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and evaluation of novel, branched
trident small interfering RNA nanostructures for
sequence-specific RNAi activity†

Akash Chandelaa and Yoshihito Ueno*ab

Small interfering RNAs (siRNAs) are potential candidates for gene regulation with efficient activity, but off-

target effects and limited systemic delivery. Herein, we report the design and synthesis of the branched

siRNA nanostructures with highly improved resistance against exonucleases. Also, these branched siRNAs

showed suppression of off-target gene silencing through selection of the passenger strand as the

branching unit. The physical characterization of branched siRNAs showed that they form a compact

assembly with a hydrodynamic diameter of 6.9 nm against 2.8 nm of the duplex. We demonstrated that

a branched siRNA synthesized with a trebling solid-support selectively exhibits RNAi activity and

suppresses the off-target effect.
Introduction

Nucleic acid therapeutics have emerged as a potential agent for
gene therapy with the advances in a clinical tool, namely, RNA
interference (RNAi).1–4 Specically, small interfering RNAs with 19
to 21 nucleotides (nt) in length regulate the expression of a gene
through catalytic degradation of the target mRNA.5–7 But, several
limitations such as nuclease degradation, off-target effect, and
renal clearance impede the systemic delivery of siRNAs to the
target site.8,9 Therefore, several investigations with the carrier
assisted delivery of siRNAs to elude nucleases and kidney ltration
have been performed.10–14 Our review on the systemic delivery of
siRNAs has also enlightened several delivery carriers such as lipid
nanoparticles, cell penetrating peptides, aptamers, lipid bio-
conjugates and dendrimers for the targeted delivery.15 However,
a self-assembled delivery system with branched RNA structure has
not yet been exploited to facilitate the efficient delivery and
silencing activity. Largemolecular size of such self-assemblies will
also assist in evading the ltration through the glomerulus.16

Developments in this direction have led to the exploration of
RNA architectonics, the scientic study of the principles of RNA
architecture with the aim of constructing RNA nanostructures of
arbitrary size and shape.17,18 Accordingly, branched RNAs can be
formulated through chemical modications to evade the barriers
in systemic administration and display prominent regulation of
gene expression. But, the complexity and difficulty in the synthesis
of these branching units, have restricted investigations with this
l Science, Gifu University, Gifu, Japan

plied Biological Sciences, Gifu University,

: uenoy@gifu-u.ac.jp

tion (ESI) available. See DOI:

1

class of pharmaceutics. Although, commercially available
doubling or tripling synthons improve the complexity and yields
of such structures but they are only available as phosphoramidites
and, the downstream processing is still troublesome.

Previously, the construction of branched RNA architectures
have been reported through hybridization of three or more
strands coding for different genes or, incorporating the
commercially available doubling and tripling phosphoramidite
synthons for yielding the branched structures.19–24 And such
branched RNA nanostructures have evidently showed reduced
mRNA levels and marked gene silencing against the linear
duplex counterparts. Also, branched oligonucleotides have been
reported to exhibit high affinity for single-strand oligonucleo-
tides to form alternated strand triplexes.25–27 However, the
simultaneous synthesis of three identical arms of the RNA using
a modied solid-support, to yield branched RNA structure
forming a nano-assembly, remains unexplored.

Therefore, we envisioned that a branched RNA structure could
be afforded with a modied solid-support that will yield trident
RNAs (td RNAs) that will impart high serum stability and on-target
RNAi activity with sequence selectivity. Also, the physical charac-
terization of these structures with dynamic light scattering (DLS)
could reveal their size and nature of assembly. To this end, we
designed and synthesized, a novel branched RNA structure orig-
inating from amodied single solid-support to accommodate the
branched structure with a molecular weight of approximately 22
kDa which results into gross molecular weight of 44 kDa of the td
siRNA.9,28–31 These novel branched siRNAs were terminally modi-
ed with alkyl-halide nucleobases (previously reported) at 30-end,
and showed consistent thermal stability but branching RNA
sequence-dependent gene silencing (Fig. 1).32 The hydrodynamic
diameter of these nanostructures was found to be increased,
showing that they forms a compact structure. Moreover, these
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Graphical representation of siRNA structures and modified
analogs, (A). Duplex siRNA (conventional) having 2-nucleotide over-
hang at 30-ends, for RNAi. (B). Trident siRNA (this study) for RNAi. (C).
Haloalkyl nucleobase analogs introduced at 30-overhangs of non-
branching RNA for analysing thermal stability and RNAi activity.
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branched RNAs were also found to be considerably resistant
against the 30-exonuclease, revealing a 10-fold increase in the half-
life. Thereby, the moiety described here may provide a starting
point for further endeavours with nucleic acid pharmaceutics.

Results and discussion
Synthesis of trebler solid-support

The modied solid-support, D9 for the synthesis of branching
oligonucleotides was obtained through the divergent synthesis
approach. The synthetic route has been shown in Scheme 1.
Scheme 1 Synthetic route for the production of trebling solid-support,

This journal is © The Royal Society of Chemistry 2019
Commercially available pentaerythritol (D1) was mono-
protected with the silyl-ether, tert-butyldimethylsilyl chloride
(TBDMSCl) to afford D2 in 65% yield. Thereupon, the elonga-
tion of the three arms was achieved through coupling reaction
following Williamson ether synthesis. The primary hydroxyl
groups were reacted with allyl bromide in the presence of NaH
to give D3 in 81% yield. Subsequently, D4 was obtained in 83%
yield through anti-Markovnikov hydroboration oxidation of D3
with 9-BBN. D4 was again reacted with allyl bromide in the
presence of NaH to give D5 in 64% yield. Next, D6 was obtained
in 93% yield through hydroboration oxidation of D5 with 9-
BBN. Subsequently, the hydroxyl groups ofD6 were protected by
DMTr group to give the corresponding DMTr derivative D7 in
90% yield. The deprotection of the silyl group of D7 was per-
formed with TBAF to afford D8 in 91% yield. Lastly, the solid-
support for oligonucleotide synthesis was attained by convert-
ing compound D8 to the corresponding succinate, which was
then reacted with LCAA-CPG to produce the solid supports D9
with 27.4 mmol g�1 of loading activity.

Synthesis of trident RNA

The modied trebling solid-support D9, natural RNA phosphor-
amidites and hexaethylene glycol (C18) spacer phosphoramidite,
were used to synthesize the td siRNAs by a DNA/RNA synthesizer.
The RNAs were synthesized with a modied cycle having
increased coupling time of the phosphoramidite on a DMT-ON
mode for obtaining the target full length sequences. The C18

spacer have been used for obtaining efficient oligonucleotide
synthesis as initially with small arms of trebling support, the
synthesis yield was very low. However, the target sequence was
also obtainedwithout the use of spacer but in low yield. Themass
analysis of these trident RNAs revealed unconsolidated peaks.
And, further screening with reverse-phase high-performance
liquid chromatography, RP-HPLC showed the presence of
D9.

RSC Adv., 2019, 9, 34166–34171 | 34167
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bident and trident mixture with merged peaks. Similar observa-
tions about the co-existence of the double and triple branched
RNAs were also made with ultra-performance liquid
chromatography-mass spectrometry, UPLC-MS (Fig. S1†). Thus,
purication via polyacrylamide gel electrophoresis (PAGE) was
executed to produce two distinctive bands (Fig. 2), which were
analysed again by matrix-assisted laser desorption/ionization
time-of-ight mass spectrometry (MALDI-TOF/MS), to conrm
the branched RNAs (Table S1†). The two bands corresponded to
the td RNA and bd RNA, respectively.
Fig. 3 UV melting profiles for the comparative study of melting
temperatures of modified, siRNAs and td siRNAs.
Thermodynamic stability of td siRNAs

Next, we examined the thermodynamic stability of the branched
siRNAs and compared with the duplex siRNAs. Herein, the
passenger strand formed the branching RNA whereas the guide
strand was the single strand RNA (ssRNA) with alkyl-halide
nucleobase modied 30-overhang. These modied branched
siRNAs were subjected to evaluation by UV melting experiments
in a buffer composed of 10 mM sodium phosphate (pH 7.0) and
100 mM NaCl (Fig. 3). The Tm value of the unmodied siRNA 1
was found to be 77.6 �C, whereas those of themodied siRNAs 2–
4 were 77.0, 77.1, and 77.2 �C, respectively. And, with the modi-
ed td siRNAs 2–4, the Tm values were found to be 77.0, 77.5,
77.5 �C, respectively (Table S3†). Thereby, revealing that these
branched structures have similar thermodynamic stability like
the duplex siRNAs and the structural difference didn't alter it any
signicantly. Hence, they can be utilized for the same function of
RNAi activity due to these conserved thermal stability.
Size measurement with dynamic light scattering (DLS)

Physical characterization of these branched siRNAs using
Dynamic Light Scattering (DLS) showed the resulting hydrody-
namic diameters of 6.9 nm of td siRNA against the 2.8 nm of the
duplex siRNA, which revealed the compactness of these nano-
structures (Fig. 4). Therefore, such compact nanostructures
with a very high molecular weight, could easily escape the
barrier of kidney ltration unit during systemic administration
and also the circulation time could be increased as the
Fig. 2 Purification of branched RNA with PAGE to yield bident and
trident RNAs.

34168 | RSC Adv., 2019, 9, 34166–34171
threshold for glomerular ltration have been reported around
6 nm.33–35 The sequences have been shown in Table S2.†

Gene silencing determined by dual luciferase assay

The RNAi activities of the unmodied and modied td siRNAs
were investigated with a dual luciferase reporter assay using
HeLa cells, in which the target luciferase genes were constitu-
tively expressed. All modied td siRNAs targeted the Renilla
luciferase genes, while rey luciferase genes were used as
controls. All td siRNAs were transfected using RNAimax. The
expression levels of both luciferase genes were analyzed aer
24 h of treatment with the modied td siRNAs. The silencing
activity was expressed as the ratios of Renilla:rey luciferase
activities with respect to the no siRNA control.

We hypothesized that these structures exhibit sequence
selectivity and the td siRNAs with sense strand as the branching
unit will display profound silencing activity whereas those with
guide strands will have reduced activity due to the caging of the
30-end. To this end, we observed that all of the alkyl-halide base
modied td siRNAs 2–4 showed comparable activity by inhib-
iting 78% gene expression in each case whereas 81% inhibition
was observed with the unmodied branched td siRNA 1, at
10 nM concentration. The duplex siRNA 1 also showed 78% of
inhibition (Fig. 5, Table S4†). Hence, the RNAi activity was
found to be conserved with these structurally different moieties.
Fig. 4 Hydrodynamic diameter determination using DLS method for
siRNA and td siRNA.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 RNAi activity of the modified td siRNAs with sense strand as
branching unit.
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However, an anomalous behaviour as hypothesized for the td
siRNAs constituting antisense strand as the branching unit was
observed. The gene silencing was considerably reduced for each
of the td siRNAs 5–8. The inhibition for td siRNAs 5–8 at 10 nM
were found to be 58%, 66%, 69% and 72%, respectively (Fig. 6,
Table S5†).

Hence, it can be inferred that the branching structures are
tolerant for siRNA mediated RNAi, if the branching RNA back-
bone constitutes passenger strand, which lies in agreement
with our hypothesis of reduced recognition of the termini of
guide strand by the Ago protein due to caging effect. Hence,
these structures can be successfully utilized for the suppression
of off-target effects and regulate gene silencing. In addition, we
Fig. 6 RNAi activity of the modified td siRNA with antisense strand as
the branching unit.

This journal is © The Royal Society of Chemistry 2019
also examined the cellular uptake of these structures in the
presence of transfecting agent and found a similar response for
cellular internalization alike the duplex siRNA (Fig. S2†).
Stability against exonucleases

Instability of unmodied siRNAs in serum is another critical
limitation in the systemic administration of nucleic acid ther-
apeutics. Since, we earlier stated the presence of caged-structure
at the 30-end of these RNAs, we further hypothesized that the
existence of such an assembly will improve stability in the
serum. Thus, we analysed the branched RNAs for resistance
against snake venom phosphodiesterase (SVPD), a 30-exonu-
clease. The unmodied RNA and the branched td RNA were
labelled with uorescein at their 50-ends, incubated with SVPD,
and then examined by denaturing PAGE. As shown in Fig. 7, the
unmodied RNA underwent instantaneous degradation with
fairly no full length RNA aer 5 min of incubation; whereas, the
branched RNA exhibited enhanced stability to the exonuclease
enzyme and showed sustained full length structures even aer
30 min of treatment with the enzyme. The half-lives (t1/2) of
unmodied RNA was 1.2 min, while that of the branched td
RNA displayed over 10 folds increase and valued at 14 min.
Therefore, we can be rmly conclude upon these observations
that the branched RNAs provide better stability against the
exonucleases in the serum.
Experimental
Synthesis of the solid support

N,N-Dimethyl-4-aminopyridine (DMAP) (0.23 g, 1.84 mmol),
and succinic anhydride (0.37 g, 3.68 mmol) were added to
a solution of D8 (1.28 g, 0.92 mmol) in pyridine (10 mL) under
argon atmosphere and the mixture was stirred for 20 h at room
Fig. 7 Serum stability of unmodified ssRNA and unmodified td RNA
against SVPD with 20% and 6% denaturing PAGE respectively. F
denotes fluorescein, C18 denotes spacer and D9 denotes the trebling
solid-support. The sequence of the RNA part is 50-GGCCUUUCA-
CUACUCCUAC-3’.

RSC Adv., 2019, 9, 34166–34171 | 34169
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temperature. The mixture was extracted with H2O and EtOAc.
The organic layer was washed with sat. NaHCO3 solution, brine,
dried over Na2SO4 and concentrated in vacuo. The residue was
puried by column chromatography on silica gel (hexane : ethyl
acetate, 2 : 1) to give succinate mixture as a colorless, viscous
liquid in 82% yield. Aminopropyl controlled pore glass (0.49 g,
60 mmol) and 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide
hydrochloride (46 mg, 0.24 mmol) were added to a solution of
succinate (0.36 g, 0.24 mmol) in DMF and the mixture was kept
at room temperature for 4 days. This resin was washed with
pyridine, 15 mL of capping solution (0.1 M DMAP in
pyridine : Ac2O, 9 : 1) were added to the resin and the mixture
was kept at room temperature for 1 day. The resin was washed
with pyridine, ethanol, acetonitrile and dried under vacuum to
give solid support D9. The amount of nucleoside loaded to the
solid support was calculated by release of dimethoxytrityl cation
using solution of 70% HClO4 : EtOH (3 : 2, v/v).

Oligonucleotide synthesis

Synthesis was carried out with a DNA/RNA synthesizer by
phosphoramidite method according to the normal protocol.
Post synthesis, the oligomers were cleaved from CPG beads and
deprotected with concentrated NH3 solution/40% methylamine
(1 : 1, v/v) for 10 min at 65 �C. 20-O-TBDMS groups were removed
by Et3N$3HF in a solution of trimethylamine and DMSO at 65 �C
for 2.5 h. The reaction was quenched with quenching buffer
(Tris–HCl) and loaded onto Glen-pak cartridge. The sample was
washed with 2% TFA and eluted with 1 M ammonium bicar-
bonate in 30% MeCN. The oligonucleotides were later puried
by 6% denaturing PAGE to give highly puried trident RNAs.

MALDI-TOF/MS analysis of RNAs

The spectra were obtained with a time-of-ight mass spec-
trometer equipped with nitrogen laser (337 nm, 3 ns pulse). A
solution of 3-hydroxypicolinic acid (3-HPA) and diammonium
hydrogen citrate in 0.1 M MeCN/H2O (1 : 1, v/v) was used as
matrix. An improvised, sandwich method was used to measure
very high masses. Initially, matrix was applied and upon drying,
the mixture of matrix with sample was applied. When the
crystallization appeared, one more coating with matrix and was
performed and let dry.

Thermal denaturation study

The solution containing 3.0 mM duplex in a buffer of 10 mM
sodium phosphate (pH 7.0) containing 100 mM NaCl was
heated at 100 �C, then gradually cooled to room temperature
and used for this study. Thermally induced transitions of each
mixture were monitored at 260 nm with a UV/vis spectrometer
tted with temperature controller in quartz cuvettes with a path
length of 1.0 cm. The sample temperature was increased by
0.5 �C min�1.

Dynamic light scattering

Hydrodynamic diameters of siRNA were determined by
dynamic light scattering (DLS) using a Zetasizer nano ZS
34170 | RSC Adv., 2019, 9, 34166–34171
(Malvern Instruments,UK). siRNAs solutions (9 nmol in 1 mL
PBS) were analyzed at 25 �C in triplicate. Subsequently, the
trident siRNAs solution were also formed by annealing of
equimolar amounts. All the scattered photons were collected at
a 173�-scattering angle. The scattering intensity data was pro-
cessed using instrumental soware to obtain the hydrodynamic
diameter and the size distribution of each sample.
Dual-luciferase reporter assay

HeLa cells were transfected with the psiCHECK-2 (Promega)
reporter and the pcDNA3.1 containing a hygromycin resistance
gene (Thermo Fisher Scientic). Cells were cultured in the
presence of 0.5 mgmL�1 hygromycin for one week. Stable HeLa-
psiCHECK-2 cells expressing both Renilla and rey luciferases
were grown in Dulbecco's Modied Eagle Medium (D-MEM)
supplemented with 10% bovine serum (BS) and 0.25 mg mL�1

hygromycin at 37 �C. HeLa-psiCHECK-2 cells (8.0 � 104/mL)
were cultured on a 96-well microplate (100 mL per well) for 24 h
and transfected with siRNA targeting the Renilla luciferase gene
using lipofectamine RNAi max in Opti-MEM I reduced serum
medium. Transfection without siRNA was used as a control.
Aer 1 h, each well was seeded with 50 mL of D-MEM containing
10% BS and cells were further incubated for another 24 h. The
activities of Renilla and rey luciferases in the cells were
determined with Dual-Luciferase Reporter Assay System
(Promega) according to a manufacture's protocol. The activity of
Renilla luciferase was normalized by the rey luciferase
activity. The results were conrmed by at least three indepen-
dent transfections and expressed as the average from four
experiments as mean � SD.
Partial digestion of RNAs by 30-exonuclease SVPD

Each ON (600 pmol) labeled with uorescein at the 50-end was
incubated with SVPD (0.075 unit) in a buffer (150 mL)
comprising 0.1 M Tris–HCl (pH 8.0) and 20 mMMgCl2 at 37 �C.
Aer 0, 1, 5, 10, 30, 60, 120, or 240 min, an aliquot (5 mL) of the
reaction mixture was mixed with the loading buffer (15 mL),
comprising Tris–borate–EDTA (TBE) buffer and 20% glycerin,
on ice. Each sample was analyzed by 20% denaturing PAGE for
ssRNA and 6% denaturing PAGE for td RNA at room tempera-
ture for 2 h at 20 mA. The gel was visualized by use of a Lumi-
nescent Image analyser, LAS-4000 (Fujilm).
Conclusion

In summary, we have architected a novel branched trident
siRNA nanostructure originating from a trebling solid-support,
with highly enhanced serum stability and suppression of off-
target silencing. Our ndings suggest that these branching td
siRNAs form a stable, compact nanostructure, which is ther-
modynamically stable alike the duplex siRNA. The gene
silencing have also been showed to be conserved with these
branched structures and comparable to the unmodied siRNAs.

The RNAi activity have been sequence-specic dependent on
the sequence of the branching unit. The promising results of
This journal is © The Royal Society of Chemistry 2019
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these td siRNAs with in vitro experiments provide us the basis
for their incorporation in the in vivo studies.

Furthermore, since branched siRNAs have been sparingly
investigated, we suggest that the formulation of such branched
siRNAs and their compatibility with siRNA mediated RNAi
signify them as potential building blocks for further develop-
ments with branched siRNAs. Therefore, we anticipate that
these branched td siRNAs could further be examined for in vivo
experiments and be useful in the systemic administration to
evade the barrier of renal clearance and efficiently deliver the
drug to the target site as based on the previous reports, they
overcome the threshold of hydrodynamic diameter for glomer-
ular ltration.16
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