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Abstract: Synthetic antisense oligonucleotides (ASOs) are emerging as an attractive platform to treat
various diseases. By specifically binding to a target mRNA transcript through Watson–Crick base
pairing, ASOs can alter gene expression in a desirable fashion to either rescue loss of function or
downregulate pathogenic protein expression. To be clinically relevant, ASOs are generally synthesized
using modified analogs to enhance resistance to enzymatic degradation and pharmacokinetic and
dynamic properties. Phosphorothioate (PS) belongs to the first generation of modified analogs and has
played a vital role in the majority of approved ASO drugs, mainly based on the RNase H mechanism.
In contrast to RNase H-dependent ASOs that bind and cleave target mature mRNA, splice-switching
oligonucleotides (SSOs) mainly bind and alter precursor mRNA splicing in the cell nucleus. To
date, only one approved SSO (Nusinersen) possesses a PS backbone. Typically, the synthesis of
PS oligonucleotides generates two types of stereoisomers that could potentially impact the ASO’s
pharmaco-properties. This can be limited by introducing the naturally occurring phosphodiester (PO)
linkage to the ASO sequence. In this study, towards fine-tuning the current strategy in designing
SSOs, we reported the design, synthesis, and evaluation of several stereo-random SSOs on a mixed
PO–PS backbone for their binding affinity, biological potency, and nuclease stability. Based on the
results, we propose that a combination of PO and PS linkages could represent a promising approach
toward limiting undesirable stereoisomers while not largely compromising the efficacy of SSOs.

Keywords: antisense oligonucleotide; splice-switching oligonucleotide; phosphodiester; phosphorothioate;
binding affinity; exon skipping; nuclease stability

1. Introduction

Splice-switching oligonucleotides (SSOs) are a class of antisense oligonucleotides
(ASOs) that can precisely target and modulate alternative splicing [1]. Unlike RNase H-
dependent ASOs that bind and trigger the cleavage of target mature mRNA, SSOs mainly
bind and block the access of splicing factors to the precursor mRNA in the cell nucleus [2,3].
By fine-tuning the design of SSOs, skipping or inclusion of an exon (or pseudoexon) can be
achieved [1–7]. This approach has been successfully translated into therapeutic drugs to
correct genetic mutation and restore functional protein expression. Upon the writing of
this article, there are five SSO drugs (eteplirsen, nusinersen, golodirsen, viltolarsen, and
casimersen) that have been approved by the US Food and Drug Administration (FDA) for
the treatment of rare genetic disorders [8].

The pharmaco-properties of SSOs, including pharmacology, pharmacokinetics, and
pharmacodynamics, are solely dependent on their composition. Typically, SSOs are synthe-
sized using modified nucleotide analogs to improve their stability and bio-distribution [9].
To date, one of the first and most widely used internucleotide linkage modifications is
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phosphorothioate (PS), where the conventional phosphodiester (PO) linkage is substituted
with a PS group (Figure 1). The major advantage of a PS ASO over an unmodified one is
enhanced nuclease stability, improving its half-life in circulation, and the ability to bind to
various plasma proteins, which contributes to its enhanced bio-distribution [9,10].
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One major limitation of PS ASOs compared with the unmodified ones arises from
their stereochemical structures. Switching from a non-bridging oxygen atom to a sulfur
atom introduces chirality to the structural configuration of PS ASOs, yielding two distinct
classes of stereoisomers: ‘R’ and ‘S’ isomers (Figure 1) [9,10]. Although the stereoisomers
generated during the synthesis of PS ASOs are still being investigated, the reported evidence
indicates that stereoisomers do impact the performance of ASOs both in terms of toxicity
and efficacy [10,11]. Various attempts have been made to synthesize and evaluate stereo-
pure PS oligonucleotides; however, more data are required to draw more insights into
the performance of stereo-pure variants [11–13]. One simple approach to improve any
toxicities associated with PS linkages is to reduce the number of PS linkages within an
oligonucleotide. This is the case with the recently approved drug eplontersen (AKCEA-TTR-
LRx) versus inotersen, where both drugs have identical base sequences, but eplontersen
has six fewer PS linkages compared with inotersen [14]. A previously published study
comparing these two drugs has shown that fewer PS linkages in ASOs could potentially
reduce pro-inflammatory effects and result in similar or slightly better efficacy [15].

The synthesis of RNase H-dependent ASOs [12,16,17] and exon-skipping SSOs [18]
with a mixed PO–PS backbone have recently been reported. However, the main focus of
these efforts is to generate and evaluate stereo-pure oligonucleotides. In this study, using
an established cellular model of Duchenne muscular dystrophy—H-2Kb-tsA58 (H2K) mdx
mouse myotubes [19,20]—we endeavor to explore different stereo-random SSO design
modalities containing both PO and PS linkages. The SSOs were assessed based on their
ability to induce exon skipping in the above-mentioned in vitro system.

2. Materials and Methods
2.1. Design and Synthesis of ASOs

In this study, we used Dmd M23D (+2–18), a previously reported 20mer ASO sequence
designed to induce exon-23 skipping in mouse Dmd transcript [21–26], as a model sequence
to incorporate our designs in which the internucleotide linkages (PO or PS) are distributed
within the ASO sequence in the form of mixmer (alternating bases), gapmer, or fully
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modified. A fully 2′-O-methoxyethyl (2′-MOE)-PS-modified sequence designed to not
target the dystrophin transcript was used as a negative control. All ASOs (Table 1) were
synthesized by SynGenis Pty Ltd. (Bentley, WA, Australia).

Table 1. ASO sequences used in this study.

Sequence
Name Backbone Composition ASO Sequence (5′-3′) Abbreviation

Dmd
M23D
(+2–18)

Full 2′-OMe

Full PO
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2.2. Melting Temperature Study of ASOs

Six 2′-O-methyl (2′-OMe)-modified ASOs with a Dmd M23D (+2–18) sequence on
various PO–PS backbones—5′-PO mixmer, 5′-PS mixmer, PO–PS–PO gapmer, PS–PO–PS
gapmer, full PS, and full PO—were prepared at 2 µM concentration in a buffer solution
containing 0.01 mM EDTA, 10 mM NaCl, and 10 mM sodium phosphate buffer (pH 7.0).
Then, the ASOs were mixed with an equal volume of their complementary RNA sequence
(5′-AGGUAAGCCGAGGUUUGGCC-3′) at the same concentration (2 µM) and denatured
at 95 ◦C for 10 min, followed by gradual cooling to room temperature, and subsequently
loaded onto quartz cuvettes of 1 mm path length. The melting temperature (Tm) was
analyzed on Shimadzu UV-1800 spectrophotometer (Rydalmere, NSW, Australia) with a
temperature controller over the range of 20–95 ◦C (ramp rate = 1.0 ◦C/min). Tm values
were calculated by the first derivative.

2.3. Cell Culture and Transfection of ASOs into Cells

Immortalized H-2Kb-tsA58 (H2K) mdx mouse myoblasts were cultured and differ-
entiated as described previously [19–22]. Briefly, H2K myoblasts were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) containing 20% fetal bovine serum (FBS),
10% horse serum (HS) supplemented with 0.5% chicken embryo extract (CEE) at 33 ◦C, 10%
CO2. When the myoblasts reached 60–90% confluency, they were trypsinized and seeded
into 24-well plates (2 × 104 cells/well) pre-treated with 50 µg/mL poly-D-lysine (Sigma
Aldrich; Castle Hill, NSW, Australia) and 100 µg/mL Matrigel (Corning, supplied through
In Vitro Technologies, Noble Park North, VIC, Australia). The cells were differentiated
into myotubes at 37 ◦C, 5% CO2 in low glucose DMEM containing 5% HS for 24 h. For
transfection, ASOs were complexed with Lipofectin reagent (Life Technologies, Carlsbad,
CA, USA) at the ratio of 2:1 (lipofectin:ASO) with final concentrations at 400, 200, and
100 nM in a volume of 500 µL/well in 24-well plates, as per the manufacturer’s instructions,
except that the medium was not removed after 3 h.
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2.4. RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Twenty-four hours after transfection, cells were collected, and RNA extraction was
subsequently performed using the ISOLATE II RNA Mini Kit (Bioline, Eveleigh, NSW,
Australia) as per the manufacturer’s instructions. The dystrophin transcripts were amplified
by nested RT-PCR across exons 20–26 using SuperScript™ III Reverse Transcriptase (for
primary amplification) and AmpliTaq Gold™ 360 DNA Polymerase (for secondary PCR)
as described previously [21,22]. The primer sets and PCR conditions used for the two-
step reactions are shown in Table S1 (Supplementary Information). The secondary PCR
products were separated on 2% agarose gels in Tris–acetate–EDTA buffer, and images
were captured on a Fusion Fx gel documentation system (Vilber Lourmat, Marne-la-Vallee,
France). Densitometry analysis of the bands was performed using ImageJ software [27]
with both original gel images.

2.5. Nuclease Stability Study of ASOs

The stability of ASOs against 3′ → 5′ exonuclease degradation was evaluated using
snake venom phosphodiesterase (Sigma Aldrich; Bayswater, VIC, Australia). Briefly, 10 µM
of ASOs was mixed with phosphodiesterase (final concentration: 0.004 unit/µL) in a buffer
of 10 mM Tris–HCl, 100 mM NaCl, and 15 mM MgCl2. The mixtures were incubated at
37 ◦C, and aliquots were collected at different time points and then quenched with an equal
volume of 80% formamide containing bromophenol blue and xylene cyanol gel tracking
dyes, followed by heating at 95 ◦C for 5 min. The quenched samples were then analyzed
using 20% denaturing polyacrylamide gel electrophoresis. Images were captured on a
Fusion Fx gel documentation system (Vilber Lourmat, Marne-la-Vallee, France).

3. Results

In this study, we utilized a previously reported ASO sequence Dmd M23D (+2–18) as a
model to explore different design modalities on a mixed PO-PS backbone. All ASOs were
synthesized using 2′-OMe chemistry (one of the standard modifications on sugar-moiety
in SSOs) in which the internucleotide linkages were incorporated in the form of PO–PS
mixmers (5′-PO and 5′-PS), gapmers (PO–PS–PO and PS–PO–PS), or fully modified (full
PS and full PO) (Table 1). The fully PS-modified ASO was used as a positive control.
The ASOs were assessed based on their binding affinity via melting temperature studies,
their biological potency via exon-skipping experiments, and their stability against 3′ → 5′

exonuclease via nuclease degradation assays.

3.1. Evaluation of RNA Binding Affinity of ASOs

In order to assess the Dmd transcript binding affinity of different PO–PS ASOs, a
thermal stability study of the ASO sequences against their complementary synthetic RNA
sequence was performed. The results showed that the full-PO ASO exhibited the highest Tm
(67.9 ◦C) while its full-PS counterpart displayed the lowest melting temperature (63.8 ◦C).
Although all the PO–PS chimeric ASOs (including mixmers and gapmers) contain around
half the number of PS linkages in the full-PS oligonucleotide, their Tm values were only
slightly lower than (5′-PO mixmer: 67.5 ◦C, PO–PS–PO gapmer: 66.3 ◦C, PS–PO–PS gapmer:
66.7 ◦C) or even identical to (5′-PS mixmer: 67.9 ◦C) the full-PO ASO (Table 2). Interestingly,
the Tm values of both mixmers (5′-PO: 67.5 ◦C, 5′-PS: 67.9 ◦C) are higher than the gapmers
(PO–PS–PO: 66.3 ◦C, PS–PO–PS: 66.7 ◦C), and the ASOs having PS linkages on both flanks
(5′-PS mixmer: 67.9 ◦C, PS–PO–PS gapmer: 66.7 ◦C) exhibited somewhat higher Tm than
their counterparts with flanking PO linkages (5′-PO mixmer: 67.5 ◦C, PO–PS–PO gapmer:
66.3 ◦C, respectively).
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Table 2. ASO sequences used in this study and their melting temperature.

PO–PS Designs of 2′-OMe-Modified
Dmd M23D (+2–18) Number of PS Linkages Tm, ◦C

5′-PO mixmer 9 67.5
5′-PS mixmer 10 67.9

PO–PS–PO gapmer 9 66.3
PS–PO–PS gapmer 10 66.7

Full PS 19 63.8
Full PO 0 67.9

2′-OMe: 2′-O-methy; PO: phosphodiester; PS: phosphorothioate; Tm: melting temperature. Please see Figure S1
(Supplementary Information) for melting curves.

3.2. Evaluation of ASOs in Inducing Exon Skipping of Dystrophin Transcript In Vitro

In an attempt to investigate the splice-switching capability of PO–PS ASOs in vitro,
the exon-skipping assay was performed in duplicates by transfecting the ASOs (400, 200,
and 100 nM) to H2K mdx myotubes. After 24 h incubation, cells were collected, and RNA
was extracted and amplified using the RT-PCR protocol reported previously [21–26]. The
exon-skipping efficiency was determined by the percentages of PCR products amplified by
the exon-23 skipping (688 bp) and exon-22/23 dual-skipping (542 bp) over the full-length
(901 bp).

In general, the results clearly demonstrated that the fully PS-modified ASO (positive
control) induced exon skipping in the dystrophin transcript more efficiently than all chimeric
PO–PS ASOs, while the full-PO ASO did not cause any exon skipping (Figures 2 and S2).
Typically, at 400 nM concentration, the full-PS ASO exhibited higher exon-23 skipping (51%)
than both the mixmers (5′-PO: 49%, 5′-PS: 47%) and gapmers (PO–PS–PO: 21%, PS–PO–PS:
43%). Among the chimeric PO–PS ASOs, it is obvious that the mixmers were more efficient
at inducing exon skipping than the PO–PS–PO gapmer in most cases (Figures 2 and S2).
More details, at 200 nM concentration, the mixmers achieved significantly higher exon-23
skipping (5′-PO: 42%, 5′-PS: 38%) than the PO–PS–PO gapmer (21%). To gain more insights
into the effect of the positioning of PS linkages in each design, we further compared the
exon-skipping efficiency between different designs of mixmers and gapmers. Regarding
the two mixmers, 5′-PS displayed comparable exon-skipping efficiency with its 5′-PO
counterpart at 400 and 200 nM concentrations, while at 100 nM, 5′-PS induced higher
exon-23 skipping than the 5′-PO ASO (5′-PS: 36%, 5′-PO: 11%). For the two gapmers,
PS–PO–PS clearly showed better exon-23 skipping ability than its PO–PS–PO counterpart
at all concentrations (PS–PO–PS: 43% at 400 nM, 32% at 200 and 100 nM; PO–PS–PO: 21%
at 400 and 200 nM, 15% at 100 nM).

3.3. Evaluation of Nuclease Stability of ASOs

In order to further characterize the PO–PS ASOs, the nuclease stability of the ASOs
was investigated in a systematic manner by co-incubation of the ASOs with snake venom
phosphodiesterase for short (15 min, 30 min, 1 h, 2 h, 4 h) and longer (8 h, 16 h, 24 h)
periods of time. Firstly, the full-PS, full-PO, and chimeric PO–PS ASOs were incubated
with phosphodiesterase I (possessing high 3′ → 5′ exonuclease activity) from the venom
of eastern diamondback rattlesnake (Crotalus adamanteus) at 37 ◦C for 15 min (0.25 h),
30 min (0.5 h), 1 h, 2 h, and 4 h. For these short periods, the full-PS ASO exhibited
higher nuclease resistance than other oligonucleotides, while the full-PO ASO did not
show any resistance against nuclease that it was completely degraded within 15 min
(Figures 3 and S3). Interestingly, the 5′-PO mixmer, 5′-PS mixmer, and PS–PO–PS gapmer
were more resistant to nuclease than the PO–PS–PO gapmer (Figures 3 and S3). To gain
more insights into the prolonged stability of the ASOs, a longer incubation (8 h, 16 h, and
24 h) experiment was performed. The results confirmed that full-PS modification remained
the most stable backbone design compared with other candidates, while the PO–PS–PO
design was less resistant to nuclease than other chimeras (Figures 3 and S3). Remarkably,
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the 5′-PO mixmer, 5′-PS mixmer, and PS–PO–PS gapmer exhibited comparable stability
after being treated with nuclease for 24 h.
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4. Discussion

Modified nucleic acid analogs play a vital role in any successful translation of ASO
therapeutics. Among hundreds of modifications described in the literature, phosphoroth-
ioate (PS) is regarded as one of the earliest and most widely used linkages in RNA drug
development [9,10]. Eckstein and colleagues first reported the synthesis of a PS oligonu-
cleotide in 1969 with better resistance to enzymatic degradation and biological activity [28].
PS modification has now been utilized in antisense research for over 40 years, and the major-
ity of the FDA-approved ASO drugs possess a PS backbone, mainly based on the RNase H
mechanism [3]. PS ASOs show enhanced resistance to nucleases and better bio-distribution
profiles than the unmodified linkages. However, the stereochemistry of PS oligonucleotides
has been a limitation in relation to its efficacy and toxicity. In a quest to reduce the number
of undesirable stereoisomers generated during the synthesis of PS ASOs, in this study, we
evaluated the effect of reduced PS linkages within ASO sequence by synthesizing PO–PS
mixmers and gapmers and comparing them with full-PS and full-PO controls.

Towards the ASO performance, we first assessed its binding affinity by performing
a melting temperature study against a synthetic complementary RNA sequence. The Tm
order was revealed as follows: full PO (67.9 ◦C) = 5′-PS (67.9 ◦C) > 5′-PO (67.5 ◦C) >
PS–PO–PS (66.6 ◦C) > PO–PS–PO (66.3 ◦C) > full PS (63.8 ◦C). Surprisingly, the 5′-PS has
an identical Tm to the full PO while possessing ten PS linkages compared with none in the
full PO. This is unexpected as it is well-known that PS linkage destabilizes RNA duplex,
which should result in lower Tm. In our opinion, the position of PS linkage is crucial to
this observation, as per the cases of 5′-PO versus 5′-PS and PO–PS–PO versus PS–PO–PS.
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In fact, in both cases, having one more PS linkage (5′-PS and PS–PO–PS) increases the Tm
by 0.4 ◦C (rather than decreasing). Interestingly, since Rp linkages have been reported to
be more thermally stable than Sp linkages [12], we might be seeing a mixed effect from a
stereo-random sequence. Overall, the results of the melting temperature studies indicate
that the rational design of chimeric PO–PS ASOs could not only reduce the number of PS
linkages in a full-PS ASO sequence but also largely maintain the high RNA binding affinity
of full-PO ASO.

Next, we evaluated the efficacy of the ASOs in an exon-skipping assay using a well-
known DMD in vitro model H2K mdx myotubes. This model has been utilized in our
laboratory as a validated biological system to test numerous chemically modified ASOs [26].
The results indicated that, in terms of inducing exon skipping, 5′-PS and PS–PO–PS are the
better performers between the mixmers and the gapmers, respectively. This is encouraging
as the 5′-PS and PS–PO–PS possess only 10 PS linkages, compared with 19 PS linkages in
the full PS, which translates to a significant reduction in stereoisomers. Interestingly, at
200 nM, PS–PO–PS gapmer showed less efficient exon-skipping activity both than 100 nM
and 400 nM, indicating that the dose dependency of chimeric oligomers might not be as
consistent as their counterparts of uniform chemistry (full PS and full PO). We also noted
some inconsistencies with the PO–PS–PO at 100 nM concentration, which could be due to
its enzymatic degradation.

In addition, we also investigated the nuclease stability of the chimeric ASOs against
a harsh 3′ → 5′ exonuclease. The results demonstrated that the full PS is the most stable
ASO, opposite to the full PO, which was completely degraded after 15 min of incubation.
This is in line with our observation in the exon-skipping assay, as the full PO did not
induce any exon skipping, whereas the full PS was very efficient. In comparison to other
chimeric ASOs, PO–PS–PO is the least stable. This could contribute to our inconsistent
results observed in the exon-skipping assay. On the other hand, the other three chimeric
ASOs (5′-PO, 5′-PS, and PS–PO–PS) showed better resistance to nuclease.

5. Conclusions

Reducing the number of PS linkages within a therapeutic ASO sequence presents a
potential strategy to mitigate the impact of PS stereoisomers on their drug-like properties.
To optimize the design strategy for splice-switching ASOs (i.e., SSOs) with reduced PS
linkages, we designed different mixmer-like and gapmer-like chimeric PO–PS ASOs and
investigated the performance in terms of target binding affinity, splice-switching capability,
and nuclease stability. We clearly found that not only the quantity of PS linkages but also
their positioning in an ASO sequence plays an essential role in the ASO’s potency. Based
on the results, we believe that chimeric PO–PS design is a useful strategy for reducing the
generation of PS stereoisomers and placing PS linkages at both the 5′-end and the 3′-end
might potentially retain the high target binding affinity and nuclease stability while not
substantially compromising the exon-skipping efficacy.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/biom14070883/s1, Figure S1: Melting profiles of the ASOs against a
synthetic complementary RNA; Figure S2: Original agarose gel images of RT-PCR products (in
duplicates); Figure S3: Original polyacrylamide gel images of the nuclease stability assay; Table S1:
The primer sequences and PCR conditions used for the amplification of dystrophin transcripts.
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