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An artificial cationic 
oligosaccharide combined 
with phosphorothioate linkages 
strongly improves siRNA stability
Atsushi Irie1,2*, Kazuki Sato3, Rintaro Iwata Hara3,4, Takeshi Wada3 & Futoshi Shibasaki1,5*

Small interfering RNAs (siRNAs) are potential tools for gene-silencing therapy, but their instability 
is one of the obstacles in the development of siRNA-based drugs. To improve siRNA stability, we 
synthesised a double-stranded RNA-binding cationic oligodiaminogalactose 4mer (ODAGal4) and 
investigated here its characteristics for siRNA stabilisation in vitro. ODAGal4 improved the resistance 
of various siRNAs against serum degradation. The effect of ODAGal4 on siRNA stabilisation was 
further amplified by introduction of modified nucleotides into the siRNA. In particular, a combination 
of ODAGal4 and incorporation of phosphorothioate linkages into the siRNA prominently prevented 
degradation by serum. The half-lives of fully phosphorothioate-modified RNA duplexes with 
ODAGal4 were more than 15 times longer than those of unmodified siRNAs without ODAGal4; this 
improvement in serum stability was superior to that observed for other chemical modifications. Serum 
degradation assays of RNAs with multiple chemical modifications showed that ODAGal4 preferentially 
improves the stability of RNAs with phosphorothioate modification among chemical modifications. 
Furthermore, melting temperature analysis showed that ODAGal4 greatly increases the thermal 
stability of phosphorothioate RNAs. Importantly, ODAGal4 did not interrupt gene-silencing activity 
of all the RNAs tested. Collectively, these findings demonstrate that ODAGal4 is a potent stabiliser of 
siRNAs, particularly nucleotides with phosphorothioate linkages, representing a promising tool in the 
development of gene-silencing therapies.

RNA interference (RNAi) is a gene regulatory mechanism in which the expression of specific genes is silenced by 
endogenous double-stranded RNAs or by synthetic short interfering RNAs (siRNAs) consisting of oligoribonu-
cleotide duplexes of 21–23  bases1–3. Although siRNA-based therapeutics have enormous potential for silencing 
specific genes that cannot be targeted by existing drugs, the development of siRNA-based drugs has been faced 
several difficulties: prevention of rapid degradation by nucleases, delivery to the target tissue, entry into the target 
cells, avoidance of innate immune responses and reduction of off-target  effects3,4.

To reduce their instability, most of the developed siRNA agents carry chemical modifications in their nucleo-
tide sugars, nucleobases, or phosphodiester linkages to prevent RNase  cleavage5–7. For instance, phosphorothioate 
modification, which substitutes a sulphur atom for the non-bridging oxygen in the phosphodiester  bond8, is a 
classical modification applied to antisense  oligonucleotides9. Phosphorothioate modification is particularly effec-
tive for providing DNase resistance, and thus is commonly used in antisense  oligodeoxynucleotides8,10; however, 
it is also applicable to  siRNAs9,11. Moreover, phosphorothioate modification improves the cellular uptake of 
antisense  oligonucleotides9 and  siRNAs12 because of its hydrophobicity.

In addition to phosphodiester linkages, the ribose moieties of nucleotides are also widely targeted as sites 
for chemical modification. For example, 2′-O-methyl modification, which substitutes a methoxy group for the 
hydroxy group at the 2′-position of the ribose  moiety13,14, is an effective modification for preventing RNase 
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digestion. Locked nucleic acid (LNA)15,16 and 2′-deoxy-2′-fluoro  nucleotides17,18 are also potent in supressing 
the cleavage of RNAs. For instance, the recently approved siRNA-based drugs  givosiran19 and  patisiran20 are 
modified by phosphorothioate linkages, 2′-O-methyl and 2′-deoxy-2′-fluoro nucleotides, and by 2′-O-methyl 
nucleotides,  respectively7. However, chemical modification is not a perfect strategy for siRNA protection: 
extensive 2′-O-methyl, LNA and phosphorothioate modifications may reduce the gene-silencing activity of 
 siRNAs14,21,22. Moreover, RNAs modified with extensive phosphorothioate modification might have increased 
cytotoxic  effects13,23.

The degradation of a double-stranded siRNA by RNase occurs in two steps: first, dissociation of the double-
stranded RNA into two single-stranded nucleotides; second, cleavage of the single strands by  RNase24,25. In 
general, chemical modification aims to prevent the second step; therefore, an alternative strategy to preserve the 
siRNA duplex is to prevent dissociation of the double strand into single strands. RNA duplexes form an A-form 
helix structure in which the major grooves have higher negative potential than the minor grooves because 
anionic phosphates of the internucleotide bonds line the inside edge of the major  grooves26. Thus, cationic 
molecules that can fit into the major grooves are expected to conserve the RNA duplex structure and thereby 
prevent RNA degradation. Indeed, aminoglycoside antibiotics with one or more protonated amino groups bind 
to RNA duplexes and stabilise  them27,28, suggesting that cationic amino sugars have favourable properties for 
the stabilisation of RNA duplexes. For siRNA stabilisation, however, an excess amount of cationic carriers is 
required because of their weak affinity for siRNAs. As a consequence, these cationic carriers are prone to be 
cytotoxic due to nonspecific binding to other biomolecules including DNA, RNA and  proteins29,30. Therefore, 
to stabilise siRNAs with low cytotoxicity, it is necessary to develop cationic molecules that can specifically bind 
to RNA duplexes with higher affinity.

Based on these lines of evidence, we have designed and synthesised a novel type of artificial cationic oligo-
saccharides with amino or guanidino groups at the 2- and 6-positions of the pyranose  rings31–33 (Fig. 1A and 
Supplementary Fig. 1). The distance between the 2-N and 6-N nitrogen atoms of these cationic oligosaccharides 
(approximately 6 Å) is similar to the width of the major groove of A-form RNA double  helix31, whereas that of 
B-form DNA double helix is much  wider34. In addition, the saccharide backbones of these oligosaccharides can 
form curved structures which are favourable for binding to the RNA helix  structure31. Therefore, these cationic 
oligosaccharides are expected to preferentially fit into the major groove of RNA helix and bind to the RNA 
duplex through interaction between the amino or guanidino groups of the oligosaccharides and the phosphate 
groups in the phosphodiester linkages of the RNA duplex (Fig. 1B). Indeed, we have reported that these cationic 
oligosaccharides bind to the major grooves of A-form RNA duplexes, but not those of B-form DNA duplexes, 
and consequently stabilise RNA  duplexes31–33. Among the cationic oligosaccharide family, β-(1 → 4)-linked 
2,6-diamino-2,6-dideoxy-d-galactopyranose 4mer (ODAGal4) (Fig. 1A) is the most potent siRNA stabiliser, 
binding to RNA duplexes more efficiently as compared with aminoglycosides, increasing thermal stability, and 
reducing the degradation of RNA duplexes by RNase  A33.

Although ODAGal4 is a promising molecule for improving the stability of siRNAs, its ability to protect siRNAs 
that contain chemically modified nucleotides has not yet been characterised. In this study, therefore, we have 
investigated the effects of ODAGal4 on biological and thermal stability of RNAs with modified nucleotides. We 
demonstrate that a combination of ODAGal4 and phosphorothioate linkages in RNA nucleotides substantially 
improves the stability of siRNAs without compromising their gene-silencing activity.

Results
ODAGal4 increases the stability of siRNAs in serum. To investigate the biological stability of siRNA, 
in vitro serum degradation assays are commonly used as models of siRNA digestion in body fluid because serum 
is easily available and contains several RNases including RNase A-type  enzymes35,36. We prepared two siRNAs 
targeting hypoxanthine phosphoribosyltransferase 1 (HPRT1) and β-2-microglobulin (B2M), named HP2 and 
B2M2, respectively (Supplementary Table 1), and examined the effect of ODAGal4 on their stability in mouse 
serum. HP2 and B2M2 were completely digested within 24 h in serum in the absence of ODAGal4, with half-
lives of 5.50 and 5.60 h, respectively (Fig. 2). When the HP2 and B2M2 siRNAs were mixed with four equivalents 
of ODAGal4 (N/P ratios, which are defined as the molar ratios between cationic amine groups in the carriers and 
phosphorus in the nucleotides, = 0.8), they were more resistant to degradation in serum, with half-lives of 9.98 
and 13.1 h, respectively. The split bands of HP2 observed at 0 h (Fig. 2A) probably reflect non-specific interaction 
of HP2 with serum proteins because HP2 migrated as a single-sized band during digestion with purified RNase 
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Schematic depiction of ODAGal4 binding to an RNA duplex.
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A, where its half-lives with or without ODAGal4 were 5.66 and 13.9 h, respectively (Supplementary Fig. 3). In 
addition, in a serum degradation assay of nine additional siRNAs (Supplementary Table 1), the half-lives of all 
siRNAs were prolonged by ODAGal4 (Supplementary Table 2), suggesting that ODAGal4 can serve as a stabi-
liser for various siRNAs independent of nucleotide sequence. 

ODAGal4 improves the serum stability of 2′-O-methyl and phosphorothioate RNAs. To deter-
mine the effects of ODAGal4 on the biological stabilisation of siRNAs that contains chemically modified nucleo-
tides, we introduced 2′-O-methyl nucleotides into both HP2 (HP2-M1 to HP2-M3, Supplementary Table 3) 
and B2M2 (B2M2-M1 to B2M2-M3, Supplementary Table 4) and assessed the stability of the resulting RNAs 
in serum (Fig. 3). In the absence of ODAGal4, the HP2 and B2M2 with modified nucleotides showed longer 
half-lives than the naive HP2 and B2M2, owing to the increasing number of 2′-O-methyl nucleotides. When 
four equivalents of ODAGal4 was added to these RNAs (N/P = 0.8), their half-lives were further increased. For 
instance, HP2-M3 and B2M2-M3, which were introduced 2′-O-methyl modification into alternating nucleotides 
in the sense strands and on all nucleotides in the antisense strands, showed a marked improvement in serum 
stability, with a respective 9.34- and 16.4-fold increase in half-life as compared with the unmodified siRNAs 
without ODAGal4 (Fig. 3C, F).

We next prepared and assessed the serum stability of RNAs with phosphorothioate modification (HP2-S1 to 
HP2-S3, Supplementary Table 3; and B2M2-S1 to B2M2-S3, Supplementary Table 4). In the absence of ODAGal4, 
the half-lives of the phosphorothioate HP2 were slightly increased (1.12–1.60-fold increase) as compared with 
HP2 (Fig. 3A–C), whereas those of phosphorothioate B2M2 were not improved (0.873–1.00-fold increase) rela-
tive to B2M2 (Fig. 3D–F), suggesting that phosphorothioate modification is less effective for RNA stabilisation 
than 2′-O-methyl modification. In sharp contrast, the inclusion of ODAGal4 with the phosphorothioate RNAs 
prominently enhanced their stability in serum: the half-lives of RNAs modified with phosphorothioate linkages in 
the sense or antisense strands (HP2-S1, HP2-S2, B2M2-S1 and B2M2-S2) were longer than 30 h, corresponding 
to a 6.36–8.06-fold increase as compared with HP2 and B2M2 without ODAGal4. Furthermore, in the presence 
of ODAGal4, the RNAs completely modified with phosphorothioate linkages (HP2-S3 and B2M2-S3) were more 
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Figure 2.  ODAGal4 increases the serum stability of HPRT1 and B2M siRNAs. siRNAs targeted to HPRT1 
(HP2) (A–C) and B2M (B2M2) (D–F) were mixed with or without ODAGal4, and then incubated in 10% 
mouse serum at 37 °C for 0 to 24 h. The samples were separated by polyacrylamide gels and stained with a 
green fluorescent dye. (A,D) Representative fluorescence images of the gels. Scanned uncropped full-length 
gels are presented in Supplementary Fig. 2. (B,E) Fluorescence intensity of the siRNAs. Values are relative to the 
intensity measured at 0 h. (C,F) Half-lives of the siRNAs in serum calculated from the results in (B) and (E), 
respectively. Each value is the mean ± SE (n = 4).
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Figure 3.  ODAGal4 improves the serum stability of 2′-O-methyl and phosphorothioate RNAs. 2′-O-Methyl or 
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tolerant to serum digestion than the RNAs with extensive 2′-O-methyl modification (HP2-M3 and B2M2-M3): 
the half-lives of HP2-S3 and B2M2-S3 with ODAGal4 were longer than 90 h, and the fold increases in half-life 
relative to HP2 and B2M2 without ODAGal4 were 16.6 and 17.5, respectively. Collectively, these results suggest 
that a combination of ODAGal4 and either 2′-O-methyl or phosphorothioate modification markedly increases 
the serum stability of RNAs, but the characteristics of stabilisation differ between 2′-O-methyl and phosphoro-
thioate modifications.

In addition to ODAGal4, we previously developed the artificial cationic oligosaccharides α-(1 → 4)-linked 
2,6-diamino-2,6-dideoxy-d-glucopyranose 4mer (ODAGlc4)31 and α-(1 → 4)-linked 2,6-diamino-2,6-dide-
oxy-d-mannopyranose 4mer (ODAMan4)32, whose pyranosyl structures differ from that of ODAGal4; and 
β-(1 → 4)-linked 2,6-dideoxy-2,6-diguanidino-d-galactopyranose 3mer (ODGGal3), which contains guanidino 
groups instead of amino  groups33 (Supplementary Fig. 1). The half-life of HP2-S1 was greatly prolonged by each 
of the oligosaccharides (Supplementary Table 5), suggesting that the amino or guanidino groups are crucial for 
the marked enhancement in serum stability of the phosphorothioate RNA.

ODAGal4 does not improve the serum stability of single-stranded RNAs. Most RNases in body 
fluid digest single-stranded RNAs rather than double  strands37,38. To examine whether ODAGal4 protects single-
stranded RNAs against serum digestion, the sense and antisense single strands of HP2, B2M2 and their modified 
analogues (Supplementary Table 6) were subjected to the serum degradation assay (Fig. 4). Unmodified HP2-a, 
HP2-b and B2M2-b were rapidly cleaved within 2 h with or without ODAGal4, suggesting that ODAGal4 is una-
ble to improve serum stability of these single strands (Fig. 4A). ODAGal4 prolonged the degradation of B2M2-a 
because it may be able to stabilise intra- and intermolecular duplexes of the single strand (Supplementary Fig. 4). 
When the single strands were modified with phosphorothioate linkages, degradation of the RNAs was slightly 
retarded in both the presence and absence of ODAGal4 (Fig. 4B), suggesting that phosphorothioate modifica-
tion provides modest protection of single-stranded RNA against serum degradation. In contrast, single-stranded 
RNAs with 2′-O-methyl modification were less susceptible to serum digestion, showing that this modification 
provides good protection against serum degradation (Fig. 4C). Nevertheless, ODAGal4 treatment did not alter 
the degradation rates of 2′-O-methyl single-stranded RNAs, suggesting that ODAGal4 does not improve the 
serum stability of unmodified and modified single-stranded RNAs unless intra- or intermolecular duplexes are 
formed. Furthermore, our observations indicate that the robust biological stabilisation of phosphorothioate 
RNAs by ODAGal4 treatment (Fig. 3) is due to the protection of double-stranded, but not single-stranded RNAs.

ODAGal4 preferentially enhances the serum stability of RNAs partially substituted with phos-
phorothioate linkages in the 3′-terminal region. To further characterise the biological stabilisation of 
phosphorothioate RNAs by ODAGal4, we prepared HP2 and B2M2 that were partially modified with phospho-
rothioate linkages in five sequential phosphodiester linkages from the 5′- to the 3′-terminus (HP2-S4 to HP2-
S11, Supplementary Table 3; and B2M2-S4 to B2M2-S11, Supplementary Table 4). In the absence of ODAGal4, 
the serum stability of HP2 partially modified in the sense (HP2-S4 to HP2-S7) and the antisense strand (HP2-
S8 to HP2-S11) gradually improved as the position of phosphorothioate linkages shifted from the 5′- to the 
3′-terminus (Fig. 5A, B, and Supplementary Fig. 5A). In the presence of ODAGal4, the serum stability of these 
partially modified RNAs was prominently amplified, and the positional gradients of stability were retained. Con-
sequently, HP2-S7 and HP2-S11 with ODAGal4 showed the greatest stability: their half-lives in serum reached 
27.8 and 32.6 h, respectively. Similarly, phosphorothioate modification in the 3′-terminal region was effective for 
stabilisation of the phosphorothioate B2M2 with or without ODAGal4 (Fig. 5C, D, and Supplementary Fig. 5B), 
confirming the positional preference of phosphorothioate modification in the 3′-terminus for RNA stabilisation 
in serum. These results indicate that phosphorothioate modification in the 3′-terminal region promotes biologi-
cal stabilisation of RNAs, and addition of ODAGal4 boosts this effect.

ODAGal4 preferentially enhances the serum stability of RNAs with phosphorothioate link-
ages. It has been suggested that combinations of multiple modifications in siRNAs are more effective than 
single modifications for protection against cleavage in  serum39,40. To examine whether ODAGal4 can stabilise 
RNAs with combined modifications, we prepared RNAs with multiple modifications (Supplementary Table 3) 
and observed their stability in serum (Fig. 6 and Supplementary Fig. 6). HP2 modified by both 2′-O-methyl 
nucleotides and phosphorothioate linkages in the sense strand (HP2-MS1) was more resistant to degradation 
than HP2 with individual modifications (HP2-M1 and HP2-S1), and addition of ODAGal4 greatly amplified 
its serum stability (Fig. 6A, B). Next, we assessed the serum stability of RNAs comprising a sense strand with 
a single modification and an antisense strand with a different modification (Fig. 6C, D). RNAs composed of a 
2′-O-methyl, 2′-deoxy-2′-fluoro or LNA modified sense strand, and a 2′-O-methyl modified antisense strand 
(HP2-M2, HP2-FM and HP2-LM) showed a modest increase in stability with or without ODAGal4 relative to 
HP2. In contrast, RNAs with phosphorothioate modification on the antisense strand combined with 2′-deoxy-
2′-fluoro or LNA modification on the sense strand (HP2-FS and HP2-LS) showed greatly improved serum stabil-
ity even in the absence of ODAGal4. RNAs with 2′-O-methyl and phosphorothioate modifications (HP2-MS2 
and HP2-MS3) also showed improved serum stability. These results suggest that a combination of modifica-
tions including phosphorothioate modification and other modifications is effective for biological stabilisation 
of RNAs. Adding ODAGal4 to the phosphorothioate RNAs further increased their half-lives: relative to HP2 
without ODAGal4, HP2-MS2 and HP2-MS3 showed prominent serum stability (23.2- and 15.4-fold increase 
in half-life, respectively), followed by HP2-FS and HP2-LS (14.9- and 12.5-fold increase, respectively). These 
results demonstrate that ODAGal4 preferentially improves the biological stability of RNAs with phosphorothio-
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ate modification among chemical modifications, and that ODAGal4 and phosphorothioate modification com-
bined with other modifications are strongly effective for siRNA stabilisation.

ODAGal4 increases the thermal stability of RNAs with phosphorothioate linkages. To deter-
mine whether ODAGal4 increases thermal stability of RNAs with chemically modified nucleotides, we next 
analysed the melting temperature (Tm) of the RNAs (Table 1 and Supplementary Figs. 7 and 8). Four equivalents 
of ODAGal4 (N/P = 0.8) increased the Tm of unmodified HP2 and B2M2 (ΔTm = 1.1 and 3.7 °C, respectively), in 
agreement with our previous  study33. In the absence of ODAGal4, the Tm values for 2′-O-methyl RNAs (HP2-
M1 to HP2-M3 and B2M2-M1 to B2M2-M3) were higher than those for HP2 and B2M2, suggesting that the 
introduction of 2′-O-methyl modification enhances the thermal stability of RNA duplex structures as consistent 
with a previous  report41. The Tm values for the 2′-O-methyl RNAs were further increased by ODAGal4 treatment 
(ΔTm = 0.1–3.6  °C), indicating that ODAGal4 and this modification additively enhance the thermal stability 
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of the RNAs. In sharp contrast, the Tm values for phosphorothioate RNAs (HP2-S1 to HP2-S3 and B2M2-S1 
to B2M2-S3) without ODAGal4 were lower than those for the unmodified siRNAs in good agreement with 
previous  studies15,42,43. However, the Tm values for the RNAs containing modified nucleotides were markedly 
elevated in the presence of ODAGal4 (ΔTm = 2.1–7.9 °C), indicating that, although phosphorothioate modifica-
tion decreases the thermal stability of RNAs, the stability of RNAs is profoundly improved when this modifica-
tion is combined with ODAGal4.

Above, we showed that RNAs partially modified with phosphorothioate linkages in the 3′-terminal region 
are more stable in serum than those modified in the 5′-terminus (Fig. 5). Therefore, we next determined the 
Tm values for HP2-S4 and HP2-S7, which were partially modified in the 5′- and the 3′-terminus, respectively 
(Supplementary Table 3). Although HP2-S7 was more stable than HP2-S4 in serum, the two RNAs had similar 
Tm values in both the presence and absence of ODAGal4 (Table 1), showing that there is no apparent difference 
in thermal stability between them.

To examine whether the thermal stabilisation of RNAs by ODAGal4 is attributed to conformational changes 
in the RNA duplex, circular dichroism (CD) spectra of the RNA duplexes were recorded (Supplementary Fig. 9). 
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The spectra of unmodified, 2′-O-methyl and phosphorothioate RNAs showed the characteristics of a typical 
A-form helix (i.e., a positive peak near 265 nm and a negative peak near 210 nm). The presence of ODAGal4 
did not apparently alter the shape of the spectra, suggesting that ODAGal4 does not change the conformation 
of the RNA duplex.

We next assessed the strength of binding affinity between ODAGal4 and RNA duplexes. Because one 21mer 
of siRNA binds three ODAGal4  molecules33, we considered that the mode of ODAGal4 binding to siRNAs might 
be very complicated. To simplify the analysis, therefore, we prepared a 12mer RNA duplex (12M-1) that binds 
one ODAGal4  molecule33 and its analogue with phosphorothioate linkages (12M-S1) (Supplementary Table 7), 
and confirmed that, in the presence of ODAGal4, 12M-S1 was more resistant to serum degradation than 12M-1 
(Supplementary Fig. 10A). Based on titration of ODAGal4 into 6-carboxyfluorescein (FAM)-labelled 12M-1 and 
FAM-12M-S1, fluorescence anisotropy determined Kd values of 0.023 and 0.012 µM, respectively (Supplementary 
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2′-deoxy-2′-fluoro; L, LNA; M, 2′-O-methyl; S, phosphorothioate modification.



9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:14845  | https://doi.org/10.1038/s41598-020-71896-w

www.nature.com/scientificreports/

Fig. 10B), indicating that phosphorothioate modification increases the binding affinity between RNA duplexes 
and ODAGal4.

Combinations of ODAGal4 and RNAs with modified nucleotides retain gene-silencing activ-
ity. siRNAs introduced into their target cells must dissociate into single strands to induce gene-silencing 
 activity3. This raises the concern that the tight interaction of ODAGal4 and siRNAs might inhibit gene-silencing 
activity by preventing the interaction of the RNA duplexes with the RNA-induced silencing complex (RISC), 
which cleaves the target mRNA for gene  suppression4. To assess whether ODAGal4 treatment interrupts gene-
silencing activity, complexes of ODAGal4 and RNAs were introduced into cultured cells and the expression of 
their target genes was analysed by quantitative PCR (Fig. 7). When naive HP2 or HP2 with modified nucleotides 
were transfected into Hep3B and HeLa cells in the absence of ODAGal4, the expression of HPRT1 was decreased 
by 60–80% (Fig. 7A, B). The 2′-O-methyl RNAs were less effective because this modification may disturb gene-
silencing  activity39,44,45. In contrast, the phosphorothioate RNAs showed effective gene silencing, indicating that 
phosphorothioate modification is superior to 2′-O-methyl modification in allowing the downregulation of gene 
expression. When four equivalents of ODAGal4 was mixed with the RNAs (N/P = 0.8) before transfection, the 
knockdown efficiencies of the siRNAs were found to be more or less comparable to those without ODAGal4 
(Fig. 7A, B), indicating that ODAGal4 has marginal effect on the gene-silencing activity of siRNAs. In a similar 
manner, gene suppression by variously B2M2 with modified nucleotides was not affected by ODAGal4 treat-
ment (Fig. 7C, D), confirming that complex formation between ODAGal4 and RNAs does not interrupt gene-
silencing activity. Cell viability of HeLa cells transfected with HP2 and B2M2 containing modified nucleotides 
in the presence or absence of ODAGal4 was not decreased as compared with the untreated cells (Supplementary 
Fig. 11), suggesting that the reduction of gene expression levels by the RNAs coupled with ODAGal4 is not due 
to cytotoxicity of the RNAs nor ODAGal4.

In addition, in the presence of ODAGal4, HP2-S3 and B2M2-S3 incubated in serum for 72 h showed suf-
ficient gene-silencing activity in HeLa cells, whereas without ODAGal4 these RNAs failed to knockdown gene 
expression (Fig. 7E, F). These results suggest that addition of ODAGal4 to phosphorothioate RNAs can sustain 
their gene-silencing activity after long-term serum treatment. Taken together, our results demonstrate that a 
combination of ODAGal4 and phosphorothioate linkages improves siRNA stability without compromising the 
gene-silencing activity of siRNAs.

Discussion
In this study, we have shown that ODAGal4, a cationic binder of RNA duplexes, stabilises siRNAs, particularly 
those with phosphorothioate linkages. Phosphorothioate modification greatly improves the stability of DNA by 
increasing its resistance to DNase cleavage, and thus is widely used in DNA-based antisense  oligonucleotides8,10. 
By contrast, this modification does not noticeably protect RNA duplexes against serum  digestion15,39, and is 
probably less effective for siRNA  stabilisation15. Our present study has shown that phosphorothioate modifica-
tion modestly improves the biological stability of single-stranded RNAs in serum, but 2′-O-methyl modifica-
tion effectively slows the degradation of RNAs. In addition, whereas 2′-O-methyl, LNA and 2′-deoxy-2′-fluoro 

Table 1.  ODAGal4 increases the thermal stability of RNAs. HP2 and B2M2 containing modified nucleotides 
(2.5 µM) were mixed with ODAGal4 (0 or 10 µM), and Tm values were analysed. ΔTm indicates the shift in Tm 
value for each RNA due to ODAGal4 treatment.

Name

Tm (°C) ΔTm (°C)

 − ODAGal4  + ODAGal4

(B–A)(A) (B)

HP2 79.1 80.2 1.1

HP2-M1 82.9 84.2 1.3

HP2-M2 83.0 84.9 1.9

HP2-M3 85.5 85.6 0.1

HP2-S1 75.1 78.7 3.6

HP2-S2 79.1 81.2 2.1

HP2-S3 72.1 76.7 4.6

HP2-S4 77.4 80.0 2.6

HP2-S7 78.6 81.4 2.8

B2M2 73.8 77.5 3.7

B2M2-M1 80.6 83.8 3.2

B2M2-M2 81.6 85.2 3.6

B2M2-M3 82.5 84.9 2.4

B2M2-S1 70.8 77.2 6.4

B2M2-S2 73.1 79.6 6.5

B2M2-S3 70.7 78.6 7.9
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Figure 7.  Combinations of ODAGal4 and RNAs with modified nucleotides retain gene-silencing activity. 
(A–D) ODAGal4 treatment retains gene-silencing activity of RNAs. HP2 (A,B) and B2M2 (C,D) containing 
chemically modified nucleotides (2.5 pmol) with or without ODAGal4 (10 pmol) were mixed with a lipofection 
reagent and transfected into Hep3B (A,C) and HeLa (B,D) cells for 4 h in serum-free medium. The transfection 
complexes were then removed, and the cells were cultured in medium containing 10% FBS for 2 days. Total 
RNAs from the cells were reverse-transcribed and subjected to quantitative PCR. Gene expression of HPRT1 
(A,B) and B2M (C,D) in cells transfected with the indicated RNAs was quantified. (E,F) ODAGal4 protects 
the gene-silencing activity of phosphorothioate RNAs against serum degradation. HP2-S3 (E) and B2M2-S3 
(F) (2.5 pmol) with or without ODAGal4 (10 pmol) were incubated in 10% mouse serum for 0 to 72 h. After 
incubation, the RNAs were mixed with a lipofection reagent, and transfected into HeLa cells for 4 h. The 
transfection complexes were then removed, and the cells were cultured for 2 days. Gene expression of HPRT1 
(E) and B2M (F) in the transfected cells was quantified. Each value is the mean ± SE (n = 4).
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nucleotides greatly increase the thermal stability of RNA  duplexes15,16,18, phosphorothioate modification does 
not enhance thermal stability, indicating that phosphorothioate modification per se does not effectively improve 
siRNA stability. In marked contrast, we have shown that the thermal stability of phosphorothioate RNAs is 
strongly increased by the addition of ODAGal4, indicating that ODAGal4 remedies the thermal destabilisation 
caused by phosphorothioate modification. In addition, ODAGal4 greatly prolongs the half-lives of phosphoro-
thioate RNAs in serum: in its presence, the serum stability of these nucleotides surpasses that of RNAs with other 
chemical modifications. We have thus demonstrated that the combination of ODAGal4 and phosphorothioate 
modification has great potential to improve the biological and thermal stability of siRNAs.

We previously reported that ODAGal4 stabilises RNA duplexes by interacting with amino groups in the 
saccharide and phosphates in the phosphodiester linkages of the  nucleotides33. In the present study, we found 
that ODAGal4 stabilises RNAs modified with phosphorothioate linkages more effectively than unmodified siR-
NAs; thus, it is conceivable that ODAGal4 binds more tightly to the phosphorothioate moieties in the modified 
RNAs than to the phosphate groups in naive siRNAs. Although substituting sulphur for oxygen in a nucleotide 
increases the interaction with amino groups of other  molecules46,47, no unifying mechanism for the enhancement 
of intermolecular interaction has yet been proposed. One plausible explanation for the enhanced interaction is 
that thiophosphoric acid is more acidic than phosphoric  acid48, and therefore amino groups will interact more 
tightly with phosphorothioates than with phosphates. It is also likely that a phosphorothioate backbone in a 
nucleotide is more polyanionic than a phosphodiester linkage because the negative charges are more confined to 
the sulphur  atoms49. Furthermore, substituting sulphur for oxygen in nucleotides possibly changes the mobility 
of the intermolecular ion pairs, resulting in entropic enhancement of the intermolecular  interaction46. We thus 
suggest that the ionic interaction between ODAGal4 and the nucleotide backbone of an siRNA is strengthened 
by phosphorothioate linkages.

We also demonstrated that RNA duplexes partially substituted with phosphorothioate linkages in the 3′-ter-
minus improve their stability in serum, and addition of ODAGal4 further amplifies the stability. At present, it is 
unclear why the position of phosphorothioate modification in the RNAs is associated with biological stability. 
The two RNAs that were partially modified with phosphorothioate linkages in either the 5′- or 3′-terminal region 
had similar Tm values in the presence and absence of ODAGal4, suggesting that the exact position of phospho-
rothioate linkages is less critical for thermal stability. It therefore seems likely that the effect of phosphorothioate 
position on biological stability of siRNAs is related to the prevention of degradation by RNase. As an endonucle-
ase, RNase A recognises partially dissociated regions in the RNA  duplex25; it also possesses exonuclease activity 
at the 3′-terminus of  RNAs50. Thus, it is possible that phosphorothioate modification in the 3′-terminal region 
more effectively protects the RNAs from RNase digestion as compared with modification in the 5′-terminus. A 
future study to determine the precise nucleotide positions of phosphorothioate linkages in RNAs susceptible to 
RNase digestion will clarify the positional effects of modification on biological stabilisation of siRNAs. Notably, 
combined modifications including phosphorothioate modification and another modification robustly enhanced 
serum stability of RNAs in the presence of ODAGal4. We therefore propose that a combination of ODAGal4 and 
phosphorothioate RNAs with multiple modifications represents a promising strategy for siRNA stabilisation. 
Because ODAGal4 bind to phosphorothioate linkages but not ribose moieties, it seems reasonable to assume that 
ODAGal4 and phosphorothioate linkages synergistically enhance the stability of siRNAs, while modifications 
in the ribose moieties (i.e., 2′-O-methyl, LNA and 2′-deoxy-2′-fluoro nucleotides) additionally increase siRNA 
stability independent of ODAGal4 binding.

In RNAi, siRNAs taken up by target cells are loaded onto the RISC, and then dissociate into guide and 
passenger strands for gene  suppression4,51,52. If ODAGal4 binding to the siRNA is excessively tight, the siRNA 
will be unable to interact with the RISC, and consequently will not separate into single strands. We previously 
reported that ODAGal4 binds to RNA duplexes with higher affinity as compared with neomycin  B33, one of the 
strongest known RNA binders among  aminoglycosides53, raising the concern that ODAGal4 might interrupt 
the gene-silencing activity of siRNAs. Notably, however, the interaction of ODAGal4 and siRNAs did not inhibit 
the gene-silencing activity of any siRNAs tested, including the RNAs with chemically modified nucleotides, 
revealing that ODAGal4 binding to RNA duplexes is not too strong; accordingly, the siRNAs can be loaded onto 
the RISC. Taken together, these observations demonstrate that the strength of binding between ODAGal4 and 
siRNAs is in an appropriate physiological range: it is tight enough to stabilise the RNA duplex, and simultane-
ously weak enough to allow RISC formation followed by gene suppression. Our present findings indicate that 
hyper-modification with phosphorothioate linkages into RNAs have sufficient gene-silencing activity without 
causing cytotoxicity. These findings contrast with previous reports that excessive phosphorothioate modification 
may reduce gene-silencing  activity21 and induce  cytotoxicity13,23; thus, the adverse effects of this modification 
should be explored further. It is therefore possible that such effects depend on the conditions of gene suppres-
sion, including cell type, siRNA sequence, and the target genes. Irrespective, the combination of ODAGal4 and 
phosphorothioate linkages strongly improved siRNA stability in serum, even when the nucleotides were modified 
only in the 3′-terminal region. We thus propose that RNAs modestly modified with phosphorothioate linkages 
coupled with ODAGal4 may exhibit sufficient stability and gene-silencing activity, which is prone to be inter-
rupted by severe siRNA  modification14,21,22.

It has been reported that various gene delivery systems which consist of cationic polymers (e.g., polyethyl-
eneimine and polyethylene glycol) and nucleic acids have been developed to stabilise oligonucleotides for gene 
 therapy4,5,54. In general, higher N/P ratios of these polycation complexes enable more effective stabilisation of the 
nucleotides caused by stronger interaction between the carriers and the  nucleotides54. However, cell viability is 
gradually decreased with the increase of N/P  ratios55–57, due to nonspecific binding of the polycations to other 
biomolecules. In addition, polycation complexes with excessively high N/P ratios show low siRNA efficiency for 
gene-silencing by interrupting siRNA release from the  complexes58. These studies implicate difficulties in deter-
mining balanced N/P ratios of the polycation complexes for siRNA stabilisation with sufficient siRNA activity and 
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low cytotoxicity. In the literature, N/P ratios of 2–100 are typically required for effective stabilisation of siRNAs 
by polycation  complexes56,59–63. In sharp contrast, we have shown that ODAGal4 markedly stabilises siRNAs at 
a lower N/P ratio of 0.8 without reducing gene-silencing activity and cell viability, suggesting that ODAGal4 is 
an efficient stabiliser of siRNAs relative to the other polycation complexes. A plausible explanation for the high 
efficiency of ODAGal4 for siRNA stabilisation is that the binding selectivity of ODAGal4 to siRNAs. ODAGal4 
preferentially binds to RNA duplexes but not to DNA duplexes nor to single-stranded DNAs because the struc-
ture of ODAGal4 fits into the major groove of A-form RNA helix but not into that of B-form DNA  helix33. We 
therefore suggest that the binding of ODAGal4 to RNA duplexes is owing to the structural property of ODAGal4 
and also to the ionic interaction between the amino groups of ODAGal4 and the nucleotide backbone of the 
RNA duplexes. In contrast, the other polycations cannot discriminate between RNA and DNA duplex structures 
and thereby bind to both RNA and DNA nucleotides through the ionic  interaction54,62,64,65. Given the low bind-
ing specificity, the polycation complexes require the higher N/P ratios for siRNA stabilisation, while ODAGal4 
exerts effective and selective stabilisation of siRNAs with the lower N/P ratio. In addition, we have shown in 
the present study that the efficacy of ODAGal4 for siRNA stabilisation is further amplified by phosphorothioate 
substitution of siRNAs. We thus suggest that ODAGal4 has a potential advantage as improving siRNA stability 
and will be a promising tool for reducing total dose and frequency of administration of siRNA-based agents in 
future applications.

An important goal of future studies will be application of ODAGal4 for siRNA-based drugs. ODAGal4 
improved the biological stability of all siRNAs tested in our experiments, strongly suggesting that its effect is 
independent of siRNA sequence because it does not bind to nucleobases of the RNA duplex. Moreover, as men-
tioned above, ODAGal4 did not interrupt the gene-silencing activity of any siRNA tested. We thus emphasise 
that ODAGal4 has great potential for siRNA stabilisation, being widely applicable to various siRNA-based agents.

In conclusion, we have demonstrated that the combinations of ODAGal4 and phosphorothioate linkages in 
RNA duplexes vastly improves siRNA stability, with effects of stabilisation superior to those of other chemical 
modifications and without compromising gene-silencing activity. Although in vivo studies to confirm and expand 
our findings are needed, the present results nonetheless provide new insight into development of siRNA-based 
drugs.

Methods
Materials. ODAGal4, ODAGlc4, ODAMan4 and ODGGal3 were synthesised as described  previously31–33. 
Sense and antisense single-stranded RNAs were synthesised by Gene Design (Osaka) and Greiner Japan (Tokyo), 
and annealed in 30 mM HEPES–KOH, pH 7.4, 100 mM  CH3COOK and 2 mM Mg(CH3COO)2. The sequences 
of double-stranded RNA 21mers used are listed in Supplementary Tables 1, 3 and 4. The sequences of double-
stranded RNA 12mers are listed in Supplementary Table 7. The single-stranded RNAs are listed in Supplemen-
tary Table 6.

Serum degradation assay. ODAGal4 (20 pmol) and double-stranded RNA oligonucleotides (5 pmol) or 
single-stranded RNAs (5 pmol) were mixed and then incubated at 37 °C in 10% mouse serum (Sigma-Aldrich) 
for various time periods. After incubation, the reaction was stopped by the addition of recombinant RNase 
inhibitor (10 U) (Takara Bio) and EXELDYE 6 × DNA Loading Dye (SMOBIO). In some experiments, siRNAs 
were digested by 7.5 µg/ml of RNase A (Thermo Fisher Scientific) in 20 mM Tris-HCl, pH 8.0, with 150 mM 
NaCl. The digested RNAs were then separated by a SuperSep DNA 15% native polyacrylamide gel (FUJIFILM 
Wako Pure Chemical) in 25 mM Tris and 192 mM glycine, stained with SYBR Green II (Takara Bio) in 0.5 × Tris 
borate EDTA buffer, and visualised with an LAS-4000 image analyser (FUJIFILM). The fluorescence intensity 
of the remaining RNAs was quantified by using ImageJ software (National Institute of Health, USA), and the 
half-lives of RNAs in serum were calculated by using an exponential curve-fitting algorithm in DeltaGraph (Red 
Rock software).

Melting temperature analysis. Absorbance versus temperature profiles were assessed as described 
 previously33. In brief, annealed double-stranded RNAs or single-stranded RNAs (2.5  µM) were mixed with 
ODAGal4 (0–10 µM) in 10 mM  NaH2PO4–Na2HPO4 buffer, pH 7.0, containing 100 mM NaCl. UV absorbance 
of the RNA/ODAGal4 complexes was monitored at 260 and 320 nm with a UV-1650 PC spectrophotometer 
(SHIMADZU) over a temperature gradient of 0.5  °C/min from 20 to 95  °C. All the UV absorbance values 
at 260 nm were baseline corrected by subtracting the readings at 320 nm. The thermal melting curves were 
obtained by plotting the corrected UV absorbance (the A260 reading—the A320 reading) against temperature. 
The vertical axis was normalised by the value at 20 °C. The Tm value was determined from the peak value of the 
first derivative of the thermal melting curve.

RNA secondary structure prediction. RNA secondary structure prediction was conducted by using 
 MaxExpect66 and  Bifold67 with default settings.

CD spectroscopy. CD spectroscopy was conducted as described  previously68. In brief, each annealed RNA 
(1.5 µM) was prepared in 10 mM  NaH2PO4-Na2HPO4 buffer, pH 7.0, containing 100 mM NaCl (250 µL), and 
the CD spectrum was recorded with a J-820 CD spectropolarimeter (JASCO) at a wavelength of 200 to 320 nm 
at 37 °C. After measurement, 0.1 mM ODAGal4 (15 µL) was added to the sample solution, and the CD spectrum 
was recorded again. The instrument settings were resolution, 0.1 nm; sensitivity, 5 mdeg; response, 1 s; speed, 
100 nm/min; accumulation, 20.
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Fluorescence anisotropy. Fluorescence anisotropy was conducted as described  previously33. In brief, 
5′-FAM-labelled RNA duplexes (100 nM) were titrated with 0–700 nM ODAGal4 in 10 mM  NaH2PO4–Na2HPO4 
buffer, pH 7.0, containing 100 mM of NaCl and 0.02% Tween 20 at 20 °C. The change in fluorescence anisotropy 
was monitored with a FP-6500 spectrofluorometer (JASCO) by averaging three measurements. The instrument 
settings were Ex/Em = 490/520 nm; response, 2 s; bandwidth (Ex), 5 nm; bandwidth (Em), 5 nm; PMT voltage, 
430 V; number of cycles, 4. The dissociation constant of ODAGal4 and each RNA duplex was calculated by the 
method of Wang et al.69

Cell culture and transfection. HeLa cells and Hep3B cells were obtained from Japanese Collection of 
Research Bioresources Cell Bank and American Type Culture Collection, respectively. Cells (1.5–3 × 104 cells) 
were cultured for a day in Dulbecco’s modified Eagle medium (DMEM) containing 10% (v/v) FBS in 48-well 
plates. For the transfection complex, RNA (2.5 pmol) was mixed with ODAGal4 (10 pmol) at room tempera-
ture, and then Lipofectamine RNAiMAX (0.75 µg) (Thermo Fisher Scientific) was added. In some experiments, 
RNA (2.5 pmol) with ODAGal4 (10 pmol) was incubated at 37 °C in 10% mouse serum for 0 to 72 h, and then 
mixed with Lipofectamine RNAiMAX (0.75 µg). The cell culture medium was replaced with 250 µL of Opti-
MEM medium (Thermo Fisher Scientific), and the RNA/ODAGal4/Lipofectamine complex was added to the 
cells. After 4 h, the transfection complex was removed, and the cells were cultured in DMEM with 10% FBS for 
2 days before gene expression analysis. The negative control siRNA was 5′-GUA CCG CAC GUC AUU CGU AUC-
3′ (sense) and 5′-UAC GAA UGA CGU GCG GUA CGU-3′ (antisense).

Quantitative PCR analysis. Total RNA was extracted from cells with TRIsol reagent (Thermo Fisher 
Scientific), and reverse-transcribed by using PrimeScript RT Master Mix (Takara Bio) in accordance with the 
manufacturer’s protocol. Quantitative PCR analysis was performed with TB Green Premix Ex Taq II (Takara 
Bio) and a LightCycler 480 (Roche). The relative expression level of the mRNAs for B2M and HPRT1 genes was 
calculated by the ΔΔCt method using glyceraldehyde 3-phosphate dehydrogenase as an internal control. The 
oligonucleotide primers for detection were designed by using ProbeFinder software (Roche): B2M, 5′-TTC TGG 
CCT GGA GGC TAT C-3′ and 5′-TCA GGA AAT TTG ACT TTC CATTC-3′; glyceraldehyde 3-phosphate dehydro-
genase, 5′-AGC CAC ATC GCT CAG ACA C-3′ and 5′-GCC CAA TAC GAC CAA ATC C-3′; HPRT1, 5′-TGA CCT 
TGA TTT ATT TTG CAT ACC -3′ and 5′-CGA GCA AGA CGT TCA GTC CT-3′. The  R2 value for each primer pair 
was over 0.99, and the efficiency of PCR was between 98 and 102%.

Cell viability assay. HeLa cells were transfected by RNA (2.5 pmol) with or without ODAGal4 (10 pmol) 
and cultured for 2  days at the same condition as described above. Cell viability was determined by the 
3-(4,5-dimethyhiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium (MTS) method 
by using CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega) in accordance with the 
manufacturer’s protocol.

Statistics. Data were expressed as the mean ± SE. Statistical significance was assessed by unpaired Student’s t 
test. In the figures, statistical significance is denoted as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

Received: 11 February 2020; Accepted: 21 August 2020

References
 1. Fire, A. et al. Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature 391, 806–811. 

https ://doi.org/10.1038/35888  (1998).
 2. Elbashir, S. M. et al. Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature 411, 494–498. 

https ://doi.org/10.1038/35078 107 (2001).
 3. Wittrup, A. & Lieberman, J. Knocking down disease: a progress report on siRNA therapeutics. Nat. Rev. Genet. 16, 543–552. https 

://doi.org/10.1038/nrg39 78 (2015).
 4. Kanasty, R., Dorkin, J. R., Vegas, A. & Anderson, D. Delivery materials for siRNA therapeutics. Nat. Mater. 12, 967–977. https ://

doi.org/10.1038/nmat3 765 (2013).
 5. Kaczmarek, J. C., Kowalski, P. S. & Anderson, D. G. Advances in the delivery of RNA therapeutics: from concept to clinical reality. 

Genome Med. 9, 60. https ://doi.org/10.1186/s1307 3-017-0450-0 (2017).
 6. Selvam, C., Mutisya, D., Prakash, S., Ranganna, K. & Thilagavathi, R. Therapeutic potential of chemically modified siRNA: recent 

trends. Chem. Biol. Drug Des. 90, 665–678. https ://doi.org/10.1111/cbdd.12993  (2017).
 7. Shen, X. & Corey, D. R. Chemistry, mechanism and clinical status of antisense oligonucleotides and duplex RNAs. Nucleic Acids 

Res. 46, 1584–1600. https ://doi.org/10.1093/nar/gkx12 39 (2018).
 8. Eckstein, F. Phosphorothioates, essential components of therapeutic oligonucleotides. Nucleic Acid Ther. 24, 374–387. https ://doi.

org/10.1089/nat.2014.0506 (2014).
 9. Khvorova, A. & Watts, J. K. The chemical evolution of oligonucleotide therapies of clinical utility. Nat. Biotechnol. 35, 238–248. 

https ://doi.org/10.1038/nbt.3765 (2017).
 10. Kurreck, J. Antisense technologies. Improvement through novel chemical modifications. Eur. J. Biochem. 270, 1628–1644. https 

://doi.org/10.1046/j.1432-1033.2003.03555 .x (2003).
 11. Hassler, M. R. et al. Comparison of partially and fully chemically-modified siRNA in conjugate-mediated delivery in vivo. Nucleic 

Acids Res. 46, 2185–2196. https ://doi.org/10.1093/nar/gky03 7 (2018).
 12. Overhoff, M. & Sczakiel, G. Phosphorothioate-stimulated uptake of short interfering RNA by human cells. EMBO Rep. 6, 1176–

1181. https ://doi.org/10.1038/sj.embor .74005 35 (2005).

https://doi.org/10.1038/35888
https://doi.org/10.1038/35078107
https://doi.org/10.1038/nrg3978
https://doi.org/10.1038/nrg3978
https://doi.org/10.1038/nmat3765
https://doi.org/10.1038/nmat3765
https://doi.org/10.1186/s13073-017-0450-0
https://doi.org/10.1111/cbdd.12993
https://doi.org/10.1093/nar/gkx1239
https://doi.org/10.1089/nat.2014.0506
https://doi.org/10.1089/nat.2014.0506
https://doi.org/10.1038/nbt.3765
https://doi.org/10.1046/j.1432-1033.2003.03555.x
https://doi.org/10.1046/j.1432-1033.2003.03555.x
https://doi.org/10.1093/nar/gky037
https://doi.org/10.1038/sj.embor.7400535


14

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:14845  | https://doi.org/10.1038/s41598-020-71896-w

www.nature.com/scientificreports/

 13. Amarzguioui, M., Holen, T., Babaie, E. & Prydz, H. Tolerance for mutations and chemical modifications in a siRNA. Nucleic Acids 
Res. 31, 589–595. https ://doi.org/10.1093/nar/gkg14 7 (2003).

 14. Czauderna, F. et al. Structural variations and stabilising modifications of synthetic siRNAs in mammalian cells. Nucleic Acids Res. 
31, 2705–2716. https ://doi.org/10.1093/nar/gkg39 3 (2003).

 15. Braasch, D. A. et al. RNA interference in mammalian cells by chemically-modified RNA. Biochemistry 42, 7967–7975. https ://doi.
org/10.1021/bi034 3774 (2003).

 16. Elmén, J. et al. Locked nucleic acid (LNA) mediated improvements in siRNA stability and functionality. Nucleic Acids Res. 33, 
439–447. https ://doi.org/10.1093/nar/gki19 3 (2005).

 17. Allerson, C. R. et al. Fully 2’-modified oligonucleotide duplexes with improved in vitro potency and stability compared to unmodi-
fied small interfering RNA. J. Med. Chem. 48, 901–904. https ://doi.org/10.1021/jm049 167j (2005).

 18. Deleavey, G. F. et al. Synergistic effects between analogs of DNA and RNA improve the potency of siRNA-mediated gene silencing. 
Nucleic Acids Res. 38, 4547–4557. https ://doi.org/10.1093/nar/gkq18 1 (2010).

 19. Adams, D. et al. Patisiran, an RNAi therapeutic, for hereditary transthyretin amyloidosis. N. Engl. J. Med. 379, 11–21. https ://doi.
org/10.1056/NEJMo a1716 153 (2018).

 20. Sardh, E. et al. Phase 1 trial of an RNA interference therapy for acute intermittent porphyria. N. Engl. J. Med. 380, 549–558. https 
://doi.org/10.1056/NEJMo a1807 838 (2019).

 21. Chiu, Y. L. & Rana, T. M. siRNA function in RNAi: a chemical modification analysis. RNA 9, 1034–1048. https ://doi.org/10.1261/
rna.51037 03 (2003).

 22. Lundin, K. E. et al. Biological activity and biotechnological aspects of locked nucleic acids. Adv. Genet. 82, 47–107. https ://doi.
org/10.1016/b978-0-12-40767 6-1.00002 -0 (2013).

 23. Harborth, J. et al. Sequence, chemical, and structural variation of small interfering RNAs and short hairpin RNAs and the effect 
on mammalian gene silencing. Antisense Nucleic Acid Drug Dev. 13, 83–105. https ://doi.org/10.1089/10872 90033 21629 638 (2003).

 24. Turner, J. J., Jones, S. W., Moschos, S. A., Lindsay, M. A. & Gait, M. J. MALDI-TOF mass spectral analysis of siRNA degradation 
in serum confirms an RNAse A-like activity. Mol. Biosyst. 3, 43–50. https ://doi.org/10.1039/b6116 12d (2007).

 25. Haupenthal, J., Baehr, C., Kiermayer, S., Zeuzem, S. & Piiper, A. Inhibition of RNAse A family enzymes prevents degradation and 
loss of silencing activity of siRNAs in serum. Biochem. Pharmacol. 71, 702–710. https ://doi.org/10.1016/j.bcp.2005.11.015 (2006).

 26. Chin, K., Sharp, K. A., Honig, B. & Pyle, A. M. Calculating the electrostatic properties of RNA provides new insights into molecular 
interactions and function. Nat. Struct. Biol. 6, 1055–1061. https ://doi.org/10.1038/14940  (1999).

 27. Jin, E. et al. Aminoglycoside binding in the major groove of duplex RNA: the thermodynamic and electrostatic forces that govern 
recognition. J. Mol. Biol. 298, 95–110. https ://doi.org/10.1006/jmbi.2000.3639 (2000).

 28. Kaul, M. & Pilch, D. S. Thermodynamics of aminoglycoside-rRNA recognition: the binding of neomycin-class aminoglycosides 
to the A site of 16S rRNA. Biochemistry 41, 7695–7706. https ://doi.org/10.1021/bi020 130f (2002).

 29. Wightman, L. et al. Different behavior of branched and linear polyethylenimine for gene delivery in vitro and in vivo. J. Gene Med. 
3, 362–372. https ://doi.org/10.1002/jgm.187 (2001).

 30. Ma, Z. et al. Cationic lipids enhance siRNA-mediated interferon response in mice. Biochem. Biophys. Res. Commun. 330, 755–759. 
https ://doi.org/10.1016/j.bbrc.2005.03.041 (2005).

 31. Iwata, R., Sudo, M., Nagafuji, K. & Wada, T. Synthesis of oligodiaminosaccharides having α-glycoside bonds and their interactions 
with oligonucleotide duplexes. J. Org. Chem. 76, 5895–5906. https ://doi.org/10.1021/jo200 951p (2011).

 32. Iwata, R., Doi, A., Maeda, Y. & Wada, T. Synthesis of oligodiaminomannoses and analysis of their RNA duplex binding properties 
and their potential application as siRNA-based drugs. Org. Biomol. Chem. 13, 9504–9515. https ://doi.org/10.1039/c5ob0 1384d  
(2015).

 33. Hara, R. I., Maeda, Y., Sakamoto, T. & Wada, T. Double-stranded RNA-binding artificial cationic oligosaccharides stabilizing 
siRNAs with a low N/P ratio. Org. Biomol. Chem. 15, 1710–1717. https ://doi.org/10.1039/c6ob0 2690g  (2017).

 34. Hud, N. V. & Plavec, J. A unified model for the origin of DNA sequence-directed curvature. Biopolymers 69, 144–158. https ://doi.
org/10.1002/bip.10364  (2003).

 35. Blank, A. & Dekker, C. A. Ribonucleases of human serum, urine, cerebrospinal fluid, and leukocytes. Activity staining following 
electrophoresis in sodium dodecyl sulphate-polyacrylamide gels. Biochemistry 20, 2261–2267. https ://doi.org/10.1021/bi005 11a03 
0 (1981).

 36. Liao, Y. D. Determination of base specificity of multiple ribonucleases from crude samples. Mol. Biol. Rep. 20, 149–154. https ://
doi.org/10.1007/bf009 90547  (1994).

 37. Raines, R. T. & Ribonuclease, A. Chem. Rev. 98, 1045–1066. https ://doi.org/10.1021/cr960 427h (1998).
 38. Sorrentino, S., Naddeo, M., Russo, A. & D’Alessio, G. Degradation of double-stranded RNA by human pancreatic ribonuclease: 

crucial role of noncatalytic basic amino acid residues. Biochemistry 42, 10182–10190. https ://doi.org/10.1021/bi030 040q (2003).
 39. Choung, S., Kim, Y. J., Kim, S., Park, H. O. & Choi, Y. C. Chemical modification of siRNAs to improve serum stability without loss 

of efficacy. Biochem. Biophys. Res. Commun. 342, 919–927. https ://doi.org/10.1016/j.bbrc.2006.02.049 (2006).
 40. Wu, S. Y. et al. 2’-OMe-phosphorodithioate-modified siRNAs show increased loading into the RISC complex and enhanced anti-

tumour activity. Nat. Commun. 5, 3459. https ://doi.org/10.1038/ncomm s4459  (2014).
 41. Kierzek, E., Mathews, D. H., Ciesielska, A., Turner, D. H. & Kierzek, R. Nearest neighbor parameters for Watson–Crick comple-

mentary heteroduplexes formed between 2’-O-methyl RNA and RNA oligonucleotides. Nucleic Acids Res. 34, 3609–3614. https ://
doi.org/10.1093/nar/gkl23 2 (2006).

 42. Braasch, D. A. et al. Biodistribution of phosphodiester and phosphorothioate siRNA. Bioorg. Med. Chem. Lett. 14, 1139–1143. 
https ://doi.org/10.1016/j.bmcl.2003.12.074 (2004).

 43. Jahns, H. et al. Stereochemical bias introduced during RNA synthesis modulates the activity of phosphorothioate siRNAs. Nat. 
Commun. 6, 6317. https ://doi.org/10.1038/ncomm s7317  (2015).

 44. Kraynack, B. A. & Baker, B. F. Small interfering RNAs containing full 2’-O-methylribonucleotide-modified sense strands display 
Argonaute2/eIF2C2-dependent activity. RNA 12, 163–176. https ://doi.org/10.1261/rna.21508 06 (2006).

 45. Collingwood, M. A. et al. Chemical modification patterns compatible with high potency dicer-substrate small interfering RNAs. 
Oligonucleotides 18, 187–200. https ://doi.org/10.1089/oli.2008.0123 (2008).

 46. Zandarashvili, L. et al. Entropic enhancement of protein-DNA affinity by oxygen-to-sulfur substitution in DNA phosphate. Biophys. 
J. 109, 1026–1037. https ://doi.org/10.1016/j.bpj.2015.07.032 (2015).

 47. Abeydeera, N. D. et al. Evoking picomolar binding in RNA by a single phosphorodithioate linkage. Nucleic Acids Res. 44, 8052–8064. 
https ://doi.org/10.1093/nar/gkw72 5 (2016).

 48. Frey, P. A. & Sammons, R. D. Bond order and charge localization in nucleoside phosphorothioates. Science 228, 541–545. https ://
doi.org/10.1126/scien ce.29847 73 (1985).

 49. Flierl, U. et al. Phosphorothioate backbone modifications of nucleotide-based drugs are potent platelet activators. J. Exp. Med. 212, 
129–137. https ://doi.org/10.1084/jem.20140 391 (2015).

 50. Cuchillo, C. M., Moussaoui, M., Barman, T., Travers, F. & Nogués, M. V. The exo- or endonucleolytic preference of bovine pancre-
atic ribonuclease A depends on its subsites structure and on the substrate size. Protein Sci. 11, 117–128. https ://doi.org/10.1110/
ps.13702  (2002).

 51. Noland, C. L., Ma, E. & Doudna, J. A. siRNA repositioning for guide strand selection by human Dicer complexes. Mol. Cell 43, 
110–121. https ://doi.org/10.1016/j.molce l.2011.05.028 (2011).

https://doi.org/10.1093/nar/gkg147
https://doi.org/10.1093/nar/gkg393
https://doi.org/10.1021/bi0343774
https://doi.org/10.1021/bi0343774
https://doi.org/10.1093/nar/gki193
https://doi.org/10.1021/jm049167j
https://doi.org/10.1093/nar/gkq181
https://doi.org/10.1056/NEJMoa1716153
https://doi.org/10.1056/NEJMoa1716153
https://doi.org/10.1056/NEJMoa1807838
https://doi.org/10.1056/NEJMoa1807838
https://doi.org/10.1261/rna.5103703
https://doi.org/10.1261/rna.5103703
https://doi.org/10.1016/b978-0-12-407676-1.00002-0
https://doi.org/10.1016/b978-0-12-407676-1.00002-0
https://doi.org/10.1089/108729003321629638
https://doi.org/10.1039/b611612d
https://doi.org/10.1016/j.bcp.2005.11.015
https://doi.org/10.1038/14940
https://doi.org/10.1006/jmbi.2000.3639
https://doi.org/10.1021/bi020130f
https://doi.org/10.1002/jgm.187
https://doi.org/10.1016/j.bbrc.2005.03.041
https://doi.org/10.1021/jo200951p
https://doi.org/10.1039/c5ob01384d
https://doi.org/10.1039/c6ob02690g
https://doi.org/10.1002/bip.10364
https://doi.org/10.1002/bip.10364
https://doi.org/10.1021/bi00511a030
https://doi.org/10.1021/bi00511a030
https://doi.org/10.1007/bf00990547
https://doi.org/10.1007/bf00990547
https://doi.org/10.1021/cr960427h
https://doi.org/10.1021/bi030040q
https://doi.org/10.1016/j.bbrc.2006.02.049
https://doi.org/10.1038/ncomms4459
https://doi.org/10.1093/nar/gkl232
https://doi.org/10.1093/nar/gkl232
https://doi.org/10.1016/j.bmcl.2003.12.074
https://doi.org/10.1038/ncomms7317
https://doi.org/10.1261/rna.2150806
https://doi.org/10.1089/oli.2008.0123
https://doi.org/10.1016/j.bpj.2015.07.032
https://doi.org/10.1093/nar/gkw725
https://doi.org/10.1126/science.2984773
https://doi.org/10.1126/science.2984773
https://doi.org/10.1084/jem.20140391
https://doi.org/10.1110/ps.13702
https://doi.org/10.1110/ps.13702
https://doi.org/10.1016/j.molcel.2011.05.028


15

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:14845  | https://doi.org/10.1038/s41598-020-71896-w

www.nature.com/scientificreports/

 52. Betancur, J. G. & Tomari, Y. Dicer is dispensable for asymmetric RISC loading in mammals. RNA 18, 24–30. https ://doi.org/10.1261/
rna.02978 5.111 (2012).

 53. Tor, Y., Hermann, T. & Westhof, E. Deciphering RNA recognition: aminoglycoside binding to the hammerhead ribozyme. Chem. 
Biol. 5, R277-283. https ://doi.org/10.1016/s1074 -5521(98)90286 -1 (1998).

 54. Wang, Y., Ye, M., Xie, R. & Gong, S. Enhancing the in vitro and in vivo stabilities of polymeric nucleic acid delivery nanosystems. 
Bioconjug. Chem. 30, 325–337. https ://doi.org/10.1021/acs.bioco njche m.8b007 49 (2019).

 55. Masotti, A. et al. Comparison of different commercially available cationic liposome-DNA lipoplexes: parameters influencing toxicity 
and transfection efficiency. Colloids Surf. B. Biointerfaces 68, 136–144. https ://doi.org/10.1016/j.colsu rfb.2008.09.017 (2009).

 56. Mehrotra, S., Lee, I. & Chan, C. Multilayer mediated forward and patterned siRNA transfection using linear-PEI at extended N/P 
ratios. Acta Biomater. 5, 1474–1488. https ://doi.org/10.1016/j.actbi o.2009.01.004 (2009).

 57. Lechanteur, A. et al. Cationic liposomes carrying siRNA: impact of lipid composition on physicochemical properties cytotoxicity 
and endosomal escape. Nanomaterials https ://doi.org/10.3390/nano8 05027 0 (2018).

 58. Zhu, J. et al. Dual-responsive polyplexes with enhanced disassembly and endosomal escape for efficient delivery of siRNA. Bio-
materials 162, 47–59. https ://doi.org/10.1016/j.bioma teria ls.2018.01.042 (2018).

 59. Mao, S. et al. Influence of polyethylene glycol chain length on the physicochemical and biological properties of poly(ethylene 
imine)-graft-poly(ethylene glycol) block copolymer/SiRNA polyplexes. Bioconjug. Chem. 17, 1209–1218. https ://doi.org/10.1021/
bc060 129j (2006).

 60. Zhou, J. et al. PAMAM dendrimers for efficient siRNA delivery and potent gene silencing. Chem. Commun. https ://doi.org/10.1039/
b6013 81c (2006).

 61. Wu, Y. et al. The investigation of polymer-siRNA nanoparticle for gene therapy of gastric cancer in vitro. Int. J. Nanomed. 5, 
129–136. https ://doi.org/10.2147/ijn.s8503  (2010).

 62. Zheng, M. et al. Targeting the blind spot of polycationic nanocarrier-based siRNA delivery. ACS Nano 6, 9447–9454. https ://doi.
org/10.1021/nn301 966r (2012).

 63. Gujrati, M. et al. Multifunctional cationic lipid-based nanoparticles facilitate endosomal escape and reduction-triggered cytosolic 
siRNA release. Mol. Pharm. 11, 2734–2744. https ://doi.org/10.1021/mp400 787s (2014).

 64. Grayson, A. C., Doody, A. M. & Putnam, D. Biophysical and structural characterization of polyethylenimine-mediated siRNA 
delivery in vitro. Pharm. Res. 23, 1868–1876. https ://doi.org/10.1007/s1109 5-006-9009-2 (2006).

 65. Alameh, M. et al. Low molecular weight chitosan nanoparticulate system at low N: P ratio for nontoxic polynucleotide delivery. 
Int. J. Nanomed. 7, 1399–1414. https ://doi.org/10.2147/ijn.S2657 1 (2012).

 66. Lu, Z. J., Gloor, J. W. & Mathews, D. H. Improved RNA secondary structure prediction by maximizing expected pair accuracy. 
RNA 15, 1805–1813. https ://doi.org/10.1261/rna.16436 09 (2009).

 67. Mathews, D. H., Burkard, M. E., Freier, S. M., Wyatt, J. R. & Turner, D. H. Predicting oligonucleotide affinity to nucleic acid targets. 
RNA 5, 1458–1469. https ://doi.org/10.1017/s1355 83829 99911 48 (1999).

 68. Hara, R. I., Maeda, Y., Fujimaki, H. & Wada, T. Enhancement in RNase H activity of a DNA/RNA hybrid duplex using artificial 
cationic oligopeptides. Chem. Commun. 54, 8526–8529. https ://doi.org/10.1039/c8cc0 4082f  (2018).

 69. Wang, Y., Hamasaki, K. & Rando, R. R. Specificity of aminoglycoside binding to RNA constructs derived from the 16S rRNA 
decoding region and the HIV-RRE activator region. Biochemistry 36, 768–779. https ://doi.org/10.1021/bi962 095g (1997).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Number JP17K19737 (to A. I.). We would like to thank 
Yumiko Ogata (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) for helpful discussion.

Author contributions
All the authors are contributed to this manuscript. Study design: A. I. and K. S.; study conduct: A. I. and K. S.; data 
collection: A. I. and K. S.; data analysis: A. I. and K. S.; data interpretation: A. I., K. S., R. I. H. and T. W.; project 
supervision: T. W. and F. S.; manuscript preparation: A. I. All authors reviewed and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-71896 -w.

Correspondence and requests for materials should be addressed to A.I. or F.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1261/rna.029785.111
https://doi.org/10.1261/rna.029785.111
https://doi.org/10.1016/s1074-5521(98)90286-1
https://doi.org/10.1021/acs.bioconjchem.8b00749
https://doi.org/10.1016/j.colsurfb.2008.09.017
https://doi.org/10.1016/j.actbio.2009.01.004
https://doi.org/10.3390/nano8050270
https://doi.org/10.1016/j.biomaterials.2018.01.042
https://doi.org/10.1021/bc060129j
https://doi.org/10.1021/bc060129j
https://doi.org/10.1039/b601381c
https://doi.org/10.1039/b601381c
https://doi.org/10.2147/ijn.s8503
https://doi.org/10.1021/nn301966r
https://doi.org/10.1021/nn301966r
https://doi.org/10.1021/mp400787s
https://doi.org/10.1007/s11095-006-9009-2
https://doi.org/10.2147/ijn.S26571
https://doi.org/10.1261/rna.1643609
https://doi.org/10.1017/s1355838299991148
https://doi.org/10.1039/c8cc04082f
https://doi.org/10.1021/bi962095g
https://doi.org/10.1038/s41598-020-71896-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An artificial cationic oligosaccharide combined with phosphorothioate linkages strongly improves siRNA stability
	Anchor 2
	Anchor 3
	Results
	ODAGal4 increases the stability of siRNAs in serum. 
	ODAGal4 improves the serum stability of 2′-O-methyl and phosphorothioate RNAs. 
	ODAGal4 does not improve the serum stability of single-stranded RNAs. 
	ODAGal4 preferentially enhances the serum stability of RNAs partially substituted with phosphorothioate linkages in the 3′-terminal region. 
	ODAGal4 preferentially enhances the serum stability of RNAs with phosphorothioate linkages. 
	ODAGal4 increases the thermal stability of RNAs with phosphorothioate linkages. 
	Combinations of ODAGal4 and RNAs with modified nucleotides retain gene-silencing activity. 

	Discussion
	Methods
	Materials. 
	Serum degradation assay. 
	Melting temperature analysis. 
	RNA secondary structure prediction. 
	CD spectroscopy. 
	Fluorescence anisotropy. 
	Cell culture and transfection. 
	Quantitative PCR analysis. 
	Cell viability assay. 
	Statistics. 

	References
	Acknowledgements




