
theoretical values was in a reasonable range; thus, we can 
conclude that the RNA oligomer synthesized by RCT-SDD 
was of the desired length and sequence.

Generality of the RCT-SSD synthesizing protocol
To test the generality of RCT-SSD, three other microRNAs, mir-
168a, mir-7i, and mir-159a (see Table 1 for the sequences) were 
synthesized (Figure 7a). mir-168a oligomers were observed by 
PAGE, but the other two microRNAs were not. The reason for 
the missing bands for the mir-7i and mir-159a oligomers may 
be ascribed to their lower GC content, which caused difficulty in 
staining with SYBR Green II. As an alternative approach, HPLC 
was used to analyze the synthesized microRNA oligomers. 
Three synthesized microRNAs were detected and separated 
from the Aid-DNAs (see Figure 7b–d). The amount estimated 
from HPLC indicated that the RCT-SSD approach could be 
used as a general approach to synthesize small RNA with high 
yields and high purity. Compared with other “Runoff transcrip-
tion” approaches, our strategy has the merits of directly produc-
ing RNAs of interest of an exact length.34,35

Figure 4 Determination of the cleavage site by site-specific 
disconnection (SSD). (a) Sequences of the fluorescein 
isothiocyanate (FITC)-labelled DNA/RNA chimeric oligomer. 
The red text indicates the DNA sequence, and the other text 
indicates the RNA portion that is complementary to the Aid-DNA 
(purple, italicized, underlined characters indicate the sequence of 
2′-O-methyl-modified nucleotides). The expected cleavage site “UG” 
was shown by the green arrow. (b) Analysis of the cleavage product. 
Compared to the standard samples, the length of cleavage product 
was determined to be 17 nt. Other conditions used were 1.0 μmol/l 
substrate and Aid-DNA-16-1, 125 U/ml RNase H, 37 °C, 40 minutes, 
20% denaturing urea polyacrylamide gel electrophoresis (PAGE).
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Figure 5 Purification of the RNA oligomer by high-performance liquid chromatography (HPLC) and vacuum freeze drying. (a) Elution 
profile obtained from reverse-phase HPLC. (b) Denaturing urea PAGE analysis of the purified RNA oligomer. L indicates the 25 nt RNA marker.
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Synthesis of the hammerhead ribozyme by RCT-SSD
Ribozyme is a small RNA motif that cleaves single-stranded 
RNAs at a specific phosphodiester bond. It functions to 
inhibit gene expression through sequence-specific cleavage 
of target RNAs has been studied intensively. Until now, eight 
classes of natural ribozymes have been discovered.36 Tradi-
tionally, these catalytic RNAs are produced either by tran-
scription of DNA templates with promoter sequences or by 
stepwise chemical synthesis on a solid support. Here, RCT-
SSD was utilized to prepare a desired ribozyme oligomer.

A hammerhead ribozyme (HHR) sequence that catalyzes 
the cleavage of ErbB-2 (human epidermal growth factor 
receptor) mRNA was used as an example (Figure 8a). ErbB-2 
is a hallmark of dysfunctional cells and is overexpressed in 
breast, ovarian and stomach cancer.37 The sequences of the 
RNA substrate, the cDNA, and the splint DNA for HHR syn-
thesis were listed in Table 1. The cDNA used as the template 
(cDNA-Ribo) was not perfectly complementary to the ribo-
zyme sequence. The reason is that, for the rolling circle mech-
anism, transcription started at any site of the circular template 
and could deliver the same products that consist of tandemly 

repeated small RNA oligomers. Hence, the novelly designed 
circular cDNA (cDNA-Ribo) was used as the template, where 
the first nucleotide incorporated by T7 RNA polymerase is 
“G”, which is conducive to enhancing the transcription effi-
ciency.12 The detailed design strategy of the ribozyme cDNA 
was illustrated in Supplementary Figure S3 (Supplemen-
tary Material). The unpaired portion of the arms (Figure 8a, 
7 nt at 5′ end, 5 nt at 3′ end) shared the same sequence 
as two ends of mir-16; therefore, long tandemly repeated 
transcription products of HHR can be cut by Aid-DNA-16-1. 
Using this design, different HHRs could be synthesized with 
one type of Aid-DNA to reduce the cost. As shown in Fig-
ure 8b, the synthesized HHR featured an expected length 
(51 nt), while a smeared pattern was observed below the 
main band. The smeared pattern can be ascribed to the self-
cleaved HHR during RCT and the subsequent reactions.38 
To eliminate the undesired oligomers, purification was per-
formed. The purified oligomer was obtained with high purity 
and integrity (Figure 8b) and was directly used to cleave the 
RNA substrate to check its validity and function. As shown in 
Figure 8c, the FITC-labelled RNA substrate was degraded 

Figure 6 Mass spectrometry analysis of the synthesized RNA by ESI-MS. ESI-MS spectrum of the purified RNA oligomer. (a) Negative 
ion mass spectrum for microRNA-16 analysis. (b) The negative ion mass spectrum was deconvolved by Thermo Xcalibur.
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over time. After 60-minute incubation, more than 90% of the 
substrate RNA was degraded. The cleavage product featured 
an expected length (11 nt), suggesting that the synthesized 
ribozyme has the correct catalytic and binding sequence. To 
prepare an RNA oligomer used as a ribozyme, chemical syn-
thesis protocols may be inadequate due to the low yield of 
synthesizing long RNA oligomers. As an alternative approach 
to prepare RNA oligomers longer than 50 nt, RCT-SSD guar-
anteed the accuracy of the synthesized sequence with RNA 
polymerase that incorporated nucleotides strictly according 
to the base-paring principle.39

In conclusion, we have developed a novel protocol for syn-
thesizing small RNA oligomers, where RCT and SSD were 
combined for inexpensive and simple performance. The 
cleavage by RNase H facilitates the RCT reaction and greatly 
promotes transcription efficiency. Our approach is especially 
suitable for a molecular biology laboratory to prepare a rela-
tively large amount of small RNA oligomers. Further studies 
to analyze the sequence dependence of RCT and site-spe-
cific cleavage of SSD are in progress.

Discussion

RCT-SSD is designed to be used as a universal protocol for 
preparing small RNAs. T7 RNA polymerase is responsible 
for synthesizing long RNA transcript, while RNase H takes 

charge of cleaving the transcript to engender desired small 
RNAs. Normally, RNA polymerase requires a specific double-
stranded DNA sequence, named “promoter,” to initiate tran-
scription. For rolling circle mechanism, however, promoter 
sequence is unnecessary and transcription can be started 
on the single-stranded DNA circle.17,18 The circular DNA may 
mimic the “bubble”-like structure that can be found in the 
“open transcription complex” formed by DNA template and 
RNA polymerase. The “bubble” is flanked by double-stranded 
DNA, which serves as the binding site for RNA polymerase.40 
Transcription starts in the bubble region; however, the initia-
tion stage is relatively slow due to the de no synthesis of 
RNA primer.12 In this study, DNA circle is prepared by ligating 
two ends of single-stranded DNA with the help of a splint 
DNA. The splint can form a duplex structure with the circular-
ized single-stranded DNA, which provides the binding site for 
RNA polymerase. Nonetheless, different from traditional ini-
tiation, the transcription can start immediately from the 3′-OH 
of the splint. Therefore, the rate of transcription initiation may 
be significantly improved.

RNase H is able to cleave RNA strand in DNA/RNA het-
eroduplex. As the product of rolling circle transcription, the 
transcript is a long RNA strand consisting of repeated unit of 
desired small RNA. To direct the site-specific cleavage, Aid-
DNA has to anneal to the target site. Usually, the RNA mol-
ecules tend to form stable secondary or tertiary structures, 

Figure 7 Analysis of synthesized microRNA oligomers by denaturing PAGE and reverse-phase high-performance liquid 
chromatography (HPLC). (a) Analysis of microRNA oligomers by 20% urea denaturing PAGE (stained with SYBR Green II). (b) Elution 
profile of mir-168a. (c) Elution profile of mir-7i. (d) Elution profile of mir-159a. The HPLC conditions were the same as those used for the mir-
16 analysis.
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which cause the difficulty for Aid-DNA to bind the target 
site. Thus, a denature step is employed to destroy the high 
dimensional structures and facilitate the formation of RNA/
Aid-DNA duplex. If the secondary structure of synthesized 
RNA repeats is too stable to be hybridized by a 12 nt long 
Aid-DNA, a longer Aid-DNA with more 2′-O-methyl modifica-
tions may be helpful. 

We designed the Aid-DNA sequence for specific RNA 
cleavage with unmodified deoxynucleotides at both 3′ and 5′ 
end. Lima et al. reported that a minimum of five contiguous 
unmodified deoxynucleotides at the 3′-end were required for 
effective RNA cleavage by RNase H.23 Although the bind-
ing affinity of RNase H towards the heteroduplex portion 
with 2′-O-methyl modification is approximately equal to the 
unmodified portion, the catalytic activity is virtually absent at 

the modified site. Accordingly, the presence of three unmodi-
fied deoxynucleotides at the 5′-end in Aid-DNA-16-1 did not 
show detectable nonspecific cleavage, although the single-
stranded part of the RNA may be cleaved at the site two or 
three deoxynucleotides away from the 5′-end of Aid-DNA-16-1 
when more RNase H was present (data not shown). Cleav-
age of the single-stranded part of RNA extending from het-
eroduplex by RNase H was also documented. 23,24 As a result, 
we found for the first time that the site-specific cleavage could 
be obtained even when three natural deoxynucleotides were 
present at the 5′-end. This design can reduce the cost of the 
modified DNA for site-specific RNA cleavage. 

In preparation of the hammerhead ribozyme using RCT-
SSD, by-products supposed to be generated by unexpected 
self-cleavage were observed (Figure 8b). Traditionally, ribo-
zymes for laboratory use are synthesized by using runoff 
transcription, where self-cleavage of product ribozyme rarely 
takes place.41 The unexpected self-cleavage found in RCT-
SSD can be ascribed to the fact that the transcript is tan-
demly repeated units of ribozyme sequence, whose catalytic 
motif tends to interact with RNA sequence more readily than 
ribozyme in separated conditions. To reduce the unexpected 
self-cleavage, more Aid-DNA was introduced and the forma-
tion of higher order structures conducive to self-cleavage was 
prevented as expected. 

RCT-SSD protocol is capable of preparing functional RNA 
sequences with high efficiency. Certainly, longer RNA oligo-
mers (>100 nt), which cannot be chemically synthesized are 
also promising products for this strategy. Preparation of small 
interfering RNA (siRNA) could easily be realized by utilizing 
two circular DNA templates separately, while four oligode-
oxynucleotides must be synthesized for each siRNA duplex 
by runoff transcription. Free from the sophisticated steps in 
chemical synthesis protocols, our protocol is promising to 
be used as a feasible and robust RNA synthesis method to 
obtain desired RNAs with high purity and high quantity.

Materials and methods

Ligation reaction. The ligation reaction for circularizing cDNA 
using splint DNA was performed in 10 μl of reaction mixture 
containing 1× ligation buffer (40 mmol/l Tris-HCl, 10 mmol/l 
MgCl

2, 10 mmol/l DTT, and 5 mmol/l ATP, pH 7.8), 5 U T4 
DNA ligase (New England Biolabs, Ipswich, MA), 1.0 μmol/l 
cDNA and 1.0 μmol/l splint DNA. Before the ligase was added, 
the mixture was incubated at 95 °C for 7 minutes and slowly 
cooled to room temperature. Then, the ligase was added and 
the reaction was carried out at 37 °C for 40 minutes, followed 
by inactivation of T4 DNA ligase at 65 °C for 10 minutes. The 
ligation product was subjected to gradient dilution to obtain 
circular templates of various concentrations.

RCT reaction. An aliquot (10 μl) of ligation products of vary-
ing concentrations was mixed with 40 U T7 RNA polymerase 
(New England Biolabs), 0.05 U RNase H (Thermo Scientific, 
Pittsburgh, PA), 20 U RNase inhibitor (Thermo Scientific) in 
20 μl of 1× transcription buffer (40 mmol/l Tris-HCl (pH 7.9 at 
25 °C), 10 mmol/l NaCl, 6 mmol/l MgCl2, 10 mmol/l DTT, and 
2 mmol/l spermidine) containing 0.1 μmol/l Aid-DNA and 0.5 
mmol/l NTPs (Thermo Scientific). The mixture was incubated 

Figure 8 Preparation of the hammerhead ribozyme by rolling 
circle transcription (RCT)site-specific disconnection (SSD). 
(a) Sequence of the hammerhead ribozyme prepared by RCT-SSD 
and the complex structure of the ribozyme/substrate. ErbB-2 mRNA 
(red) was used as the substrate for the ribozyme and was labeled 
with FITC at 5′ end. Two arms of the hammerhead ribozyme were 
designed to be complementary to the RNA substrate. The unpaired 
portion of the arms (blue) shared the same sequence with mir-16, 
providing a universal sequence that facilitated the synthesis of other 
ribozymes using the same Aid-DNA. (b) Analysis of synthesized and 
purified ribozyme oligomer products. (c) Time course of RNA cleavage 
by the hammerhead ribozyme synthesized by RCT-SSD. Reaction 
conditions: 1.0 μmol/l RNA substrate, 10 mmol/l MgCl2, 50 °C.
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at 37 °C for 4 hours or as otherwise noted. Inorganic pyro-
phosphatase (0.02 U) purchased from New England Biolabs, 
was applied to selected RCT reactions.

SSD reaction. At the end of the RCT reaction, the transcrip-
tion product was subjected to DNase digestion to eliminate 
the DNA template. The reaction (20 μl) consisted of 10 μl 
transcription products, 20 U RNase inhibitor (which does not 
inhibit RNase H), 5 U DNase I (Takara Bio, Shiga, Japan) and 
2.0 μl 10× DNase I buffer. The mixture was incubated at 37 
°C for 1 hour followed by inactivation of the DNase at 80 °C 
for 10 minutes. An aliquot (10 μl) of the digestion product 
was incorporated in 10 μl 1× RNase H buffer containing 20 
mmol/l Tris-HCl (pH 7.8), 40 mmol/l KCl, 8 mmol/l MgCl2 and 
1 mmol/l dithiothreitol (DTT), and 0.1 μmol/l Aid-DNA. The 
reaction mixture was heated to 65 °C for 7 minutes and slowly 
cooled to room temperature. Then, 2.5 U RNase H (Thermo 
Scientific) was added and the mixture was incubated at 37 
°C for 40 minutes, followed by inactivation of the RNase H at 
65 °C for 10 minutes. The products were analyzed by 20% 
denaturing urea PAGE followed by SYBR Green II (Life Tech-
nologies, Carlsbad, CA) staining.

Measuring the molecular weight of synthesized RNA oligomer 
by ESI-MS. ESI-MS analysis was performed using a Thermo 
LTQ ESI-MS (Thermo Fisher Scientific, Waltham, MA) 
equipped with an electrospray ionization source. Nitrogen was 
used as a nebulizer gas. An electrospray was generated by 
applying a voltage of 4.0 kV across the stainless steel elec-
trospray needle and the heated capillary. The heated capillary 
was maintained at 250 °C. Negative ion mass spectra were 
acquired over the range from 600 to 1,500 mass-to-charge 
ratio (m/z) at a scan rate of 5 seconds/decade. The purified 
RNA oligomer was dissolved in a 10 μl solution containing 
50% acetonitrile (v/v). The results were obtained and pro-
cessed with Thermo Xcalibur (Thermo Fisher Scientific).

Preparation of the HHR using RCT-SSD. The HHR was syn-
thesized and purified according to the protocol for microR-
NAs preparation. The ligation reaction was carried out in a 10 
μl volume with 1.0 μmol/l cDNA and 1.0 μmol/l splint DNA. An 
aliquot (10 μl) of the ligation product was introduced into the 
transcription system in a 20 μl volume, and the mixture was 
incubated at 37 °C for 4 hours. An aliquot (10 μl) of the tran-
scription products were subjected to DNase treatment at 37 
°C for 1 hour, followed by inactivation of the DNase at 80 °C 
for 10 minutes. Then, 10 μl of the products were added to the 
SSD system containing 0.1 μmol/l Aid-DNA-16-1 and 2.5 U 
RNase H. Before RNase H was added, the reaction mixture 
was heated to 65 °C for 7 minutes and slowly cooled to room 
temperature. Then, the mixture with RNase H was kept at 37 
°C for 40 minutes, followed by inactivation of the RNase H at 
65 °C for 10 minutes. The products were analyzed using 20% 
denaturing urea PAGE followed by SYBR Green II staining.

Cleavage of the RNA substrate by the RCT-SSD synthesized 
HHR. A typical ribozyme-catalyzed RNA cleavage reaction 
was performed as follows. The substrate RNA and the enzy-
matically synthesized ribozyme were mixed with buffer (10 
mmol/l KCl, 10 mmol/l (NH

4)2SO4, and 20 mmol/l Tris-HCl, 
pH 7.5) in a final volume of 20 μl containing a particular 

amount of ribozyme and 1.0 μmol/l RNA substrate. The mix-
ture was heated to 90 °C for 1.0 minutes, and cooled to 37 
°C over 20 minutes to allow annealing between the substrate 
and the catalyst. Next, MgCl2 was added to a final concen-
tration of 10 mmol/l to start the cleavage reaction at 50 °C. 
After a set time interval, an aliquot of 10 μl of the solution 
was pipetted and mixed with 2.0 μl of 6× loading buffer (60 
mmol/l ethylenediaminetetraacetic acid, 10 mmol/l Tris-HCl 
(pH 7.6), 0.03% bromophenol blue, 0.03% xylene cyanol 
FF, 60% glycerol) to terminate the reaction. The resulting 
mixture (12 μl) was subjected to electrophoresis on a 20% 
denaturing polyacrylamide gel containing 8.0 mol/l urea. 
Imaging and quantification of the digested RNA was carried 
out on a Bio-Rad molecular imager Gel Doc XR+ imaging 
system (Bio-Rad, Hercules, CA). The fluorescence of FITC 
moiety attached to 5′-end of RNA substrate (Table 1) was 
detected using an excitation wavelength of 473 nm and an 
emission wavelength of 520 nm.
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Figure S1. Quantification of microRNA products using a 
Bio-Rad gel imaging system.
Figure S2. Quantification of microRNA by RT-qPCR.
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Table S1. Sequence of oligomers used in preparing circular 
DNA markers.
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 chimeric oligomer.
Table S3. Sequence of oligomers used in stem-loop RT-
qPCR.
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