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Abstract

Aim Antisense oligonucleotide (ASO) has the potential to induce off-target effects by inadvertent binding of ASOs to unin-
tended RNAs that have a sequence similar to the target RNA. In the present study, we focused on the association between
oligonucleotide length and off-target effects. Oligonucleotide extension is assumed to have bilateral effects on hybridization-
dependent changes in gene expression, i.e., one is the decrease of off-target effects based on the reduced number of off-target
candidate genes with perfect matches, and the other is the increase of off-target effects based on the increased binding affinity
between the ASO and the complementary RNAs that leads to better tolerability for mismatches.

Methods To determine the effects of oligonucleotide extension of gapmer ASOs on off-target effects, an extensive microar-
ray analysis was performed using human cells treated with a 14-mer gapmer ASO and the extended 18-mer derivatives with
the same core 14-mer region.

Results and Discussion Our data indicated that change in gene expression in the cells treated with 18-mer ASOs was sig-
nificantly smaller than those with a 14-mer ASO, showing the decrease of off-target effects by oligonucleotide extension.

1 Introduction that is recognized by RNase H [1, 2]. They elicit RNase
H-mediated cleavage of the target RNA that leads to sub-
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ASOs are 20-mer in length, with 5-mer sugar-modified
nucleotides, 2'-O-methoxyethyl (2’-MOE) on both ends,
and 10-mer DNA in the central gap region [6-8]. Devel-
opment of sugar-modified nucleotides with high binding
affinity to complementary RNA, such as 2',4’-BNA/LNA
and cEt nucleic acids, enables ASOs to be shorter than ever
before. Indeed, sugar-modified ASOs currently in clinical
development are generally equal to or less than 20-mer in
length [9-13].

As with all drugs, ASOs carry the risk of causing unin-
tended toxicity. The mechanisms of ASO-mediated toxicity
can be conceptually divided into hybridization-dependent
effects and hybridization-independent effects. The hybrid-
ization-dependent effects, also called off-target effects, are
potentially caused by inadvertent binding of ASOs to unin-
tended RNAs that have a sequence similar to the target RNA.
It has been shown that the hepatotoxicity induced by gapmer
ASOs is at least partly mediated via the RNase H-dependent
reduction of unintended off-target RNAs in mice [14, 15].
Toxicity induced by off-target effects could not be evalu-
ated by conventional animal studies theoretically because
of differences in the genome sequence between humans and
other animals. Consequently, to predict toxicity induced by
off-target effects, assessment of off-target effects with in
silico analysis using a human RNA database and in vitro
expression analysis using human cells has been proposed
[16-18]. The toxicity via hybridization-independent effects

Fig. 1 The relationship between a

is likely to be due to interactions between the ASOs and
cellular proteins, which are unrelated to Watson and Crick
base-pairing to RNAs. Consistent with this assumption, the
toxicity of ASOs is known to be correlated with the binding
of ASOs to cellular proteins, and it is assumed that it can be
evaluated by animal experiments [19].

In the present study, we focused on the effects of oligo-
nucleotide extension of gapmer ASOs on off-target effects
using human cells with reduction of hybridization-dependent
toxicity in mind. The theoretical number of complementary
RNA regions, or off-target candidate genes, of the ASOs
with perfect matches decreases as the ASOs become longer
(Fig. 1a). On the other hand, the binding affinity between
the ASO and the complementary RNAs increases as the
ASOs become longer (Fig. 1b), and therefore, mismatches
between the ASO and the complementary RNA sequences
are likely to be better tolerated when longer gapmer ASOs
cleave complementary RNAs. This means that, as a result
of better tolerability, it is possible that the off-target effects
increase as the ASOs become longer. In light of the above
considerations, oligonucleotide extension is assumed to have
bilateral effects on hybridization-dependent changes in gene
expression, i.e., one is the decrease of off-target effects based
on the reduced number of off-target candidate genes with
perfect matches, and the other is the increase of off-target
effects based on the increased binding affinity between the
ASO and the complementary RNAs that leads to better

the length of antisense oligonu-
cleotides (ASOs) and off-target
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tolerability for mismatches. The binding affinity can also be
regulated by the introduction of sugar-modified nucleotides
into the ASO, and therefore, the number of sugar-modified
nucleotides in the ASO is an important factor affecting off-
target effects [20-22].

In this study, to reveal the association between oligonucleo-
tide length and off-target effects, we examined the effects of
oligonucleotide extension of gapmer ASOs on off-target effects
under conditions where the number of sugar-modified nucleo-
tides in the ASOs is constant. Specifically, a 14-mer gapmer
ASO (gap-GR14) was first selected as a lead sequence, and
extended 18-mer derivatives with the same core 14-mer region
(gap-GR18-1, gap-GR18-2 and gap-GR18-3) were designed.
All these gapmer ASOs contained three consecutive LNAs on
both ends. Exhaustive analyses of changes in gene expression
were then performed using microarray profiling for these gap-
mer ASOs under conditions in which expression of the target
gene is down-regulated to similar extents.

2 Materials and Methods
2.1 Insilico Analysis

Sequence searches allowing mismatches, insertions, or dele-
tions were performed using GGGenome (https://GGGen
ome.dbcls.jp/). GGGenome quickly searches short nucleo-
tide sequences using suffix array and FM-index stored on
solid state drives, and it was used to query the human pre-
mRNA sequences described above that were retrieved from
the D3G database (release 20.03; https://d3g.riken.jp/). A
complementarity measure called the “distance” (d), which
is defined as the total number of mismatches, insertions,
or deletions between ASO and the complementary RNA
sequences, was used [18, 23]. Pre-mRNA sequences were
grouped by d according to the highest complementary site
(i.e., with minimal d). For example, if two complementary
sites with d = 3 and d = 4 were present in one pre-mRNA
sequence, such as one d = 3 site in exon 2 and one d = 4
site in exon 4 in one pre-mRNA sequence, the pre-mRNA
was classified into the d = 3 group, because the d = 3 site
is more likely to be affected by the ASO than the d = 4 site.
The genes that fall into the d > 5 group are all the genes
that do not belong to any of the d = 1, 2, 3, or 4 groups.
Pre-mRNAs with a complementary RNA sequence to the
gapmer ASO are called “Complementary genes (Off-target
candidate genes)” in in silico analysis (Table 1).

2.2 Antisense Oligonucleotides (ASOs)

A series of four gapmer ASOs targeting human glucocorti-
coid receptor (GR; also known as Nr3cl) pre-mRNA were

synthesized and purified by Gene Design, Inc. (Osaka,
Japan). 14- to 18-mer ASOs were phosphorothioated with
gapmer designs (3-mer LNA + 8-mer DNA + 3-mer LNA,
3-mer LNA + 12-mer DNA + 3-mer LNA). Note that all
the gapmer ASOs contained the same number of LNAs.
Detailed sequence information is shown in Fig. 2.

2.3 Cell Culture and Transfection with ASOs

The human hepatoma cell line Huh-7 was obtained from
the Japanese Collection of Research Bioresources (JCRB;
Osaka, Japan). The cells were maintained at 37 °C and
5% CO, in Dulbecco’s Modified Eagle’s Medium (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10%
heat-inactivated fetal bovine serum and antibiotics. Huh-7
cells were seeded in 12-well plates (Corning; Corning, NY,
USA) at 1.5 x 10* cells/well (n = 4/group) and transfected
with the gapmer ASOs using Lipofectamine® 2000 (Invit-
rogen, Gaithersburg, MD, USA) according to the manufac-
turer’s protocol. Cells treated with transfection reagent in
the absence of ASO were used as a control. After a further
24 h, total RNA was isolated using a Qiagen RNeasy Mini
Kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions. Cell viability was determined by WST-8
assay according to the manufacturer’s protocol.

2.4 Quantitative Reverse Transcription-Polymerase
Chain Reaction (qRT-PCR)

gRT-PCR was performed using a One Step TB Green Pri-
meScript RT-PCR Kit (TaKaRa Bio, Inc., Shiga, Japan)
and analyzed with a 7500 Fast Real-Time PCR System with
SYBR green (Applied Biosystems, Foster City, CA, USA)
and human GR primers (Forward: 5" CCCTGGTCGAAC
AGTTTTTTCT 3’ and Reverse: 5' TGGTCCTGTTGTTGC
TGTTGA 3'). The target gene expression level was normal-
ized to that of human GAPDH (Forward: 5' TCGACAGTC
AGCCGCATCTTC 3’ and Reverse: 5" ACCAAATCCGTT
GACTCCGAC 3).

2.5 Microarray Analysis

Genome-wide expression analysis was performed using
GeneChip Human Genome U133 Plus 2.0 Array (Affym-
etrix, Inc., Santa Clara, CA, USA) according to the manu-
facturer’s instructions. The scanned data were processed for
signal values using Microarray Suite 5.0 software (Affy-
metrix). Based on the calculated signal value, the ratio of
gene expression changes was calculated for all genes in the
ASO groups (n = 4) compared with the control group (n =
4). Genes with sufficient hybridization signals to be called
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Table 1 Statistics from microarray analysis of down-regulated genes (< 50% of control)

Distance (d) 0 1 2 3 >4 Total
(a) gap-GR14
Complementary genes (off-target 8 440 5693 9583 3697 19,421
candidate genes)
Expressed genes 6 234 3530 5935 1462 11,167
Off-target genes 6 168 1539 668 90 2471
Percent of off-target genes 100 71.8 43.6 11.3 6.2 22.1
Distance (d) 0 1 2 3 4 >5 Total
(b) gap-GR18-1
Complementary genes (off-target candidate genes) 1 0 52 1432 7833 10,103 19,421
Expressed genes 1 0 25 850 4860 5363 11,099
Off-target genes 1 0 11 146 259 65 482
Percent of off-target genes 100 NA 44.0 17.2 53 1.2 4.3
(c) gap-GR18-2
Complementary genes (off-target candidate genes) 1 0 44 1153 7567 10,656 19,421
Expressed genes 1 0 22 677 4677 5709 11,086
Off-target genes 1 0 17 329 1204 430 1981
Percent of off-target genes 100 NA 71.3 48.6 25.7 7.5 17.9
(d) gap-GR18-3
Complementary genes (off-target candidate genes) 1 73 1595 7805 9946 19,421
Expressed genes 1 0 42 947 5029 5102 11,121
Off-target genes 1 0 26 228 311 64 630
Percent of off-target genes 100 NA 61.9 24.1 6.2 1.3 5.7

Statistics from microarray analysis of the cells treated with (a) gap-GR14, (b) gap-GR18-1, (c) gap-GR18-2, and (d) gap-GR18-3 ASO. Com-
plementary genes: The number of off-target candidate genes identified by in silico analysis. Expressed genes: The number of “Complementary
genes” that are on a microarray and were expressed in Huh-7 cells. Genes with sufficient hybridization signals to be called “present” in at least
three of four trials were used in this study. Off-target genes: The number of “Expressed genes” in which gene expression was significantly down-
regulated to less than 50% of the level in the control group. Percent of off-target genes: The proportion of genes in “Off-target genes” that were
in “Expressed genes.” Note that “Off-target genes” in each d = 0 group included the on-target gene (GR) itself

Human Glucocorticoid Receptor mRNA

R O060000006606006000000080000000000 VNN

14 mer gap-GR14

18 mer gap-GR18-1

18 mer gap-GR18-2

18 mer gap-GR18-3

O:LNA O :DNA *:Phosphorothioate

: Original sequence : Extended sequence

Fig.2 The design of antisense oligonucleotides (ASOs) in this study.
The 14-mer gapmer ASO targeting human glucocorticoid receptor
(GR) RNA, named gap-GR14 in this study, was selected as a lead
sequence. Three 18-mer gapmer ASOs (gap-GR18-1, gap-GR18-2,
and gap-GR18-3) were designed based on gap-GR14 sequence by
extending the oligonucleotides on the 5'-sides, 3'-sides, and both
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sides. Gap DNA and LNA are indicated in lowercase and uppercase
bold, respectively. All oligonucleotides were fully modified with
phosphorothioate linkages. Lead sequences are shown in light orange,
extended sequences in light blue, and phosphorothioate is indicated
by a “” symbol
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“present” in at least three of four trials were used in this
study (called “Expressed genes” in Table 1). “Off-target
genes” were defined as genes down-regulated to less than
50% of the level in the control group (“Off-target genes” in
Table 1). A multiple testing correction was performed using
the Benjamini and Hochberg procedure to control the False
Discovery Rate (FDR < 0.05), using #-test P value for log2
transformed and normalized ratio data.

2.6 T, Measurements

UV melting experiments were carried out using a
SHIMAZU UV-1900i spectrometer (Shimadzu, Inc., Kyoto,
Japan) equipped with a T, analysis accessory. Equimolar
amounts of two single-stranded oligonucleotides were dis-
solved in 10 mM sodium phosphate buffer (pH 7.2) con-
taining 100 mM NaCl to give a final strand concentration
of 4.0 uM. The mixture was annealed by heating at 90 °C
followed by slow cooling to room temperature. The melting
profile was recorded at 260 nm in the forward and reverse
direction from 20 to 90 °C at a scan rate of 0.5 °C/min. All
UV melting assays were performed at least three times, and
T, values were calculated by the average method of melting
curves [24].

3 Results

3.1 Design of the Gapmer ASOs and Evaluation
of On-Target Effects

The purpose of this study was to investigate how oligonu-
cleotide extension of the gapmer ASOs affects the changes in
gene expressions of off-target candidate genes. To this end,
a previously reported 14-mer gapmer ASO targeting human
glucocorticoid receptor (GR) RNA, termed gap-GR 14, was
selected in this study as a lead sequence [25]. Three 18-mer
gapmer ASOs (gap-GR18-1, gap-GR18-2, and gap-GR18-3)
were then designed based on the gap-GR14 sequence by
extending oligonucleotide on the 5'-sides, 3'-sides, and both
sides (Fig. 2). Next, these ASOs were transfected into the
human liver-derived Huh-7 cell line (n = 4/group) and their
on-target activity was examined by qRT-PCR. All ASOs
degraded the target GR RNA efficiently in a concentration-
dependent manner (Fig. 3a). Cell viability was not affected
substantially at any ASO concentration (Fig. 3b).

To accurately compare the off-target effects between a
14-mer ASO (gap-GR14) and the three 18-mer ASOs (gap-
GR18-1, gap-GR18-2, and gap-GR18-3), the ASO con-
centrations in which the expression of the on-target gene
GR is down-regulated to similar extents in all four ASOs
were further examined [Electronic Supplemental Material
(ESM) Table 1, qRT-PCR]. It was found that GR mRNA was

down-regulated in the range of 2.3-3.0% of the control at
concentrations of 40—45 nM for gap-GR14, 60 nM for gap-
GR18-1, 40 nM and 45 nM for gap-GR18-2, and 12.5 nM for
gap-GR18-3 as judged by qRT-PCR (Fig. 3c). Microarray
analysis was then performed using the same RNA samples
that had been used for qRT-PCR, and it was found that GR
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Fig.3 The mRNA expression level of glucocorticoid receptor (GR)
and cell viability. a The mRNA expression level of the target gene
(GR) in cells treated with each antisense oligonucleotide (ASO) at a
concentration in the range of 3.13-50 nM by qRT-PCR. b The cell
viability evaluation in cells treated with each ASO at a concentration
in the range of 3.13-50 nM by WST-assay. ¢ The mRNA expression
level of GR in cells treated with each ASO at concentrations of 40
nM and 45 nM for gap-GR14, 60 nM for gap-GR18-1, 40 nM and 45
nM for gap-GR18-2, and 12.5 nM for gap-GR18-3 by qRT-PCR. The
bar graph shows the mean =+ standard deviation (n = 4)
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mRNA was down-regulated in the range of 2.0-5.1% of the
control (ESM Table 1, Microarray). For further analysis, the
following microarray data were selected: gap-GR14, 40 nM;
gap-GR18-1, 60 nM; gap-GR18-2, 45 nM; and gap-GR18-3,
12.5 nM (ESM Table 1, highlighted by pink background).

3.2 Comparative Analysis of Overall Change in Gene
Expression

In a previous study, we demonstrated that gapmer ASOs
induced off-target effects depending on the degree of com-
plementarity classified by the total number of mismatches,
insertions, or deletions on the complementary binding
regions, i.e., the distance (d) [18]. To evaluate the overall
change in gene expression by gap-GR14, gap-GR18-1,
gap-GR18-2, and gap-GR18-3, in silico analysis to identify
complementary human pre-mRNAs, or off-target candidate
genes, was first performed for each ASO using a search
engine, GGGenome, by giving d as the parameter. The
numbers of off-target candidate genes with respect to the
14-mer gap-GR14 that were found were: d = 0 (i.e., perfect
match), 8; d =1, 440; d = 2, 5693; d = 3, 9583; and d > 4,
3697 (Table 1a: see the row “Complementary genes”). With
18-mer ASOs (gap-GR18-1, gap-GR18-2, and gap-GR18-3),
the only d = 0 gene was the on-target gene (GR) itself. The
numbers of off-target candidate genes with respect to gap-
GR18-1 that were found were: d =0,0;d=1,0;d =2, 52;

Fig.4 Scatter plot analysis.
Scatter plots from microarray

d=73,1432;d =4,7833;and d > 5, 10,103 (Table 1b: see
the row “Complementary genes”). Equivalent numbers of
off-target candidate genes were found for gap-GR18-2 and
gap-GR18-3 (Table 1c and d).

The degree of change in expression is shown as a scat-
ter plot in Fig. 4. As for the core 14-mer gap-GR14, the
expression of the highly complementary d = 0 genes indi-
cated by the red dots was particularly strongly suppressed
(Fig. 4a). An overall trend toward down-regulation among
the d = 1 genes was also observed, shown as orange dots
(Fig. 4a). As for the three 18-mer ASOs (gap-GR18-1, gap-
GR18-2, and gap-GR18-3), the only d = 0 gene, GR, was
down-regulated to less than 4% of the control compared to
5.1% of the control for gap-GR14 (Fig. 4b—d; red dots). It
was visually evident that the degree of down-regulation was
less in the cells treated with 18-mer ASOs than in those
treated with the 14-mer ASO (Fig. 4b—d). In particular, the
trend toward down-regulation was dramatically reduced in
the gap-GR18-1- and gap-GR18-3-treated groups (Fig. 4b
and d). The number of up-regulated genes was also less in
the 18-mer ASO-treated groups. To analyze the effects of
oligonucleotide extension on overall changes in gene expres-
sion, the changes in gene expression were quantified by tak-
ing the logarithm of the ratio of gene expression changes
and calculating the sum of the absolute value of it (ESM
Fig. 1a). While gap-GR14 was down-regulated by 6489,
18-mer gap-GR18-1, gap-GR18-2, and gap-GR18-3 were

gap-GR18-1

analysis of the cells treated with
a gap-GR14, b gap-GR18-1, ¢
gap-GR18-2, and d gap-GR18-3
antisense oligonucleotide
(ASO). The amount of gene
expression in the control cells

is shown on the horizontal axis,
and the proportion of change

in gene expression as a result

of introduction of each ASO

Fold change (log2)

52(2.7%).
4 _—GR

(expressed logarithmically) is 0 2 4 6
shown on the vertical axis

Mean log10 intensity

gap-GR18-2
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°0
1
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down-regulated by 2269, 5515, and 2358, respectively (ESM
Fig. 1b: Index of overall changes for down-regulated genes).
This indicated that oligonucleotide extension reduces the
extent of down-regulation. Similar findings were observed
for up-regulated genes (ESM Fig. 1: Index of overall
changes for up-regulated genes), indicating that oligonu-
cleotide extension suppresses changes in gene expression
quantitatively.

3.3 Comparative Analysis of Off-Target Effects

In our previous study, we defined “off-target genes” as genes
that were down-regulated to less than 50% of the level in the
control group [18]. This is because heterozygous knockout
animals, in which 50% of gene expression is retained, do
not show abnormalities in most cases. Taking the above into
account, the number of off-target genes was next analyzed
for the 14-mer ASO (gap-GR14) and three 18-mer ASOs
(gap-GR18-1, gap-GR18-2, and gap-GR18-3). The statistics
from microarray analysis are shown in Table 1. “Off-target
genes” in Table 1 shows the number of “Expressed genes”
in which gene expression was significantly down-regulated
to less than 50% of the level in the control group (see table
legend). The numbers of off-target genes in the gap-GR14
group were 6, 168, 1539, 688, and 90 ford =0,d =1, d
=2,d =3, and d > 4, respectively (Table la: Off-target
genes). The respective numbers of off-target genes in d =
2,d=3,d=4,and d > 5 18-mer ASOs were 11, 146,
259, and 65 for gap-GR18-1, 17, 329, 1204, and 430 for
gap-GR18-2, and 26, 228, 311, and 64 for gap-GR18-3,
respectively (Table 1b—d: Off-target genes). ASO-targeted
GR was the only d = 0 gene in 18-mer ASOs. In each ASO,
the sum of all genes that were down-regulated to less than
50% of the control was 2471 for gap-GR14, in compari-
son to 482 for gap-GR18-1, 1981 for gap-GR18-2, and 630
for gap-GR18-3. In other words, extension of ASOs from
14-mer to 18-mer resulted in a reduction in the number of
off-target genes. Note that the number of genes with more
than a twofold increase in expression was also suppressed
by oligonucleotide extension (ESM Table 2).

Next, the effects of oligonucleotide extension on each off-
target gene in the gap-GR 14 group was examined (Fig. 5).
As shown in the heatmap in Fig. 5, off-target genes for gap-
GR14 were grouped into d = 0 (5 genes excluding GR), d
=1 (168 genes), and d = 2 (1539 genes), and they were
ordered by the degree of gene down-regulation from strong-
est to weakest. Compared with the gap-GR14 column, it
is apparent that a large number of genes were not down-
regulated in the 18-mer ASOs group. ESM Table 3 shows
the number of off-target genes in the gap-GR14 group that
were significantly down-regulated to less than 50% of the
control in the 18-mer ASOs group. For example, in the gap-
GR14-treated cells, 1539 genes in the d = 2 group were

down-regulated to less than 50% of the control. Among
those 1539 genes, 278, 857, and 307 genes were signifi-
cantly down-regulated to less than 50% of the control in
gap-GR18-1, gap-GR18-2, and gap-GR18-3-treated cells,
respectively. That means that on average, 31.2% (481/1539)
of off-target genes remained to be down-regulated, while the
other 68.8% avoided off-target effects after the extension of
oligonucleotides. Off-target genes that were highly comple-
mentary with gap-GR14 were more likely to maintain the
off-target effects despite oligonucleotide extension (83.3%
and 57.1% for d = 0 and d = 1, respectively). In comparison,
genes that were less complementary were more likely to
avoid the off-target effects (31.2%, 20.5%, and 24.4% for d
=2,d=3,and d > 4, respectively). Thus, it is likely that the
expressions of genes that were less complementary with the
gap-GR14 were no longer down-regulated, resulting in the
reduction of off-target effects by oligonucleotide extension.

In order to determine what caused the reduction of off-
target effects in the 18-mer ASO-treated cells, we focused
on 5 d = 0 off-target genes in the gap-GR14-treated cells
(PPPIRI2B, RAB27B, UCHLS, ZNRF3, ZDHHCI8). We
examined the change in gene expression of these five genes
in the 18-mer ASO-treated cells, as well as the T, between
each ASO and complementary binding site of each gene
(ESM Table 4). The findings demonstrated that there was no
association between the degree of reduced gene expression
and 7,,. This may be because reduction of gene expression
cannot be attributed solely on the strength of complementary
binding between 18-mer ASOs and each gene. This indicates
that, in addition to binding affinity, the off-target effect of
gapmer ASOs is also related to other factors, such as the
structure of RNA around the target region [21, 26, 27] and
the length of the gap region of ASOs [28, 29].

Previously, we demonstrated that 13-mer ASOs induced
off-target effects on genes with complementarity up to d
= 2 [18]. In general, the strength of binding between the
ASO and complementary RNA increases as the oligonu-
cleotide becomes longer, so that it is possible that gapmer
ASOs longer than 13-mer may induce off-target effects
on d = 3 genes in addition to d = 0, 1, and 2 genes. In the
present study, changes in gene expression using the 14-mer
ASO (gap-GR14) were analyzed, and it was found that
it induced off-target effects on genes with complementa-
rity up to d = 2 as judged by cumulative curves, shown
in Fig. 6. With 18-mer ASOs (gap-GR18-1, gap-GR18-2,
and gap-GR18-3), expressions of d = 3 off-target candi-
date genes were significantly down-regulated, showing the
lines of 18-mer ASOs shifted to the left (Fig. 6b). This
means that genes with complementarity up to at least d =
3 were subject to off-target effects in the case of 18-mer
ASOs. These data indicated that mismatches, insertions, or
deletions between the ASO and the complementary RNA
sequences are better tolerated when longer gapmer ASOs
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Fig.5 Heat map analysis. The
expression variation of off-
target genes of gap-GR14 in the
cells treated with gap-GR18-1,
gap-GR18-2, and gap-GR18-3.
The off-target genes of gap-
GR14 are classified into the d =
0 group [glucocorticoid receptor
(GR) and five genes] and d = 1
(168 genes) in the left panel, the
d =2 group (1539 genes) in the
right panel. Up-regulated genes
are presented in shades of green
and down-regulated genes in
shades of red
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cleave complementary RNAs, as described in the Intro-
duction (Sect. 1). However, note that the total number of
off-target genes in the 18-mer ASO-treated cells was less
than those in 14-mer ASO-treated cells (Table 1).

3.4 An Attempt to Identify the “Non-Real”
Off-Target Genes

As mentioned above, we defined the off-target genes as
genes that were down-regulated to less than 50% of the con-
trol. These off-target genes include “real” off-target genes
that are cleaved by RNase H after binding with ASO, as
well as “non-real” off-target genes that are indirectly down-
regulated. For example, knockdown of a transcription fac-
tor would also affect expression of its downstream genes
indirectly. It is generally difficult to distinguish between

A\ Adis

“real” and “non-real” off-target genes; however, genes with
low complementarity, such as those categorized into d > 5
among 18-mer ASOs, were considered more likely to be
“non-real” off-target genes, since the ratio of genes that were
down-regulated to less than 50% of the control was clearly
lower than those categorized into d =2 and d = 3 (Table 1).
To try to identify the “non-real” off-target genes, we further
performed the following analysis. Firstly, 184 genes were
identified as genes that were commonly down-regulated to
less than 50% of the control by treatment of gap-GR14, gap-
GR18-1, gap-GR18-2, and gap-GR18-3. Secondly, among
184 genes, 21 genes were identified as genes that were clas-
sified into d > 4 groups for all four ASOs. These 21 genes
appeared to be down-regulated in a RNase H-independent
manner, and thus seem to be “non-real” off-target genes that
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Fig.6 Cumulative plot. Cumulative plot from microarray analysis
of the cells treated with gap-GR14, gap-GR18-1, gap-GR18-2, and
gap-GR18-3 ASO. The cumulative number of genes is shown on the
vertical axis, and the proportion of change inad = 2 and b d = 3 off-
target gene expression due to introduction of the gap-GR14 (red line),
gap-GR18-1 (orange line), gap-GR18-2 (green line), and gap-GR18-3
(yellow green line) ASO (expressed logarithmically, respectively) is
shown on the horizontal axis

are indirectly down-regulated. The results of the reanalysis
of off-target genes under the conditions excluding the above
21 genes are shown in ESM Table 5.

4 Discussion

In the present study, an extensive microarray analysis was
performed to understand the association between oligonucle-
otide length and off-target effects using 14-mer and 18-mer
ASOs (gap-GR14, gap-GR18-1, gap-GR18-2, gap-GR18-3).
So far, Hagedorn et al. examined the melting temperature
(T, of oligonucleotides (i.e., affinity) and analyzed its asso-
ciation with the LNA modifications and oligonucleotide
length [21, 22, 30]. Specifically, they evaluated the off-target
effects by changing the number of LNA modifications in the
gapmers with equal length. They also analyzed the off-target
effects of gapmers with similar binding affinities and poten-
cies by changing both the number of LNA modifications
and the oligonucleotide length. In the light of the binding

affinity, they showed excellent approaches for optimizing
the designs of gapmers to generate versions that are more
specific for the intended target. In this study, on the other
hand, we examined the effects of oligonucleotide extension
of gapmer ASOs on off-target effects under conditions where
the number of sugar-modified nucleotides in the ASOs is
constant. We selected a 14-mer gapmer ASO (gap-GR14) as
a lead sequence, and extended its length to generate 18-mer
derivatives with the same core 14-mer region (gap-GR18-1,
gap-GR18-2 and gap-GR18-3). In this analysis, we analyzed
off-target effects under conditions in which the on-target
activities of these ASOs were strictly adjusted to be com-
parable, and found that the extension of oligonucleotides
reduced off-target effects. Given Hagedorn’s findings, we
think that adjusting the number of LNAs could also reduce
the off-target effects.

In the present study, the on-target activity of each gap-
mer ASO was strictly adjusted, and the condition in which
the on-target activity of 18-mer ASOs was higher than
that of 14-mer gap-GR14 was intentionally selected (gap-
GR14, 5.1% of control; gap-GR18-1, 2.7% of control;
gap-GR18-2, 3.2% of control; gap-GR18-3, 2.3% of con-
trol: ESM Table 1). Nevertheless, down-regulation of gene
expression was significantly reduced in 18-mer ASO-treated
cells (Fig. 4, ESM Fig. 1, and Table 1). Similarly, the extent
of up-regulation of genes was clearly suppressed in 18-mer
ASO-treated cells. These appeared to be indirect effects on
gene expression in a similar manner as described for “non-
real” off-target genes (ESM Table 5). “Non-real” off-target
genes can be down-regulated indirectly via cleavage of off-
target RNAs that encode, for example, transcription factors.
If the knockdown of a transcriptional repressor, one of the
off-target genes for the 14-mer ASO, are released by oli-
gonucleotide extension, the downstream gene expression is
suppressed because the transcriptional repressors restore its
function. The combination of indirect effects seems to lead
to the overall suppression of gene expression changes by
oligonucleotide extension.

In the off-target analysis, we noticed that a relatively
strong off-target effect was maintained in gap-GR18-2-
treated cells compared to gap-GR18-1- and gap-GR18-
3-treated cells. In this regard, we consider the following
two possibilities. One is the existence of complementary
LNA to off-target genes for gap-GR14. As for gap-GR18-2,
complementary LNAs always exist on both ends when gap-
GR18-2 binds to the off-target genes for gap-GR14, whereas
complementary LNAs were lost with high probability on
either end in the case of gap-GR18-1 and gap-GR18-3 (ESM
Fig. 2). The other is the complementarity in the central gap
region to form the DNA/RNA heteroduplex. Because the
gap region of gap-GR18-2 is fully complementary to the off-
target genes for gap-GR14, RNase H could be more easily

A\ Adis



126

H.Yasuhara et al.

recruited and thus the off-target effect is maintained (ESM
Fig. 2).

In the present study, a transfection reagent was used for
the delivery of ASOs into the cells. In general, naked deliv-
ery without the transfection reagent takes several days to
achieve sufficient on-target activity, and, therefore, hybrid-
ization-independent secondary changes in gene expression
are likely to occur. In addition, in the case of naked delivery,
the difference of ASO length affects efficiency of incorpora-
tion of ASOs into the cells. In order to avoid the effects of
these factors, we selected the transfection reagent-mediated
delivery for off-target analysis. As for a negative control, we
used the transfection reagent-only group, but not a negative
control ASO with the transfection reagent. This is because
short LNA ASOs, such as 14-mer and 18-mer ASOs used
in this study, always have a significant number of off-target
candidate genes with low d values (such asd = 1,d = 2,
and d = 3) [17], and these off-target candidate genes are
stochastically down-regulated significantly with a certain
probability [18]. For example, as shown in Table 1, d = 3
genes are down-regulated to 11.3% (gap-GR14) to 48.6%
(gap-GR18-2) of the control. This indicates the difficulty
of designing a short LNA gapmer that does not affect gene
expression at all. In the present study, we focused on the
change in gene expression by off-target effects, thus, we
did not use a negative control gapmer. Exhaustive in silico
analysis might identify negative control ASO sequences with
minimal off-target effects, such as ASOs withnod =0, d =
1, or d = 2 off-target candidate genes.

The present findings collectively indicate that oligonu-
cleotide extension should be one of the effective strate-
gies to fundamentally reduce the effect of gene expression
changes. Since off-target effects induced by gapmer ASOs
are known to be one of causes of liver toxicity [14, 15], and
such toxicity induced by off-target effects cannot be evalu-
ated in animal models, oligonucleotide extension seems
to be effective in lowering the risk of termination of drug
development in clinical trials. It is important to note that the
present findings were based on in vitro cellular analysis, and
that oligonucleotide extension may also affect in vivo phar-
macodynamics such as circulation time in blood, as well as
tissue and cellular uptake [7, 31]. Future studies are needed
to examine the effects of oligonucleotide extension in vivo to
determine its effects on a number of factors, such as toxicity
and pharmacodynamics.
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