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A segments in 20-modified RNA
sequences in designing efficient splice switching
antisense oligonucleotides†

Bao T. Le,ab Sudhir Agarwal*c and Rakesh N. Veedu *ab

Synthetic antisense oligonucleotides (ASOs) have emerged as one of the most promising therapeutic

approaches. So far, nine ASO drugs have received approval for clinical use, and four of them are based

on splice-switching principles demonstrating the impact of ASO-mediated splice modulation. Notably,

three among them (Exondys 51, Vyondys 53 and Viltepso) are based on phosphorodiamidate morpholino

(PMO) chemistry whereas Spinraza is based on 20-O-methoxyethyl phosphorothioate (20-MOE PS)

chemistry. Although systemic delivery of PMOs has displayed a good safety profile even at high doses,

the 20-O-methyl phosphorothioate modified (20-OMe PS) ASO drug candidate (drisapersen) failed due to

safety issues. The potency of 20-modified RNA for splice-switching needs to be further improved by

novel design strategies for broad applicability. Towards this goal, in this study, we evaluated the potential

of incorporating DNA segments at appropriate sites in 20-OMe PS and 20-MOE PS ASOs to induce exon

skipping. For this purpose, a four-nucleotide DNA segment was systematically incorporated into a 20-

mer 20-OMe PS and 20-MOE PS ASO designed to skip exon 23 in mdx mouse myotubes in vitro. Our

results demonstrated that 20-modified RNA PS ASOs containing four or less PS DNA nucleotides at the

30-end yielded improved exon 23 skipping efficacy in line with fully modified ASO controls. Based on

these results, we firmly believe that the present study opens new avenues towards designing splice

modulating ASOs with limited chemical modifications for enhanced safety and therapeutic efficacy.
Introduction

Over the last four decades, signicant advances have beenmade
towards the development of antisense therapeutics permitting
the approval of a number of drugs. Primarily, there are two
underlying mechanisms of antisense. In the rst mechanism,
synthetic antisense oligonucleotide (ASO) hybridizes to target
RNA and activates RNase-H, which excises the target RNA and
inhibits translation of the disease associated protein. These
classes of ASOs are composed of two segments, a segment of
phosphorothioate oligodeoxynucleotide (PS-DNA) and
a segment of phosphorothioate or phosphodiester (PO) 20-
modied oligoribonucleotides (20-PS/PO RNA) or other non-
RNase-H activating modications. This design of antisense is
generally referred to as gapmer which has been studied broadly
and to date, three drugs have been approved.1
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In the second mechanism, ASO hybridizes to pre-mRNA and
subsequently manipulate splicing events to correct genetic
defects or manipulate gene function.1 Pre-mRNA splicing is an
important process in regulating gene expression.2,3 By variably
removing introns or exons from the primary gene transcript,
splicing results in differential protein expression. However,
splicing errors can arise from mutations which can lead to
genetic conditions. Introduction of splice modulating ASOs to
correct defective splicing was rst described by Dominski and
Kole in 1993 (ref. 4) and soon aer shown to work in cells.5 In
the last two decades, splice modulating ASO therapy has seen
tremendous success for the treatment of various genetic
conditions. The rst splice modulating ASO drug Exondys 51 for
the treatment of Duchenne muscular dystrophy (DMD) was
approved by the US Food and Drug Administration (FDA) in
September 2016, and later four additional drugs were also
approved including Spinraza for the treatment of spinal
muscular atrophy, and Vyondys 53, Viltepso and Amondys 45
again for DMD.6–10

For modulation of splicing, there are two types of modied
ASOs that are being pursued. The rst type is phosphor-
odiamidate morpholino (PMO). PMOs are non-ionic, very
resistant to nucleolytic degradation, have very poor binding to
serum proteins, and are rapidly eliminated following systemic
administration. Four PMO ASO drugs for the treatment of DMD
RSC Adv., 2021, 11, 14029–14035 | 14029
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have been approved recently, which involve administration of
a 60–80 milligrams per kg dose by intravenous infusion. Only
a fraction of the administered dose reaches the muscles, the
target organ, and the rest of PMO ASO is eliminated in urinary
excretion.

The second type of modied ASOs employed are 20-PS/PO-
RNA, in which 20-substitutions include 20-O-methyl (20-OMe,
Fig. 1 phosphorothioates form) and 20-O-methoxyethyl (20-MOE,
Fig. 1 phosphorothioates form) that have been widely studied.
These ASOs have desirable characteristics including high
affinity to target RNA, increased nucleolytic stability, protein
binding, and wide distribution to various organs following
systemic administration. This increased stability does however
lead to tissue accumulation and retention which needs to be
addressed. Intrathecal administration of 20-MOE PS-RNA ASO,
as in Spinraza, has been successful for the treatment of spinal
muscular atrophy, and administered at doses of 12 mg, every 4
months aer initial 4 loading doses. On the other hand,
systemic treatment with 20-OMe PS-RNA ASO, drisapersen, (a
DMD drug that advanced to Phase III clinical trials), has failed
due to safety issues. In this trial, ASO was administered
subcutaneously at doses of up to 6 mg per kg per week for 24
weeks.

There have been continued effort towards improving the
therapeutic index of splice modulating ASOs. Towards this goal,
novel modications of ASOs are being evaluated. Several of the
modications studied had signicant improvement in affinity
to the target RNA. These includes 20-uoro (20-F), locked nucleic
acid (LNA), twisted intercalating nucleic acid (TINA), anhy-
drohexitol nucleic acid (HNA), cyclohexenyl nucleic acid (CeNA),
D-altritol nucleic acid (ANA), morpholino nucleic acid (MNA),
serinol nucleic acid (SNA), 5-(phenyltriazol)-20-deoxyuridine
modied RNA or antisense containing segments of these
modied nucleotides have been studied to modulate
splicing.11–17 Overall goal of these studies has been to further
increase nucleolytic stability and affinity of antisense to target
RNA, thereby allowing improved potency of antisense. While
increased affinity of these analogues have been shown to permit
shorter lengths of the ASO,11 an improvement of the therapeutic
index has not yet been achieved. Furthermore, with their very
high affinity, for example with LNA, these antisense are known
to form inter and intra-molecular structures, thereby limiting
their therapeutic index.18
Fig. 1 Structural representation of the nucleotide monomers used in
this study. From left to right: DNA, 20-OMe and 20-MOE. All monomers
are represented in their phosphorothioates (PS) form.

14030 | RSC Adv., 2021, 11, 14029–14035
Of hundreds of chemical modications introduced in DNA
and RNA, very limited modications have shown utility in the
development of antisense.19,20 We wanted to exploit the lessons
learned during the development of gapmer ASO to design ASO
for splicing. In gapmer ASOs, the use of a segment of PS-DNA
allows activation of RNase-H, while in addition providing
additional characteristics such as protein binding. The next
question we explored was whether we could use segments of PS-
DNA appropriately in splice modulating ASO that would not
activate RNase-H, but would provide other characteristics
towards improving therapeutic index. In our earlier studies, we
have shown that the affinity and RNase-H activation is impacted
by incorporation of a segment of PS-DNA of varying length and
at various positions in 20-OMe PS RNA.21–29 Incorporation of
a segment of 5-mer PS-DNA or less at the 30-end of 20-OMe RNA
failed to activate RNase-H compared to if the segment was
placed on the 50-end or in the middle.

Based on these insights, we hypothesized that appropriate
placement of a PS-DNA segment in splice modulating ASO
would allow us to further enhance the potential of ASOs or even
retain the potency of splice modulating ASOs. Most importantly,
this strategy would permit to modulate their drug like proper-
ties such as protein binding, degradation, distribution, and
elimination-very similar to what has been seen to date with
gapmer antisense.

We believe that this is a novel and potential approach of
constructing gapmer ASOs for splice switching applications that
could limit the use of modied nucleotides without compro-
mising the ASO efficacy. Herein, we evaluated the scope of this
approach to induce exon 23 skipping in vitro inH-2Kb-tsA58mdx
mouse myotubes.30,31
Experimental
Design and synthesis of antisense oligonucleotides used in
this study

ASO1-10 were synthesized by Microsynth (Balgach, Switzer-
land). ASO11 and 12, and two control ASOs were synthesized in-
house on GE AKTA Oligopilot 10 oligonucleotide synthesizer
(GE Healthcare Life Sciences, Parramatta, NSW, Australia) using
standard phosphoramidite chemistry at 1 mmol scale unless
specied. All in-house synthesis reagents were purchased from
Merck Millipore (Bayswater, VIC, Australia). Synthesized oligo-
nucleotides were deprotected and cleaved from the solid
support by treatment with NH4OH (Merck Millipore) at 55 �C
overnight, and the crude oligonucleotides were then puried by
desalting through by illustra NAP-10 Columns (GE Healthcare
Life Sciences).
Melting temperature (Tm) analysis of the antisense
oligonucleotides

All ASOs were prepared as 2 mM concentration in buffer solution
containing 10 mM NaCl, 0.01 mM EDTA and 10 mM sodium
phosphate (pH 7.0). Before loaded onto a quartz cuvettes of
1 mm path-length, the ASOs were hybridized with the same
molar concentration of a synthetic complementary RNA
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
sequence 50-r(AG GUA AGC CGA GGU UUG GCC)-30, purchased
from IDT (Coralville, Iowa, United States) in equal volume by
denaturing at 95 �C followed by slow cooling to room temper-
ature. Melting temperature measurement was then performed
using Shimadzu UV-1800 UV spectrophotometer (Rydalmere,
NSW, Australia) with a temperature range of 20–95 �C (ramp
rate ¼ 1.0 �C min�1). Tm values were calculated by the rst
derivative.
Cell culture and transfection

H-2Kb-tsA58 (H2K) mdx myoblasts were cultured and differen-
tiated as described previously.32,33 Briey, when 60–80%
conuent, myoblast cultures were treated with trypsin (Thermo
Fisher Scientic, Scoresby, VIC, Australia) and seeded on 24 well
plates pre-treated with 50 mg ml�1 poly-D-lysine (Merck Milli-
pore), followed by 100 mg ml�1 Matrigel (Corning, supplied
through In Vitro Technologies, Noble Park North, VIC, Aus-
tralia) at a density of 2.5 � 104 cells per well. Cells were differ-
entiated into myotubes in low glucose Dulbecco's Modied
Eagle Medium (DMEM) (Thermo Fisher Scientic) containing
5% horse serum (Thermo Fisher Scientic) by incubating at
37 �C, 5% CO2 for 24 hours. Antisense oligonucleotides were
complexed with lipofectin transfection reagent (Thermo Fisher
Scientic) at the ratio of 2 : 1 (w/w) (lipofectin : ASO) and used
in a nal transfection volume of 500 ml per well in a 24-well plate
as per the manufacturer's instructions, except that the solution
was not removed aer 3 hours.
Table 1 ASO names and their sequences used in this studya

ASO name Sequence (50-30) Tm (�C)

ASO1 56.9

ASO2 56.4

ASO3 39.4

ASO4 55.2

ASO5 59.2

ASO6 54.7

ASO7 55.3

ASO8 56.1

ASO9 57.2

ASO10 59.9

ASO11 65.4

ASO12 65.2

Control 20-OMe 60.6

Control 20-MOE 69.3

a Red letters: DNA monomers, black letters: 20-OMe monomers, blue
letters: 20-MOE monomers. All sequences were synthesized on a PS
backbone. For Tm curves please see ESI Fig. S1.
RNA extraction and reverse transcription-polymerase chain
reaction (RT-PCR)

RNA was extracted from transfected cells using ISOLATE II RNA
Mini Kit (Bioline, Eveleigh, NSW, Australia) as per the manu-
facturer's instructions. The mouse dystrophin transcripts were
amplied by nested-RT-PCR using SuperScript™ III Reverse
Transcriptase and AmpliTaq Gold® 360 DNA Polymerase
(Thermo Fisher Scientic) across exons 20–26 as described
previously.32 The amount of RNA used for the primary ampli-
cation was 50 ng mL�1 using primer set Ex20Fo (50-
CAGAATTCTGCCAATTGCTGAG-30) and Ex26Ro (50-
TTCTTCAGCTTGTGTCATCC-30); PCR conditions are 55 �C for
30 min, 94 �C for 2 min before entering 31 cycles of 94 �C for
30 s, 55 �C for 30 s and 68 �C for 90 s. Then, 1 mL of this primary
PCR products was subjected to the secondary PCR using primer
set Ex20Fi (50-CCCAGTCTACCACCCTATCAGAGC-30) and Ex26Ri
(50-CCTGCCTTTAAGGCTTCCTT-30); PCR conditions are 94 �C
for 6 min before entering 33 cycles of 94 �C for 30 s, 55 �C for
1 min and 72 �C for 2 min. The secondary 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
was performed by Image J soware.34 The actual exon-skipping
efficiency was determined by expressing the amount of exon
skipped RT-PCR products as a percentage of total dystrophin
transcript products.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Establishing PS-DNA position is critical for splice modulation
activity of the ASOs

To determine whether introduction of a PS-DNA segment can
affect the splice modulation efficiency of a 20-OMe PS ASO, we
designed and synthesized ASOs 1–5 in which each ASO contains
a four-nucleotide PS-DNA block positioned in different sections
of the sequence (Table 1). The ASOs were designed based on the
best performing exon 23 skipping ASO that was reported
previously32,33 – this ASO was also used as control ASO in this
study (Table 1, control 20-OMe PS).

First, we performed melting temperature (Tm) analysis of
ASOs 1–5 against a 20-mer synthetic RNA sequence that is
identical to the Dmd transcript target as described previ-
ously.32,33 The results showed that the control 20-OMe PS ASO
exhibited highest Tm (60.6 �C, Table 1) compared to all other
tested ASOs. It is not surprising as the fully modied sequence
was made up of all 20-OMemonomers which has higher Tm than
that of ASOs containing blocks of PS-DNA. Remarkably, ASO5
achieved 59.2 �C of Tm, highest among the ve PS-DNA-
containing ASOs at various positions, followed by ASO1 (56.9
�C), ASO2 (56.4 �C), ASO4 (55.2 �C) and ASO3 (39.4 �C). From the
melting temperature results, we speculated that the PS-DNA
segment when incorporated at 30-end did not signicantly
affect the binding affinity of the ASO, given that only 1.4 �C
decrease in Tm between ASO5 and control ASO. ASO1, 2 and 4
which has the DNA segments incorporated either directly at 50-
end, four nucleotides apart from 50-end or four nucleotides
apart from 30-end, respectively, exhibits similar Tm (Table 1).
RSC Adv., 2021, 11, 14029–14035 | 14031

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00878a


Fig. 2 RT-PCR with sequence visualisation (A–F) and densitometry
analysis (G) of RNA prepared from H2K mdx mouse myotubes trans-
fected with ASO1 (A), 2 (B), 3 (C), 4 (D), 5 (E) and control 20-OMe ASO
(F). The triangles above the gel image indicate increasing ASO
concentration (2.5, 5, 10, 25, 50 and 100 nM); FL (full-length)¼ 901 bp,
represented in grey color; D23 (exon-23 skipped) ¼ 688 bp, repre-
sented in blue color; D22-23 (exons-22 + 23 skipped) ¼ 542 bp,
represented in green color; UT ¼ untreated, Ne ¼ negative control.
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However, the positions of the PS-DNA segments in these ASOs
was critical to the affinity of the ASO/RNA duplex compared with
control 20-OMe PS ASO. This effect was clearly demonstrated in
the case of ASO3 (lowest Tm) where PS-DNA segment was
incorporated at the centre of the ASO.

Next, we tested the ability of the ASOs to induce splice
modulation in an in vitromodel system using H2Kb-tsA58 (H2K)
mdxmouse myotubes. These cells contain a nonsense mutation
in exon 23 of the dystrophin gene that leads to a disrupted
reading frame and results in no dystrophin production.30,31 By
recruiting splice modulating ASO to the mutated exon, the exon
23 is “skipped” so that the reading frame is restored.32,33 For this
experiment, briey, the ASOs were transfected using lipofectin
transfection reagent at a ratio of 2 : 1 (2.5–100 nM) and incu-
bated with cells for 24 h. Cells were then collected, extracted the
RNA and RT-PCR was performed across exon 20–26 as previ-
ously described.33 The results showed that all ve ASOs induces
efficient exon 23 skipping, except for ASO3 where no skipping
was recorded (688 bp band, Fig. 2A–F). Overall, ASO5 was the
best performing ASO when compared with other ASOs in terms
of exon 23 skipping (Fig. 2E). This is in line with the Tm results,
except for the control ASO which exhibited highest Tm but did
not perform as well as ASO5 (Fig. 2E and F).

Remarkably, at 2.5 nM, ASO5 induced 27% of exon 23 skip-
ping (Fig. 2E and G), in comparison to no skipping of all other
ASOs, except ASO4 which yielded the same amount of exon 23
skipping (Fig. 2D and G). At 5, 10 and 25 nM, ASO5 continued to
perform exceptionally well, yielding 36, 42 and 50% of exon 23
skipped products, respectively, compared with all other ASOs.
Surprisingly, at 50 nM, ASO1 showed higher exon 23 skipping
efficiency than any other ASOs, recorded at 59% (Fig. 2A and G).
It was also noted that ASO1 and 2 possess similar Tm data,
however, ASO1 performed better than ASO2 at all concentra-
tions, except at 25 nM (Fig. 2A and B). Although achieved
distinctive Tm data, ASO2, 4 and 5 performed similarly at 50 nM,
with 50, 48 and 49% of exon 23 skipping induced, respectively
(Fig. 2B, D, E and G). Finally, at 100 nM, ASO4 and 5 both
induced 54% of exon 23 skipping, while efficiency of ASO2
dropped to 36.5%, mainly due to the signicant increase of the
unwanted dual exon 22–23 skipped product (542 bp band,
Fig. 2B). The Tm data and exon skipping results demonstrated
that position of incorporation of PS DNA block in 20-OMe ASO is
critical towards the ASO splice modulation efficacy, as observed
with the ASOs that have PS-DNA segment incorporated towards
30-end of the ASO.
Length of PS-DNA segment on 30-end affects splice
modulation activity of the ASOs

Based on the results of the initial experiments, we believe that
30-end is in fact a better position for the placement of PS-DNA
segment for improving ASO efficacy. Our next step was to
investigate whether the length of PS-DNA segment at 30-end
might affect the splice modulation activity of the ASO. We
designed and synthesized a set of ve additional ASOs (ASO6-10,
Table 1) and tested its ability to induce exon 23 skipping in H2K
mdxmouse myotubes. In line with previous experiment, we also
14032 | RSC Adv., 2021, 11, 14029–14035
performed Tm analysis for this ASO set. As predicted, the control
ASO achieved highest Tm overall, followed by ASO10 (59.9 �C), 9
(57.2 �C), 8 (56.1 �C), 7 (55.3 �C) and 6 (54.7 �C) (Table 1). This is
not surprising as ASO10 has only two PS-DNA nucleotides
incorporated, compared with three, ve, six and seven PS-DNA
nucleotides in ASO9, 8, 7 and 6, respectively. ASO5, as
measured above, achieved 59.2 �C of Tm, higher than any other
ASOs except for the ASO10 and the control ASO. It is important
to note that ASOs with more than ve PS-DNA could activate
RNase-H and excise targeted RNA thereby reduce splicing
efficiency.

We then evaluated the exon skipping efficiency of ASO5-10 by
transfecting the H2K mdx myotubes with the ASOs at 2.5–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 RT-PCR with sequence visualisation (A–G) and densitometry
analysis (H) of RNA prepared from H2K mdx mouse myotubes trans-
fected with ASO6 (A), 7 (B), 8 (C), 5 (D), 9 (E), 10 (F) and control 20-OMe
ASO (G). The triangles above the gel image indicate increasing ASO
concentration (2.5, 5, 10, 25, 50 and 100 nM); FL (full-length)¼ 901 bp,
represented in grey color; D23 (exon-23 skipped) ¼ 688 bp, repre-
sented in blue color; D22–23 (exons-22 + 23 skipped) ¼ 542 bp,
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100 nM as described above. In this case, based on the ASO
designs, we speculated that the exon skipping potency would be
in the order of ASO10 > 9 > 5 > 8 > 7 > 6, given the increasing
number of PS-DNA nucleotides in each sequence, however, the
similar Tm data of ASO10 and 5 suggested that both ASOs could
yield equivalent efficacy. In fact, ASO5 and 10 were found to be
the best in inducing exon 23 skipping, in comparison to all
other ASOs. The results showed that both ASOs perform
equivalently at all concentrations, except at 10 and 50 nM,
where ASO5 yielded 42 and 49% of exon 23 skipping, and ASO10
yielded 33 and 53%, respectively (Fig. 3D, F and H). This is quite
remarkable since ASO5 was incorporated with four PS-DNA
nucleotides at 30-end, while ASO10 was only incorporated with
two PS-DNA nucleotides.

In terms of concentration, at 2.5 nM, all ASOs yielded exon
23 skipped products, except for the control ASO (no skipping,
Fig. 3G) and ASO6 (17% of dual exon skipping, Fig. 3A and H).
Notably, unlike our speculation above, ASO7 induced 10% of
exon 23 skipping at 2.5 nM, better than 4% of ASO8 (Fig. 3B, C
and H). At 5 nM, ASO9 yielded 12% of exon 23 skipped product,
lower than any other ASOs except ASO6 (3%). This is also not in
line with our prediction from the Tm data as ASO9 should
perform better than ASO7 (27%) and 8 (30%). However, at
10 nM, ASO9 induced 34% of exon 23 skipping, higher than any
other ASOs except for the control ASO and ASO5 (Fig. 3E and H).
In addition, ASO6, 7 and 8 performed similarly at this concen-
tration (25, 25 and 27%, respectively). At 25 nM, ASO6, 7 and 8
continued to induce a similar amount of exon 23 skipped
products (34, 36 and 34%, respectively), while ASO9 efficacy
dropped to 30% (Fig. 3A–H). Remarkably, ASO5 and 10 achieved
the highest efficacy with 50 and 49% of exon 23 skipping
induced, 1.3 times higher than the control ASO (31%) (Fig. 3D,
F, G and H). Surprisingly, at 50 nM, ASO6 yielded higher exon 23
skipped product than ASO7, 8 and 9 (38% compared with 30, 28
and 28%, respectively, Fig. 3A–C, E and H). The results also
showed that ASO10 performed slightly better than ASO5 at this
concentration (53% compared with 49%, respectively, Fig. 3D, F
and H), while the control ASO induced less skipping than both
ASOs (41%). Finally, at 100 nM, ASO6, 7 and 9 yielded similar
amount of exon 23 skipping (38, 39 and 38%, respectively),
while ASO8 yielded slightly less skipping (36%) (Fig. 3A–C, E
and H). Notably, ASO5 and 10 induced the same amount of exon
23 skipped products at this concentration (54%, Fig. 3D, F and
H), compared with 57% of the control ASO. We also observed
the dual exon 22,23 skipped products with all ASOs in an overall
dose-dependent manner, ranging from 5–43% (Fig. 3A–H).
represented in green color; UT ¼ untreated, Ne ¼ negative control.
Effect of PS-DNA segment position in a 20-MOE ASO sequence

Encouraged by the promising data achieved in the rst two sets
of experiments, we also wanted to explore whether our approach
could have similar effects on an alternative 20-modied RNA
chemistry. In this case, we designed and synthesized three
additional ASOs with PS-DNA segment incorporated directly at
either 50-end (ASO11) or 30-end (ASO12) of the ASO, while the
fully modied 20-MOE ASO served as the control (20-MOE
control, Table 1). We also performed Tm analysis for the ASOs
© 2021 The Author(s). Published by the Royal Society of Chemistry
and as predicted, the data showed that the control 20-MOE
achieved highest Tm (69.3 �C, Table 1), followed by ASO11 (65.4
�C) and ASO12 (65.2 �C). Unlike the case of ASO1 and 5 where
the Tmwas signicant different (56.9 �C compared with 59.2 �C),
ASO11 and ASO12 achieved fairly equal Tm data, suggested that
although sharing similar design concept in which the PS-DNA
segment was introduced at either 30-end (ASO1 and 11) or 50-
RSC Adv., 2021, 11, 14029–14035 | 14033
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end (ASO5 and 12), alternative 20-modied RNA chemistry could
affect the ASO target binding affinity.

Next, we tested the ASO potency in inducing exon 23 skip-
ping in H2K mdx cells as described above. Upon transfection
and collection, the RT-PCR results showed that overall, despite
having equal Tm results, ASO12 induced higher amount of total
exon skipping products (including the dual exon 22, 23 skip-
ping) than ASO11 (Fig. 4A, B and D). However, in terms of exon
23 skipping alone, ASO11 performed slightly better than ASO12
except at 100 nM (Fig. 4A and B). This is quite surprising as from
the previous experiment where ASO5 was superior in inducing
exon 23 skipping compared with ASO1 at all concentrations, we
expected that ASO12 would outperform ASO11, but not in this
case. Interestingly, both ASOs did not induce any skipping at 2.5
and 5 nM, while the control 20-MOE ASO induced 35% of exon
23 skipping at 5 nM (Fig. 4C and D).

Notably, at 10 and 25 nM, ASO11 and 12 both performed
better than the control ASO, yielded 45 and 35% (ASO11), 33 and
27% (ASO12) of exon 23 skipped products, compared with 30
and 25% of the control ASO (Fig. 4A–D). At 50 nM, all three ASOs
induced similar amount of exon 23 skipping, recorded at 58, 54
and 56%, respectively for ASO11, 12 and control ASO. Remark-
ably, at 100 nM, ASO12 achieved highest exon 23 skipping with
78%, in comparison to 65% of the ASO11 and 56% of the
control ASO (Fig. 4A–D). This could be due to an increase in the
undesired dual exon 22–23 skipped products induced by ASO11
and control ASO at 100 nM. These products were also detected
Fig. 4 RT-PCR with sequence visualisation (A–C) and densitometry
analysis (D) of RNA prepared from H2K mdx mouse myotubes trans-
fected with ASO11 (A), 12 (B) and control 20-MOE (C). The triangles
above the gel image indicate increasing ASO concentration (2.5, 5, 10,
25, 50 and 100 nM); FL (full-length) ¼ 901 bp, represented in grey
color; D23 (exon-23 skipped) ¼ 688 bp, represented in blue color;
D22–23 (exons-22 + 23 skipped)¼ 542 bp, represented in green color;
UT ¼ untreated, Ne ¼ negative control.

14034 | RSC Adv., 2021, 11, 14029–14035
with all ASOs at various concentrations, ranging from 23 to 41%
(Fig. 4). This experiment again validates our theory that
improved efficiency can be achieved with PS-DNA segment
incorporated at 30-end of the ASO sequence, but different 20-
modied RNA chemistry can result in variable exon skipping.

Conclusions

In summary, we report a novel approach to design splice
modulating ASO by incorporating a PS-DNA segment into a 20-
modied RNA sequence. Our results demonstrated that 20-
modied PS ASO with a four PS-DNA segment or less at the 30-
end substantially improved exon 23 skipping potential. Based
on our results, we rmly believe that drug-like properties of 20-
modied ASOs for splice modulation could be modulated with
use of an appropriately placed segment of PS-DNA as has been
achieved in the use of gapmer antisense for RNase H mediated
mechanism. Our study signicantly contributes in the future
design of splice modulating ASO towards developing ASO
therapy with better a safety prole and improved therapeutic
efficacy.
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