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ssDNA–dsRNAs are cleaved at the next to its chimera-junction point
by an unknown RNase activity
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We found that there is an unknown aspect in serum RNases that cleaves ssDNA–dsRNA and ssRNA–
dsRNA. In the first step, RNase cleaves the phosphodiester linkage between the first and second RNA,
where the first one is connected to the single stranded RNA or DNA. In the second step, the ssRNA over-
hang attached siRNA is cleaved. When the 20 hydroxyl of the first RNA was replaced with methoxy, the
cleavage did not occur. This RNase activity can be considered related to defense system against exoge-
nous genetic materials.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

RNA interference (RNAi) is an RNA-dependent gene-silencing
process that occurs in cytosol. RNAi is initiated by the cleavage
of long double-stranded RNAs (dsRNAs) into short dsRNAs by an
enzyme called Dicer [1,2]. The short dsRNAs, called small interfer-
ing RNAs (siRNAs) [1,3], are usually composed of 20–26 nucleo-
tides with an overhang at the 30 end. When exogenous dsRNAs
enter the cytosol, RNAi plays an important role in the immune re-
sponse [4]. For endogenous dsRNAs such as miRNAs, RNAi is re-
lated to gene silencing or downregulation [5]. The application of
RNAi in biotechnology began with the groundbreaking discovery
that artificially designed short dsRNAs (�21 nucleotides) can si-
lence the expressions of certain endogenous genes homologous
to the dsRNAs in mammalian cell lines [6]. This siRNA technology
facilitated enormous progress in the study of gene functions.
Although there is risk of activating the interferon response, many
researchers are developing the therapeutic applications of siRNAs;
some of them have reached clinical trials [7]. The development of a
safe delivery method is critical for the clinical application of RNAi,
because naked siRNAs are easily excreted via renal clearance and
degraded in blood stream. Various delivery vehicles have been pro-
posed in the last decades, including viral vectors, and cationic lip-
ids and polymeric materials as non-viral vectors [8,9]. During our
study of such vehicles [10,11], we found a strange phenomenon
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in which the junction point of single-stranded (ss) DNA–dsRNA
was selectively cleaved in serum. This study describes this rather
strange phenomenon and attempts to estimate its biological
significance.

2. Materials and methods

2.1. Chimera composed of ssDNA and dsRNA

All oligonucleotides were synthesized by Hokkaido System Sci-
ence Co., Ltd. (Hokkaido, Japan) and purified with high-perfor-
mance liquid chromatography. All sequences used in this study
are described in Supplementary Table 1.

2.2. Stability of chimeras to serum

After the chimeras were incubated in 10% human serum (HS),
fetal bovine serum (FBS) or mouse serum (MS) at 20 lg/ml for
1 h at 37 �C, the they (50 ng) were analyzed by a 12% polyacryl-
amide gel (PAGE) for 1 h at 100 V. After the gel was stained with
SYBR Gold (Invitrogen, Carlsbad, CA), the fluorescent image was
obtained using a PharosFX (Bio-Rad, Richmond, CA).

3. Results

3.1. Cleavage of chimera in serum

We have been studying a series of ssDNA–dsRNA chimeras
comprising oligo-deoxyadenine (dA40 and dA10) and one of siRNA
sequences, denoted as siTNF [12] hereafter, in which the oligo-
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Fig. 1. (A) Hydrolyzed fragments from the ssDNA–dsRNA chimera (dA40–siTNF see Supplementary Table 1 for sequence) in 10% FBS and HS for 1 h observed with 12% PAGE. –
: without serum, RNI⁄: RNase inhibitor. (B) dA10–siTNFs (see Supplementary Table 1) were treated in HS and MS and separated by PAGE. The diagrams illustrate each band.
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Fig. 2. (A) Stability of the chimera with different homo oligo-deoxynucleotides. The chimeras with dA, dT, dC or dG at ssDNA (dA10–siTNF, dT10–siTNF, dC10–siTNF or dG10–
siTNF; Supplementary Table 1) were treated in HS and separated by PAGE. (B) The DNAs composed of dA10–DNA(se) and DNA(as) (Supplementary Table 1) were treated in HS.
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deoxyadenine is attached to the 50 end of the sense strand of the
siTNF sequence (Supplementary Table 1). Fig. 1A shows the ex-
tents of chimera degradation in FBS and HS. The chimera was
cleaved into two fragments; its cleavage was suppressed by an
RNase inhibitor RNaseOut™ (Invitrogen). Comparing the dA40

and siTNF bands added as controls, the two cleaved fragments
can be assigned to dA40 and siTNF or to have more or less the
same molecular weights with these two. When dsRNAs were de-
graded in FBS, more smear bands than those in Fig. 1A were gen-
erally observed due to random cleavage. However, the chimeras
were cleaved noticeably earlier than the degradation of dsRNAs.
The reproducibility of this result was checked with several differ-
ent lots of FBS and HS and other siRNA sequences (data not
shown). When the chimeras were exposed to mouse serum, the
similar cleavage was not observed (Fig. 1B). After 4 h incubation,
the half of chimera was cleaved, indicating that the chimeras are
less stable in human serum compared to mouse serum. In previ-
ous report, 21 bp siRNAs with 30-dTdT overhangs shows the dif-
ferent sensitivities against human and mouse serum; the siRNA
is degraded rapidly in human serum, while it takes more time
to be degraded in mouse serum [13]. These facts imply that sys-
temic administration of siRNAs or chimeras in mouse may not re-
flect their stability in human blood stream. Thus, the therapeutic
application of siRNAs in human can require a higher stability of
the siRNAs than in mice, which are frequently used as experimen-
tal model to study systemic siRNA therapy. As long as the ssDNA
was attached to siTNF at 50 end, this occurred regardless of the
DNA sequences (Fig. 2A). However, this cleavage phenomenon
did not occur when the dsRNA part was replaced with DNA
(Fig. 2B). To our knowledge, such DNA/RNA chimera-specific
cleavage has not been reported.
3.2. Definition of the cleavage site

We examined this cleavage phenomenon more precisely with
use of fluorescein isothiocyanate (FITC)-labeled chimeras in which
FITC was attached at the 50 or 30 end of the antisense RNA strand
(Fig. 3A, denoted by dA40-50F_siTNF and dA40-30F_siTNF, respec-
tively). While dA40-50F_siTNF was cleaved into two fragments as
expected from Fig. 1A, dA40-30F_siTNF was cleaved into three frag-
ments. It should be noted that the most migrated band contained
FITC but was not detected with SYBR Gold. Therefore, we presume
this band corresponds to a mononucleotide fragment. The cleavage
pattern of dA40-30F_siTNF was examined in more detail. The
amount of the third band increased with increasing reaction time
in HS. First cleavage proceeded so fast and completed within
5 min, while second reaction occurred with a half-life of 1 h
(Fig. 3B). This means that, after the cleavage of dA40-30F_siTNF into
dA40 and siTNF, the FITC-labeled end of siTNF easily and rapidly
underwent further hydration. This result can be explained by the
fact that ssRNA is more fragile than dsRNA. Consequently, the
FITC-labeled end of siTNF was present as a single strand (or over-
hang). Based on these findings, we propose the following stepwise
degradation. The chimera is initially cleaved into dA40 with a short
ssRNA overhang and siTNF with an overhang complementary to
the other (Fig. 3C, step 1). The overhang is then degraded by the
same or other enzymes (Fig. 3C, step 2). From the data in Fig. 3,
we conclude that the cleavage site is located at the phosphodiester
linkage between RNAs in the vicinity of the DNA–RNA junction,
probably one or two nucleotides away. We examined the cleavage
pattern of the full RNA sequence in which the ssDNA was replaced
with ssRNA (A10) using FITC-conjugated siTNF. The non-specific
degradation of ssRNA was observed. However, depending on the
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Fig. 3. Comparison of the hydration patterns of dA40-50F_siTNF and dA40-30F_siTNF in HS, where FITC was attached at 50 or 30 end of the antisense RNA strand and dA40 was
attached to 50 end of the sense RNA strand. After FITC observation, the gel was stained with SYBR Gold. The diagrams illustrate each band. (B) Stepwise cleavage of chimera.
dA40-3’F_siTNFs were treated in HS for indicated times. (C) The stepwise and position-selective cleavage proposed on the basis of the present experimental results including
those shown in Fig. 4. In the first step, RNase cleaves the phosphodiester linkage between the first and second RNA of the antisense RNA strand. In the second step, the ssRNA
overhang attached siTNF is cleaved.
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condition, we observed a cleavage pattern similar to that observed
in Fig. 3A (Supplementary Fig. 1). These results suggest that the
present findings can be generalized to ssDNA–dsRNA and ssRNA–
dsRNA. However, due to experimental convenience and simplicity,
we focus on ssDNA–dsRNA hereafter.

3.3. Prevention of cleavage

Since the RNase inhibitor suppressed the cleavage (Fig. 1A), it is
reasonable to conclude that RNases are involved. Human pancreatic
RNAase (hpRNAase), which is structurally and functionally similar
to bovine RNase A, occupies approximately 70% of RNAse activity
contained in human serum [14,15]. Thus, members of the RNase A
family can be good candidates to mediate cleavage of the chimera
in serum. Among the commercially available RNases, bovine RNase
A and S exhibited the same activity mentioned above, whereas
RNase H did not (data not shown). Bovine RNase A is one of the most
common Rnases and specifically degrades ssRNAs at the 30 end of
unpaired C and U residues [16]. It also possesses helix-destabilizing
activity toward dsRNA and digests dsRNA, but the activity is much
lower rate than ssRNA [17]. The chimera was cleaved not only at
the location mentioned above, but also at siTNF itself (Supplemen-
tary Fig. 2), suggesting that this activity is a previously unknown as-
pect of RNase A or other RNases.
The main RNA degradation mechanism is the nucleophile attack
of the 20 oxygen on the phosphate atom of the phosphodiester link-
age [18]. One of the common chemical modifications for prevent-
ing this is the methylation of the 20 oxygen of RNA. We
introduced a methoxy group into the 20 position of RNA riboses
from the next base to the DNA up to the 4th riboses and examined
the cleavage (Fig. 4). The methoxylation of the first RNA (i.e., next
to the DNA) was sufficient to prevent the cleavage. This result indi-
cates that the cleaved point is the phosphodiester connecting the
first and second sense RNAs attached to DNA. This implies that
after the first cleavage, the overhanging portion of the antisense se-
quence of siTNF is only one base (see Fig. 3C). Since we knew which
position is cleaved, we examined the sequence specificity. Based on
the siTNF sequence used above, the first sense base, C, was re-
placed with A, U, or G, and the cleavage was examined (Supple-
mentary Fig. 3). The cleavage occurred when the sequence was C
or U. This sequence specificity is same as that of bovine RNase A,
although the C or U is not unpaired.

4. Discussion

The above results demonstrate that RNases have an unknown
activity in HS and FBS, showing sequence- and position-selective
cleavage of the chimera; this activity is shared with bovine RNase
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A and S. However, it is unlikely that naked endogenous nucleotides
are involved in any biological reaction in serum. By eliminating
such impossibilities, we can speculate that this RNase activity
may be related to a host defense mechanism. RNases are secreted
from organs including the pancreas and kidneys and exist in body
fluids [19,20]. Previous studies show that such RNases serve not
only as cytotoxic agents in host defense, but also in angiogenic, im-
mune-suppressive, and antitumor activities [21,22], supporting
our speculation. Despite this, it remains difficult to conclude that
ssDNA–dsRNA must be cleaved by RNases because no such chi-
mera exists in nature. We should consider the possibility that this
RNase activity is solely designed to cleave ssRNA–dsRNA into
ssRNA and dsRNA instead of cleaving the chimera. This is because
the same phenomenon was observed in ssRNA–dsRNA as men-
tioned above. Assuming this argument is correct, it is possible that
this RNase activity is designed to defend against exogenous RNAs
before recognizing them with Dicer. If there are long overhangs
or other structures attached to the dsRNA end, the recognition with
Dicer would be dramatically reduced. Therefore, these portions
must be cleaved before dsRNA recognition with Dicer.

The recognition ability of ssDNA cannot be explained if the
present RNase activity is designed to deal with only ssRNA–dsRNA.
Although it is mere speculation, there is a possible explanation for
this phenomenon. During the RNA world era, RNA molecules pre-
sumably underwent frequent mutations because of the lack of
RNA-repairing enzymes; only RNA-dependent RNA polymerases
and RNases were present at that time. Organisms acquired the abil-
ity to repair their genetic information when the role of information
storage was transferred from RNA to DNA. During this transition,
several RNA/DNA chimeras might have emerged as an evolutionary
step. Moreover, RNA-dependent RNA polymerases or RNases had
to acquire the ability to degrade RNA/DNA chimeras for repair.
Some RNA polymerases and RNases may still retain this activity
as a vestige, which may explain the observed cleavage. Recent
studies report several RNA-dependent RNA polymerases in plants
[23] and viruses as well as some mammals [24]. This is another
possible biological explanation for the present finding.

In summary, RNases possess a previously unknown activity in
FBS and HS that cleaves ssDNA–dsRNA and ssRNA–dsRNA at the
phosphodiester linkage between the first and second RNA units,
in which the first unit is connected to the ssRNA or ssDNA. How-
ever, the cleavage does not occur when the 20 hydroxyl group in
the first RNA is replaced with a methoxy group. The cleavage only
occurs when the first base is U or C. To our knowledge, this is the
first report of such an activity of RNase, which may be related to
siRNA defense system.



S. Mochizuki et al. / Biochemical and Biophysical Research Communications 428 (2012) 433–437 437
Acknowledgments

We would like to gratefully thank Ms. Motoko Tanaka for her
help. This work is financially supported by the JST CREST program.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.10.100.

References

[1] E. Bernstein, A.A. Caudy, S.M. Hammond, G.J. Hannon, Role for a bidentate
ribonuclease in the initiation step of RNA interference, Nature 409 (2001) 363–
366.

[2] S.M. Elbashir, W. Lendeckel, T. Tuschl, RNA interference is mediated by 21- and
22-nucleotide RNAs, Genes Dev. 15 (2001) 188–200.

[3] P.D. Zamore, T. Tuschl, P.A. Sharp, D.P. Bartel, RNAi: double-stranded RNA
directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals,
Cell 101 (2000) 25–33.

[4] R. Lu, M. Maduro, F. Li, H.W. Li, G. Broitman-Maduro, W.X. Li, S.W. Ding, Animal
virus replication and RNAi-mediated antiviral silencing in Caenorhabditis
elegans, Nature 436 (2005) 1040–1043.

[5] D. Chowdhury, C.D. Novina, RNAi and RNA-based regulation of immune system
function, Adv. Immunol. 88 (2005) 267–292.

[6] S.M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, T. Tuschl,
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells, Nature 411 (2001) 494–498.

[7] J.C. Burnett, J.J. Rossi, K. Tiemann, Current progress of siRNA/shRNA
therapeutics in clinical trials, Biotechnol. J. 6 (2011) 1130–1146.

[8] J.B. Lee, J. Hong, D.K. Bonner, Z. Poon, P.T. Hammond, Self-assembled RNA
interference microsponges for efficient siRNA delivery, Nat. Mater. 11 (2012)
316–322.

[9] T. Suma, K. Miyata, T. Ishii, S. Uchida, H. Uchida, K. Itaka, N. Nishiyama, K.
Kataoka, Enhanced stability and gene silencing ability of siRNA-loaded polyion
complexes formulated from polyaspartamide derivatives with a repetitive
array of amino groups in the side chain, Biomaterials 33 (2012) 2770–2779.
[10] S. Mochizuki, K. Sakurai, Dectin-1 targeting delivery of TNF-alpha antisense
ODNs complexed with beta-1,3-glucan protects mice from LPS-induced
hepatitis, J. Control Release 151 (2011) 155–161.

[11] J. Minari, S. Mochizuki, T. Matsuzaki, Y. Adachi, N. Ohno, K. Sakurai, Enhanced
cytokine secretion from primary macrophages due to Dectin-1 mediated
uptake of CpG DNA/beta-1,3-glucan complex, Bioconjug. Chem. 22 (2011) 9–
15.

[12] D.R. Sorensen, M. Leirdal, M. Sioud, Gene silencing by systemic delivery of
synthetic siRNAs in adult mice, J. Mol. Biol. 327 (2003) 761–766.

[13] J. Haupenthal, C. Baehr, S. Kiermayer, S. Zeuzem, A. Piiper, Inhibition of RNAse
A family enzymes prevents degradation and loss of silencing activity of siRNAs
in serum, Biochem. Pharmacol. 71 (2006) 702–710.

[14] J.L. Weickmann, D.G. Glitz, Human ribonucleases. Quantitation of pancreatic-
like enzymes in serum, urine, and organ preparations, J. Biol. Chem. 257 (1982)
8705–8710.

[15] S. Sorrentino, R. De Prisco, M. Libonati, Human seminal ribonuclease.
Immunological quantitation of cross-reactive enzymes in serum, urine and
seminal plasma, Biochim. Biophys. Acta 998 (1989) 97–101.

[16] E. Volkin, W.E. Cohn, On the structure of ribonucleic acids. II. The products of
ribonuclease action, J. Biol. Chem. 205 (1953) 767–782.

[17] M. Libonati, G. Gotte, Oligomerization of bovine ribonuclease A: structural and
functional features of its multimers, Biochem. J. 380 (2004) 311–327.

[18] R. Breslow, D.L. Huang, E. Anslyn, On the mechanism of action of
ribonucleases: dinucleotide cleavage catalyzed by imidazole and Zn2+, Proc.
Natl. Acad. Sci. USA 86 (1989) 1746–1750.

[19] S. Sorrentino, M. Libonati, Structure-function relationships in human
ribonucleases: main distinctive features of the major RNase types, FEBS Lett.
404 (1997) 1–5.

[20] T. Morita, Y. Niwata, K. Ohgi, M. Ogawa, M. Irie, Distribution of two urinary
ribonuclease-like enzymes in human organs and body fluids, J. Biochem. 99
(1986) 17–25.

[21] J.J. Beintema, C. Schuller, M. Irie, A. Carsana, Molecular evolution of the
ribonuclease superfamily, Prog. Biophys. Mol. Biol. 51 (1988) 165–192.

[22] G. D’Alessio, New and cryptic biological messages from RNases, Trends Cell
Biol. 3 (1993) 106–109.

[23] M. Wassenegger, G. Krczal, Nomenclature and functions of RNA-directed RNA
polymerases, Trends Plant Sci. 11 (2006) 142–151.

[24] Y. Maida, M. Yasukawa, M. Furuuchi, T. Lassmann, R. Possemato, N. Okamoto,
V. Kasim, Y. Hayashizaki, W.C. Hahn, K. Masutomi, An RNA-dependent RNA
polymerase formed by TERT and the RMRP RNA, Nature 461 (2009) 230–235.

http://dx.doi.org/10.1016/j.bbrc.2012.10.100

	ssDNA–dsRNAs are cleaved at the next to its chimera-junction point  by an unknown RNase activity
	1 Introduction
	2 Materials and methods
	2.1 Chimera composed of ssDNA and dsRNA
	2.2 Stability of chimeras to serum

	3 Results
	3.1 Cleavage of chimera in serum
	3.2 Definition of the cleavage site
	3.3 Prevention of cleavage

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


