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ucleotide modified with serinol
nucleic acid (SNA) induces exon skipping in mdx
myotubes†

Bao T. Le,ab Keiji Murayama,c Fazel Shabanpoor,d Hiroyuki Asanumac

and Rakesh N. Veedu *ab

Serinol nucleic acid (SNA) is a novel nucleic acid analogue that can form highly stable heteroduplexes with

complementary DNA and RNA sequences. Structurally, SNA is a close mimic to peptide nucleic acid (PNA)

which is widely used in diagnostic and therapeutic applications. SNA chemistry is relatively new, and so far

the scope of SNA has only been explored in improving the efficacy of small interfering RNA and for

developing a highly sensitive molecular beacon for diagnostic applications. In this study, we investigated

the potential of SNA-modified antisense oligonucleotide (AO) in parallel to PNA-oligo for splice-

modulation in an in vitro cellular model of Duchenne muscular dystrophy (DMD). We synthesized a 20-

mer SNA and PNA antisense oligonucleotide (AO) designed to induce exon-23 skipping in the mouse

dystrophin gene transcript. Our results demonstrated that the SNA AO induced exon-23 skipping at all

tested concentrations, whereas the corresponding PNA AO failed to induce any exon-23 skipping upon

24 hours of transfection using Lipofectin transfection reagent. Our results further expands the potential

of SNA oligonucleotides in therapeutic applications.
Introduction

Recent clinical translation of novel oligonucleotide therapeutic
molecules demonstrates that the use of chemically-modied
nucleotide analogues is crucial for the development of
successful nucleic acid-based drugs. Although a number of
nucleic acid analogues has been reported in recent years, only
very small numbers were utilised in the United States Food and
Drug Administration (US FDA) approved drugs such as phos-
phorothioate (PS) DNA, 20-O-methyl (20-OMe) RNA, 20-O-
methoxyethyl RNA, 20-uoro RNA and phosphorodiamidate
morpholino.1 Peptide nucleic acid (PNA, Fig. 1), a prominent
class of acyclic nucleic acid analogues, attracted considerable
attention in the eld of nucleic acid biology for diagnostic and
therapeutic applications.2,3 PNA exhibits very high target
binding affinity and form extremely stable homo- and hetero-
duplex with complementary DNA or RNA.4,5 In addition, PNA
also shows very high stability against nucleases.5,6 Recently, the
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potential of different chemically-modied antisense oligonu-
cleotides (AOs) including twisted intercalating nucleic acids
(TINA),7 anhydrohexitol nucleic acid (HNA),8 cyclohexenyl
nucleic acid (CeNA),8 altritol nucleic acid (ANA),8 morpholino
nucleic acid (MNA)9 and also PNA10,11 has been explored in
several studies for exon-skipping in Duchenne muscular
dystrophy (DMD), a muscle wasting fatal genetic disease mainly
affecting boys caused by the mutations in the dystrophin
gene.12,13However, based on previous reports, the cell delivery of
PNA AOs using normal lipid-based transfection reagents is
difficult, mainly due to the charge issue.5,6 To improve this
Fig. 1 Structural representations of SNA and PNA oligonucleotide
building blocks used in this study.
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limitation, we envisaged the use of serinol nucleic acid-based
(SNA) AOs.

Unlike PNA, SNA building blocks are developed on serinol (2-
amino-1,3-propanediol) moiety and each monomer units are
linked via normal phosphodiester backbone giving them
negative charge (Fig. 1).14 So far, SNA oligonucleotides have
been utilised in improving the efficacy of siRNA and for devel-
oping molecular beacons for sensitive detection of mRNA
molecules.15,16 Generally, SNA oligonucleotides demonstrated
high duplex stability with complementary RNA oligonucleotides
that highlights the potential applicability of SNA in developing
a robust AO capable of effective transfection with normal lipid-
based delivery cargos.17 Herein, we investigated the potential of
SNA AO to induce exon-23 skipping in H-2Kb-tsA58 mdx mouse
myoblasts in vitro and compared its efficacy with PNA AO in
parallel to an established 20-OMePS control AO.

Experimental
Design and synthesis of antisense oligonucleotides used in
this study

A 20-mer SNA and PNA AOs and their corresponding 20-OMePS
control AO and a 20-OMePS-mismatch AO sequence were
designed to induce exon-23 skipping in Dmd (Table 1). SNA AO
was synthesised by an ABI 3400 DNA/RNA synthesizer using
phosphoramidite chemistry as described in previous reports.14,17

The synthesized SNA oligonucleotide was puried using Poly-
Pak cartridges and reversed-phase HPLC (Merck LiChrospher
100 RP-18(e) column). Aer purication, the oligonucleotide was
characterized by MALDI-ToF MS analysis. The PNA AO sequence
was synthesised by Fmoc solid-phase synthesis. The PNA was
assembled on TantaGel XV RAM resin (10 mmol). Fmoc groups
were removed by treating the resin with a 20% piperidine solu-
tion in DMF for 5 min. The couplings were achieved using 3-fold
excess of Fmoc-PNA monomers activated with HATU (3 eq.),
DIEA (3 eq.) and 2,5-lutidine (3 eq.). PNA was cleaved from the
solid-support with a cocktail of TFA : TIPS : H2O (95 : 2.5 : 2.5, v/
v/v) for 2 h at room temperature. The crude oligonucleotide was
then puried, desalted and veried by MALDI-ToF MS analysis.

Melting temperature analysis of the antisense
oligonucleotides

The SNA, PNA, 20-OMePS, DNA and the 20-OMePS-mismatch
AOs were prepared at 2 mM concentration in a buffer
Table 1 AO names and sequences used in this studya

Chemistries and AOs names Sequen

PNA P(GGC
SNA S(GGCC
20-OMePS 20(GGC
DNA D(GGC
20-OMePS-mismatch 20(CGC

a Complementary synthetic RNA target: 50-r(AG GUA AGC CGA GGU UUG
letters. See Fig. S5 (ESI) for melting curves.

34050 | RSC Adv., 2017, 7, 34049–34052
solution containing 10 mM NaCl, 0.01 mM EDTA and 10 mM
sodium phosphate (pH 7.0). Before loading onto a quartz
cuvettes of 1 mm path-length, the AOs were hybridized with
the complementary RNA sequence (2 mM) in equal volume by
denaturing at 95 �C followed by slow cooling to room
temperature. Then, the melting temperature measurement
was performed using Shimadzu UV-1800 UV spectropho-
tometer with a temperature range of 20–95 �C (ramp rate ¼
1.0 �C min�1). Tm values were then calculated by the rst
derivative.
Cell culture and transfection

H-2Kb-tsA58 (H2K) mdx myoblasts were propagated in Dul-
becco's Modied Eagle Medium (DMEM) containing 20%
fetal bovine serum (FBS), 10% horse serum (HS) supple-
mented with 0.5% chicken embryo extract.18 Cells were then
plated onto a 24 well plate pre-treated with 50 mg ml�1 poly-D-
lysine (Sigma) and 100 mg ml�1 Matrigel (Corning) at 2 � 104

cells per well in DMEM 5% HS and incubated for 24 h at
37 �C, 5% CO2 for differentiation into myotubes. SNA and
PNA AOs were transfected using Lipofectin in parallel to the
corresponding 20-OMePS control AO and a 20-OMePS-
mismatch AO at a ratio of 2 : 1 (Lipofectin : AO) with nal
concentrations of 100, 200 and 400 nM as per the manufac-
turer's instructions without removing the medium aer 3
hours. For naked-AO transfection, the AOs were mixed
directly with Optimem reduced serum medium and added to
the cells with nal concentrations of 100, 200 and 400 nM. All
reagents used in this study were supplied from Thermo
Fisher Scientic, Australia unless stated.
RNA extraction and reverse transcription-polymerase chain
reaction (RT-PCR)

Twenty-four hours aer transfection, the cells were collected for
RNA extraction. Briey, RNA was extracted using Direct-zol™
RNA MiniPrep Plus with TRI Reagent® (Zymo Research) as per
the manufacturer's instructions. The dystrophin transcripts
were then amplied by nested RT-PCR across exons 20–26 as
described previously.17 PCR products were separated on 2%
agarose gels in Tris–acetate–EDTA buffer and the images were
captured on a Fusion Fx gel documentation system (Vilber
Lourmat, Marne-la-Vallee, France). Densitometry analysis was
performed by Image J soware.
ce, 50 / 30 direction Tm (�C)

CAAACCUCGGCUUACCU) 85.7
AAACCUCGGCUUACCU) 62.3
CAAACCUCGGCUUACCU) 60.4
CAAACCUCGGCUUACCU) 49.8
CUAACGUCGGGUAACCA) 33.4

GCC)-30. Miss-matched nucleotides are represented in bold underlined

This journal is © The Royal Society of Chemistry 2017
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Nuclease stability analysis of the SNA oligonucleotide

Stability of SNA oligonucleotide against 30 / 50 exonuclease
degradation was investigated using snake venom phosphodi-
esterase (Sigma), in comparison to an unmodied DNA AO
(Table 1) control. Briey, 10 mM of the oligonucleotides were
incubated with 0.08 units per ml snake venom phosphodies-
terase in a buffer containing 10 mM Tris–HCl, 100 mM NaCl,
and 15 mM MgCl2 in a nal volume of 60 ml. Samples were
incubated at 37 �C and 10 ml samples were collected at 0, 10, 30,
60 and 120minutes and quenched with an equal volume of 80%
formamide containing bromophenol blue and xylene cyanol gel
tracking dyes. The samples were then heated for 5 min at 95 �C
and analysed by 20% denaturing polyacrylamide electropho-
resis. Quantitation was performed on a Fusion Fx gel docu-
mentation system (Vilber Lourmat, Marne-la-Vallee, France).
Fig. 2 (A) RT-PCR analysis of 20-OMePS, SNA, PNA and 20-OMePS-
mismatch (20-OMePS-mis) AOs for exon-23 skipping in mdx mouse
myotubes. FL: full length; D23: exon-23 skipped product; D22–23:
dual exon-22/23 skipped product. (B) Densitometry based on RT-PCR
analysis of the AOs. Black: percentage of exon-23 skipped product;
dark grey: percentage of dual exon-22/23 skipped product and light
grey: percentage of full length product; UT: untreated.
Results and discussion

In this study, we investigated the potential of SNA modied AO
to induce exon-skipping in parallel to PNAmodied AO, a closely
related analogue, as a control. For this purpose, we synthesised
a 20-mer fully-modied SNA and PNA AOs including their cor-
responding 20-OMePS AO and 20-OMePS-mismatch AO controls
(Table 1), and evaluated their efficacy to induce Dmd exon-23
skipping in mdx mouse myotubes. First, we performed the
melting temperature (Tm) analysis of the AO sequences against
a 20-mer synthetic RNA sequence, which is identical toDmd gene
transcript target as described previously18 (Table 1). The results
showed that the PNA AO exhibited the highest Tm (85.7 �C, Table
1) compared to all other tested AOs. However, the SNA AO
showed higher Tm (62.3 �C) than the 20-OMePS AO (60.4 �C) and
DNA AO (49.8 �C, Table 1). A possible explanation for the lower
stability of SNA AO compared to PNA AO could be due to the
electrostatic repulsion induced by phosphodiester linkage on
SNA AO and exible conformation of SNA compared to PNA.17

Not surprisingly, the 20-OMePS-mismatch AO showed very low
Tm (33.4 �C) because of the impaired Watson–Crick interactions
with the RNA target due to miss-matched nucleotides.

Next, we tested the ability of SNA and PNA AOs to induce
exon-23 skipping in H2K mdx mouse myoblasts in parallel to
their established control 20-OMePS AO. In short, the H2K mdx
myoblasts were cultured as previously and when propagated to
80–90% conuence, the cells were plated onto a 24-well plate for
differentiation into myotubes.18 The AOs were then transfected
into cells at 100, 200 and 400 nM concentrations using a lipid-
based transfection reagent Lipofectin. Aer 24 hours, the cells
were collected and extracted the RNA for analysing exon-
skipping efficacy by RT-PCR. The dystrophin transcripts were
then amplied across exons 20–26 with a full-length product
size of 901 bp, and 688 bp product for exon-23 skipping. The
PCR products were then examined on a 2% agarose gel. The
results clearly demonstrated that the SNA AO induced exon-23
(full-length band at 901 bp) skipping at all concentrations by
yielding the skipped product of 688 bp (Fig. 2A and B), and the
skipping efficacy was improved at higher doses. Densitometry
analysis to quantify the actual percentage of skipping showed
This journal is © The Royal Society of Chemistry 2017
that the percentage of exon-23 skipped product increased from
41% at 100 nM to 52% at 400 nM (Fig. 2B). As previously re-
ported, the established 20-OMePS control AO induced efficient
exon-23 skipping even at 100 nM concentration (Fig. 2A and B).

But, the PNA AO failed to induce any signicant exon-23
skipping at all concentrations. This may be due to poor
cellular-uptake of PNA with normal lipid-based transfection
reagent Lipofectin as it doesn't complex well. In contrast, SNA AO
is negatively charged with an inter-nucleotide phosphodiester
linkage and can form complex with Lipofectin. As the SNA and 20-
OMePS AOs showed similar melting temperature, we further
designed and synthesised an additional miss-matched 20-OMePS
(20-OMePS-mismatch, Table 1) sequence to gainmore insights on
sequence specicity. Not surprisingly, the 20-OMePS-mismatch
AO did not induce any exon-23 skipping at all concentrations.
In the case of SNA AO, an additional band at 542 bpwas observed,
and this is believed to be due to the undesired dual exon-22/23
skipping (Fig. 2A and B). 20-OMePS AO showed a higher
percentage of dual skipping product (32–37%) compared to the
SNA AO (16–24%) and PNA AO (8%, showed only at 400 nM).

To further investigate the efficacy of exon-23 skipping, the
SNA, PNA and 20-OMePS AOs were transfected without using the
RSC Adv., 2017, 7, 34049–34052 | 34051
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Fig. 3 RT-PCR analysis of 20-OMePS, SNA and PNA AOs for exon-23
skipping in mdx mouse myotubes after naked transfection. FL: full
length.

Fig. 4 Enzymatic stability analysis of DNA and SNA oligonucleotides; t:
AO template without enzyme.
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transfection reagent Lipofectin. The AOs were mixed with the
media and added directly to the cells and followed the same
procedure as discussed above. The results showed that all AOs
failed to induce any exon-23 skipping aer 24 h of incubation
(Fig. 3). This experiment highlights that complexation with lipid-
based transfection reagent is important for effective delivery of
SNA and 20-OMePS AOs, and to induce exon-skipping.

Very high nuclease stability of PNA oligonucleotides has been
reported previously, which is not surprising in line with its
structure.5,6 Based on this, and to further characterise the prop-
erties of SNA oligonucleotides, we tested the stability of SNA AO
against exonuclease degradation using snake venom phosphodi-
esterase, in comparison with a DNA AO. The AOs were incubated
in 0.08 units per ml of the enzyme and samples were collected at
0, 10, 30, 60 and 120 minutes intervals. The products were then
mixed with formamide loading buffer and analysed on a 20%
denaturing polyacrylamide gel. As predicted, the DNA AOwas very
vulnerable to nuclease attack and completely degraded within 10
minutes of incubation. But, the SNA AO showed very high resis-
tance to enzymatic degradation even aer 120 minutes of incu-
bation (Fig. 4) which is indicative of high stability of SNA AOs.
Conclusions

In summary, we have synthesised SNA AO and investigated its
potential to induce exon-skipping. We found that SNA-based AO
can effectively induceDmd exon-23 skipping in vitro. Although it's
closely related analogue PNA showed very high RNA binding
affinity, it failed to induce any signicant exon-23 skipping due to
poor transfection efficiency with lipid-based transfection
reagents. The normal phosphodiester linkages between SNA
monomers make them readily complex with lipid-based
34052 | RSC Adv., 2017, 7, 34049–34052
transfection reagents and render better cellular uptake capability.
In addition, SNA-modied AO also showed very high resistance to
nuclease degradation. SNA chemistry is relatively new and has
not been explored for therapeutic applications compared to PNA.
Our study opens up the scope of SNA-modied oligonucleotides
in developing novel therapeutic oligonucleotides such as AOs,
antimiRs, DNAzymes as fully-modied SNA or in combination
with other chemistries (e.g. LNA19,20).
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