Molecular Biology Reports (2023) 50:3539-3546
https://doi.org/10.1007/511033-022-08224-0

ORIGINAL ARTICLE q

Check for
updates

Effects of combinations of gapmer antisense oligonucleotides
on the target reduction

1,23

Mitsugu Yanagidaira'?® . Kotaro Yoshioka -Tetsuya Nagata'>3® . Shoichi Nakao* - Kenichi Miyata®* -

Takanori Yokota'??3

Received: 3 October 2022 / Accepted: 20 December 2022 / Published online: 14 February 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

Background The co-administration of several therapeutic oligonucleotides targeting the same transcript is a beneficial
approach. It broadens the target sites for diseases associated with various mutations or splice variants. However, little is
known how a combination of antisense oligonucleotides (ASOs), which is one of the major modalities of therapeutic oligo-
nucleotides, affects the potency. In this study, we aimed to elucidate the combination-effects of ASOs and the relationship
between the target sites and potency of different combinations.

Method and Results We designed 113 ASOs targeting human superoxide dismutase 1 pre-mRNA and found 13 ASOs that
had comparable silencing activity in vitro. An analysis of combination-effects on the silencing potency of 37 pairs of two
ASOs on HeLa cells revealed that 29 pairs had comparable potency to that of two ASOs; on the other hand, eight pairs had
reduced potency, indicating a negative impact on the activity. A reduced potency was seen in pairs targeting the same intron,
exon-intron combination, or two different introns. The sequence distance of target sites was not the major determinant fac-
tor of combination-effects. In addition, a combination of three ASOs preserving the potency could be designed by avoiding
two-ASO pairs, which had a reduced potency.

Conclusions This study revealed that more than half of the combinations retain their potency by paring two ASOs; in contrast,
some pairs had a reduced potency. This could not be predicted only by the distance between the target sites.
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Introduction

Antisense oligonucleotides (ASOs) are extensively inves-
tigated as a promising platform to treat several diseases,
including infections [1], cancer [2], and neurodegenerative
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diseases [3]. ASOs are divided into two major categories:
gapmer ASO and non-gapmer ASO [4]. Gapmers have the
center portion composed of DNAs, while non-gapmers do
not. Both ASOs bind to their target RNA to create a DNA/
RNA duplex, but only gapmers recruit RNase H, followed
by target cleavage [5]. Gapmers, which can downregulate
disease-related gene expression, have been approved for
clinical use [6, 7].

A combination of oligonucleotide therapeutics targeting
the same transcript has been investigated and has shown clin-
ical benefits. For instance, a combination of small interfer-
ing RNAs (siRNAs) against viral infections, such as SARS-
CoV-2, is reasonable to reduce the risk of resistant strains
by targeting multiple sites [8]. Moreover, a combination of
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non-gapmer ASOs, which skips multiple exons, could treat
a wider range of patients with Duchenne muscular dystro-
phy, while a single ASO could treat at most 8—13% of them
[9]. Thus, the combination approach has clinical benefits for
the treatment of specific diseases. However, another study
implied that a certain siRNA combinations had a reduced
potency [10]. This finding indicated that specific combina-
tions of oligonucleotides would have negative effects on the
potency of each component. For example, if two oligonu-
cleotides have neighboring target sites, they likely hinder
each other from binding to the target sequence, resulting in
a reduced potency when co-administered. A fundamental
knowledge of such combination-effect can help us verify
and adopt the combination strategy. Although several stud-
ies have reported the potency of combinations composed of
non-gapmers or siRNAs [10-12], there have been no sys-
tematic evaluation of gapmer combinations. Therefore, we
evaluated combination-effect on the potency with 37 gapmer
pairs targeting the same pre-mRNA. Furthermore, we also
created three- or four-gapmer combinations and evaluated
their potency.

Materials & methods
Antisense oligonucleotide

In this study, a series of gapmer ASOs were synthesized by
Gene Design (Osaka, Japan). These ASOs were 3-10-3 gap-
mers using fully phosphorothioate-modified linkages with a
central segment of 10-mer DNA flanked by the 3-mer locked
nucleic acids (LNAs) on both wings. Individual gapmer
ASOs were dissolved in PBS. To generate combinations,
equimolar amounts of individual gapmer ASOs were mixed.
The potency of a single gapmer ASO and the combination
was compared at the same molarity. For example, a 10 nM
combination of #6361/#6362 with 5 nM each was compared
to 10 nM of each single gapmer.

Cell culture and transfection

HeLa cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (P/S) at 37 °C. Individual gap-
mer ASO or the combination was mixed with 50 pL Opti-
MEM (Life Technologies) containing 0.5 pL Lipofectamine
2000 (Life Technologies) at 25 °C for 20 min; then, this was
added to a 48-well plate. Then, the HeLa cells in DMEM
were seeded to the plate at 6x 10* cells/well and incubated
for 6 h. Then, a transfection medium was replaced with fresh
DMEM with FBS and PS. The cells were harvested for PCR
analysis 24 h after transfection.
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Quantitative real-time PCR assay

The total RNA was extracted using ISOGEN (Nippon
Gene, Tokyo, Japan), following the manufacture’s pro-
tocol. After a reverse-transcription with PrimeScript RT
Master Mix (Takara Bio, Kusatsu, Japan), quantitative
real-time PCR was performed using LightCycler 480 II
(Roche Diagnostics, Rotkreuz, Switzerland). Delta Ct
(ACt) values were calculated by subtracting the Ct of
GAPDH from that of SOD1. Then, AACt was acquired by
subtracting the ACt of vehicle group from the ACt of the
treatment groups. The relative SOD1 expression was cal-
culated as 2°(—AACt). The primers and probes (Applied
Biosystems, Life Technologies) used in this study were
as follows: SOD1 (forward: 5°- CGACGGCCCAGTGCA-
3’; reverse: 5’-CCACACCTTCACTGGTCCATTA-3’;
probe: 5°-FAM-TTCCTTCTGCTCGAAATTGATGAT
GCCC-MGB-3’), GAPDH (forward: 5’-GAAGGTGAA
GGTCGGAGTC-3’; reverse: 5’-GAAGATGGTGATGGG
ATTTC-3’; probe: 5’-FAM-CAAGCTTCCCGTTCTCAG
CC-TAMRA-3").

Statical significance

All experiments were performed at least three times,
and data were presented as mean + SEM. To assess the
combination-effect, the mean of SOD1 expression level
in the combination-treated group was compared to that
in single gapmer groups. For the comparison of means
between more than three groups, one-way ANOVA was
performed, followed by Dunn’s multiple comparisons test.
The difference was considered statically significant if the
p-value was <0.05. All statistical analyses were performed
using Prism version 8.4.3 (GraphPad Software).

Result

Most two-gapmer combinations showed
a comparable potency compared to its component
gapmer ASOs

The combination-effects were divided into three groups
based on their potency. A pair was considered to be atten-
uating or synergic if the combination was significantly
less or more active than both of each individual gapmer
ASOs (Fig. 1a, b). When the combination was less active
than single ASOs, we confirmed that single ASOs showed
silencing activity at the concentrations equal to or lower
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Fig.1 Possible knockdown potency of two-gapmer combination
compared to individual gapmers. A two-ASO combination was gener-
ated by mixing two equimolar ASOs. The potency of the combination
was compared to those of individual ASOs at the same molarity. For
instance, a combination of gapmer 1 and 2 composed of 5 nM each

than that used in the mixture (Supplementary Fig. 1). If the
potency of the combination was comparable to or interme-
diate between those of its component gapmer ASOs, the
pair was regarded as comparable (Fig. 1c).

Before creating combinations, 113 gapmer ASOs
for exons and introns of human superoxide dismutase 1
(SOD1) pre-mRNA were designed. After screening them
in vitro, the most active 13 gapmer ASOs were selected;
these ASOs reduced SOD1 transcript by 40 ~60% at 1 nM

(10 nM combined) was compared to a single ASO of 10 nM. The
combination had a comparable potency if the potency was equal to
or intermediate between those of its components (a). If the combina-
tion showed more or less active than both of its components, then the
combination was attenuating (b) or synergic (c), respectively

(Fig. 2). Four-gapmer ASOs were targeted exon sequence
and nine to intron; their target sequences had no overlap
with each other.

Then, 37 two-gapmer combinations were created by
mixing two ASOs and were co-transfected to HeLa cells.
Most pairs (29/37 pairs) showed a comparable potency to
single ASOs used to create a combination (Fig. 3a). For
instance, the combination of #6360/#6361, both targeting
intron 1, had a potency equal to that of single gapmers

a 5 UTR] exon1 intron 1 exon 2 intron 2 exon3 intron3 exon4 intron 4 exon5 | 3'UTR
- #6360 #6362 #6367 #6368 #6369 #6370 #6571 pum
#5400 PN #7505 #7503
#5402
b. oligo target ASO sequence (5'to 3') C.
#6360 intron 1 taaGTGCCAATTCggt 1.5
#6361 intron 1 cgtCTTAAGAATAgca
#6362 intron 1 ttcTCAGGTACAAcgg § g‘
#6364 intron1  gtaTAGCCATTCAggt 85 1.01 ’
#6367 intron2  cctTACACAACTCgag gg
#6368 intron2  cgtAGTATACTTTaca % '_E 0.5- i | _ [
#6369 intron3  ccaGAAAGCTATCgcc ve RN I ;
#6370  intron 4 CcgtAATTGTCCAAtaa ’ ‘ ‘ |
#6371 inton4  taaCCTTAGTTCCgca iy
#5400 exon1  cgtCGCCCTTCAGcac Py -:S""’% & @“b a?“’% FSESESTEE %‘”
#7503 exon 5 gtcTTTGTACT TTctt
#7505 exon 5 ctgCTTTTTCATGgac
#5402 exon 5 cacCTTTGCCCAAgtc

Fig.2 Relative positions, sequences, and knockdown effects of sin-
gle 16-mer LNA gapmers against SOD1 pre-mRNA. a Relative tar-
get sites of gapmer ASOs. b List of ASO sequences. The ASOs used
in this study was 3-10-3 LNA gapmers. Small letter, LNA; capital

letter, DNA. ¢ Single ASOs were transfected to HeLa cell at 1 nM.
Thirteen ASOs showed comparable potency to each other. (n=3;
mean +SEM.)

@ Springer



3542

Molecular Biology Reports (2023) 50:3539-3546

a.

ASOs target sites potency d('ts)?sr;c)e
#6360 #6361 intron 1 & intron 1 comparable 829
#6360 #6362 intron 1 & intron 1 comparable 967
#6361 #6362 intron 1 & intron 1 comparable 138
#6362 #6364 intron 1 & intron 1 comparable 753
#6367 #6368 intron 2 & intron 2 attenuating 124
#6370 #6371 intron 4 & intron 4 attenuating 641
#6360 #6367 intron 1 & intron 2 attenuating 4841
#6360 #6368 intron 1 & intron 2 comparable 4965
#6360 #6369 intron 1 & intron 3 comparable 5710
#6360 #6370 intron 1 & intron 4 attenuating 6672
#6367 #6369 intron 2 & intron 3 attenuating 869
#6367 #6370 intron 2 & intron 4 comparable 1831
#6369 #6370 intron 2 & intron 4 comparable 962
#7505 #7503 exon 5 & exon 5 comparable 40
#5402 #7503 exon 5 & exon 5 comparable 22
#5402 #7505 exon 5 & exon 5 comparable 18
#5400 #5402 exon 1& exon 5 comparable 8698
#5400 #6360 exon 1 & intron 1 comparable 1047
#5400 #6362 exon 1 & intron 1 attenuating 2014
#5400 #6364 exon 1 & intron 1 comparable 2767
#5400 #6367 exon 1 & intron 2 comparable 5888
#5400 #6368 exon 1 & intron 2 comparable 6012
#5400 #6369 exon 1 & intron 3 comparable 6757
#5400 #6370 exon 1 & intron 4 comparable 7719
#5402 #6360 exon 5 & intron 1 comparable 7651
#5402 #6361 exon 5 & intron 1 comparable 6822
#5402 #6367 exon 5 & intron 2 comparable 2810
#5402 #6368 exon 5 & intron 2 comparable 2686
#5402 #6369 exon 5 & intron 3 attenuating 1941
#5402 #6370 exon 5 & intron 4 comparable 979
#5402 #6371 exon 5 & intron 4 attenuating 338
#7505 #6360 exon 5 & intron 1 comparable 7633
#7505 #6370 exon 5 & intron 4 comparable 961
#7505 #6371 exon 5 & intron 4 comparable 320
#7503 #6360 exon 5 & intron 1 comparable 7673
#7503 #6370 exon 5 & intron 4 comparable 1001
#7503 #6371 exon 5 & intron 4 comparable 360

Fig.3 The potency of two-gapmer combinations. a List of combina-
tion-effects on the potency and distance between two target sites. We
created 37 pairs from 13 gapmer ASOs and evaluated relative potency
to the individual gapmer ASOs. b Representative pairs showing com-
parable potency compared to individual gapmers. ASO #6361, #6362
or combination of them were transfected to HeLLa cell at 0.3, 1, and 3
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nM. Knockdown potency by combination was comparable to #6361
and #6362. For instance, combination at 3 nM (1.5 nM each) showed
equal potency to #6361 or #6362 at 3 nM. ¢ Representative pairs with
negative combination-effect. The combination at 2 nM (1 nM each)
attenuated potency compared to #6371 or #5402 at 2 nM. (*p <0.05;
*#p <0.01; ns, not significant; n=3; mean+ SEM.)
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used in the combination at three different concentrations
(Fig. 3b). There were no synergic pairs among the candi-
dates we tested.

Some combinations appeared to attenuate
the potency when co-administered

Eight out of 37 pairs appeared to attenuate the potency.
Before conducting the study, we speculated that two gap-
mers targeting neighboring sites, such as two sequences
in the same intron, would likely attenuate the potency by
sterically blocking each other from binding to RNA and/or
recruiting RNase H. Indeed, two gapmers sharing the same
target intron, such as #6367/#6368 (intron 2, 124 base apart)
and #6370/#6371 (intron 4, 641 base apart), were attenuat-
ing. However, every combinations targeting two sequences
in intron 1 showed a comparable potency. For example, the
combination of #6361/#6362 demonstrated a comparable
potency as mentioned above (Fig. 3b). The target sites of
these two gapmers were 138 bases apart from each other,
indicating that the distance of their targets was not the deter-
minant factor of combination-effect.

The combination of #6371/#5402 at 10 nM, targeting
intron 3 and exon 5, was significantly less potent than single
gapmers (5 nM each) (Fig. 3c). Interestingly, other combina-
tions targeting intron 3 and exon 5 with different sequences,
such as the pair of #6370/#5402 or #6371/#7503, showed a
comparable potency.

We also assumed that a gepmer-gapmer dimerization
might lower the activity because this process could prevent
each gapmer from binding to the target site. Therefore, the
potential risk of dimerization of attenuating and compa-
rable pairs was determined using Amplify4. None of the
eight attenuating pairs had more than two complementary
sequences with each other, whereas three comparable pairs,
such as #6370/#7505, #5402/#6367, or #5402/#7505 had
seven, five, or three complementary bases, respectively. This
result suggested that the low potency of combinations was
not simply explained by dimer formation.

Three- or four-gapmer combination

A combination approach against the SARS-CoV-2 genome
was investigated to minimize the risk of the emergence of
escape mutants during treatment [8]. To meet this end, a
mixture of more than two oligonucleotides seems to be one
of suitable approaches. Moreover, a five-ASO combination
was designed to induce multiple exon skipping in dystro-
phin transcript and treat a broader range of patients with
Duchenne muscular dystrophy [9]. Thus, a combination with

more than two components could be a reasonable strategy to
enhance its clinical benefits in specific diseases.

To test the utility of the multiple-gapmer combination
approach with preserved potency, a three-gapmer combi-
nation was generated. To avoid unfavorable combination-
effects on the potency when mixing three gapmers, we pre-
sumed that it would be reasonable to combine two-gapmer
combinations with comparable potencies. For instance,
#7503, #5402, and #7503 were exon-targeting gapmers; each
had equal potencies at 2, 10, 50 nM. Two-gapmer combina-
tions showed a comparable potency to individual gapmers
at the same molarity combined (1 nM each, 5 nM each, and
25 nM each) We mixed an equimolar amount of these three
gapmers (0.67 nM each, 3.3 nM each, and 17 nM each),
and the three-gapmer combination preserved the potency
compared to single or two-gapmer combinations at the same
molarity combined (Fig. 4a). We also hypothesized that if
pairs attenuating the potency were mixed, the mixture would
attenuate the potency. We chose #6360/#6367, #6367/#6369,
and #6360/#6370 as attenuating two-gapmer pairs. The
potency of these four-gapmer combination at 8 nM com-
bined (2 nM each) was less than that of three individual
gapmers at 8 nM (Fig. 4b). These results suggested that a
judicious design of multiple-gapmer combinations can main-
tain the potency of single gapmers.

Discussion

In this study, we evaluated the combination-effect of 37 pairs
with two-ASO gapmers. We found that 29 pairs and eight
pairs showed comparable and attenuating potencies, respec-
tively, and no pairs showed a synergic effect (Fig. 2a). These
combination-effects were not associated only with distance
between the targets sites of ASOs. Although the mecha-
nisms behind the combination-effects should be complex
and need further investigation, we speculated at least two
possible molecular mechanisms that attenuate the potency
of combinations.

The first possible mechanism is the steric hindrance
caused by conformational changes in the target RNA after
the binding of ASO. For instance, #6367/#6368 (124 base
apart) had target sites that were close to each other in intron
2, showing a reduced potency. Previous reports demon-
strated that a gapmer ASO can recruit RNA-binding pro-
teins (RBPs) competing with RNase H to the ASO/RNA
duplex [13]. RBPs are associated with the structure of RNA,
[14] which can influence the accessibility of ASOs [15,
16]. Therefore, one gapmer could change the local struc-
ture of RNA and attenuate the potency of other gapmers.
We assumed that these interactions were more likely to
occur between gapmers targeting close sites; however, all
combinations targeting tandem sequences in exon 5, such

@ Springer
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Fig.4 The potency of three- or four-gapmer combinations. a An
example of comparable three—gapmer combination. #7503 (cyan),
#5402 (magenta), and #7503 (yellow) had an equal potency to each
other at 2, 10, and 50 nM. A two-gapmer combinations showed
comparable potency to individual gapmers at the same molarity
combined (1 nM each, 5 nM each, and 25 nM each) (#7503/#5402;
blue, #5402/#7505; red, #7505/#7503, green). A three-gapmer com-

as #5402/#7505, showed a comparable potency (Fig. 4a),
indicating that the close distance between two target sites in
some regions such as exon 5 might not cause a negative the
combination-effect.

The second potential mechanism of attenuation is by
the modulation of pre-mRNA processing. For instance,
a reduced potency was observed in some pairs, includ-
ing intron- and exon-targeting ASOs, such as #6371/5402
(Fig. 3c). Attenuation was also observed in combinations
targeting different introns. Since these target sites were apart,
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bination (black) also preserved the potency at the same molarity
(0.67 nM each, 3.3 nM each, and 17 nM each). b An example of
attenuating four-gapmer combination. #6360/6367, #6367/#6369, and
#6360/#6370 were attenuating pairs as demonstrated in Fig. 3. The
combination (black) at 8 nM combined (2 nM each) appeared sig-
nificantly less active compared to #6360, #6367, and #6370 at 8 nM.
(n=23; mean + SEM)

other mechanisms than steric hindrance might be involved.
Previous papers showed that exon-targeting ASOs can com-
pete with splicing factors [17] and increase pre-mRNA lev-
els [18]. Another study demonstrated that the splicing of
different introns can cooperate with each other [19]. These
modulation of pre-mRNA processing by one ASO may have
a negative impact on the silencing activity of other gapmers.

It was also demonstrated that a three-gapmer combina-
tion composed of pairs with comparable potencies had a
preserved potency. In contrast, a mixture of attenuating
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pairs had a reduced potency (Fig. 4b). These findings sug-
gested that a judicious combination of pairs could generate
multiple-gepmer combinations with maintained potency by
avoiding the negative effects of combinations.

In this study, there are several limitations related with
the design or selection of ASOs. While all ASOs were
designed as gapmer-type using LNA-modification in the
wing portion, chemical modifications of ASOs have an
effect on their interaction with RBPs recruited into the
ASO-RNA duplex [20]. Since RBPs have crucial roles in
the local structure of RNA and splicing process [21], gap-
mers with different chemical modification may have differ-
ent effects on the silencing potency of the combinations.
Although more than 10 ASOs targeting various exons or
introns were utilized to evaluate the combination-effects of
ASOs, the target sites of exon-targeting ASOs were limited
within exon 1 or 5. This was because we could not find
ASOs against exon 2-4 with a comparable knockdown
activity. This was necessary to compare the activity of the
combination and its components accurately.

Conclusion

This study revealed that most two-gapmer combinations
had a comparable potency, but some showed a reduced
activity compared to single gapmers. The attenuation
effect could not be predicted only by the distance between
the target sites of ASOs. It was also demonstrated that a
three-gapmer combination could be designed; this main-
tained the potency by combining two-gapmer combina-
tions with comparable potencies. These findings showed
that a judicious selection of ASOs for combinations,
which is independent of the distance between their target
sites, could allow combinations to maintain their potency,
although the mechanism of negative interactions should
be further investigated.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11033-022-08224-0.
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