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An RNase H-dependent antisense oligonucleotide (ASO), having the 2¢-O-(2-N-methylcarbamoylethyl) (MCE)
modification, was evaluated in vitro and in vivo. The antisense activities of an ASO having the MCE modi-
fication were comparable with those of an ASO having the 2¢-O-methoxyethyl (MOE) modification in both
in vitro and in vivo experiments. In contrast, the hepatotoxic potential of the ASO having the MCE modification
was lower than that of the ASO having the MOE modification. Thus, these findings suggested that the MCE
modification could be used as an alternative to the MOE modification.
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Introduction

RNase H-dependent antisense oligonucleotides (ASOs)
are short synthetic oligonucleotides that can modulate

the expression of mRNAs of interest. RNase H is an endo-
nuclease that recognizes the DNA/RNA heteroduplex and
cleaves only RNA strands. Thus, RNase H-dependent ASOs
need to have a consecutive DNA stretch, often 8–10 nt in
length, to form a DNA/RNA heteroduplex. Chemically mod-
ified RNAs are typically added to both the 3¢- and 5¢-termini
to increase the binding affinity to the target transcript and
enhance stability toward nucleases. This construct is called
the ‘‘gapmer.’’

Chemical modification of the gapmer has been extensively
studied [1], and the 2¢-O-methoxyethyl (MOE) modification
is one of the most prominent examples. Introduction of MOE
to ASOs increases their binding affinity toward target tran-
scripts and promotes resistance to nucleases. This modifica-
tion is currently used in mipomersen, a US Food and Drug
Administration-approved RNase H-dependent antisense drug.
ASOs containing locked nucleic acids (LNAs)/bridged nucleic
acids (BNAs) show significantly improved binding affinities
and nuclease resistances. These physical and biochemical
properties enable the concentration of ASOs to be reduced
[2–4].

However, introduction of some chemical modifications
can increase the risk of toxicity in vivo [5]. Indeed, incor-
poration of LNAs with particular sequences induces hepa-
totoxic effects, whereas incorporation of MOE-modified
nucleotides in the same sequence does not cause toxicity.
This strong hepatotoxic effect can be avoided by using con-
strained ethyl (cEt) nucleoside [3], N-MeO-amino BNA, N-
Me-aminooxy BNA, or 2¢, 4¢-BNANC[NMe] [4]. However,
even in the case of mipomersen, a MOE-modified ASO,
10%–20% of patients exhibit a risk of liver damages. Thus,
suppression of toxicity is an important factor for developing
chemically modified ASOs.

We have recently reported the synthesis and properties of
2¢-O-methylcarbamoyl ethyl (MCE)-modified nucleotides
(Fig. 1). These modified nucleosides can be easily synthesized
through the oxa-Michael reaction [6]. In addition, this modi-
fication can improve resistance to nucleases, and the binding
affinity to target transcript is comparable to that of 2¢-O-methyl
modification [7]. Interestingly, in our preliminary experiments
of exon skipping therapy, an RNase H-independent antisense
mechanism, incorporation of only six MCE nucleosides into
2¢-O-methyl-modified ASOs, was found to significantly
increase efficacy [6]. However, its applications in RNase H-
dependent ASOs and the toxicological properties of the
generated ASOs are still unknown.
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Accordingly, in this study, we investigated the applications
of MCE-modified ASOs and the influence of the modification
on hepatotoxic effects.

Materials and Methods

Oligonucleotides

A series of ASOs were synthesized using an nS8-II auto-
mated DNA Synthesizer (Gene Design) and purified. The
sequences of the ASOs targeting phosphatase and tensin ho-
molog (PTEN) mRNA were as follows: MCE ASO, PS-d
(CMCEUMCEGMCECMCEUMCEAGmCmCTmCTGGAUMCEUMCE

UMCEGMCEAMCE); and MOE ASO, PS-d(mCMOETMOEGMOE
m

CMOETMOEAGmCmCTmCTGGATMOETMOETMOEGMOEAMOE).

In vitro knockdown experiments

The bEnd.3 cell line was obtained from the American Type
Culture Collection. bEnd.3 cells were grown in 100 mm · 20
mm Style Dishes incubated at 37�C in the presence of 10% CO2

in complete growth medium (Dulbecco’s modified Eagle’s
medium supplemented with 5% fetal bovine serum; Wako Pure
Chemical Industries, Ltd., Osaka, Japan; Corning, Inc., Corning,
NY) until they reached 70%–80% confluence. Once confluence
was reached, the cells were either subcultured or plated at 2 · 103

cells/well into 96-well plates for transfection the following day.
On the day of transfection, ASOs and small interfering RNA
(siRNA) were transfected at final concentrations of 10 or 100 nM
using RNAiMAX (Thermo Fisher Scientific) or Oligofectamine
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. The plates were incubated at 37�C for 4 h in the
presence of 5% CO2. Then the transfection mixtures were
removed, and the cells were refed with complete medium.
After 20 h of incubation, the cells were washed once with
1· phosphate-buffered saline and lysed, and total mRNA
was isolated using Qiagen 96-well RNeasy plates (Qiagen,
Valencia, CA). The isolated RNA was analyzed for PTEN
and cyclophilin A mRNA expression levels using quantita-
tive real-time reverse transcription–polymerase chain reac-
tion (qRT-PCR). The primer probes for mouse PTEN and
cyclophilin A were Mm00477208_m1 and Mm0234230_g1
(all from Thermo Fisher Scientific), respectively. Analysis
was done by the DDCt threshold method. PTEN mRNA
expression levels for each well were normalized to those of
cyclophillin A and expressed as a percentage of the levels
observed in untreated control wells. Each treatment was
performed in triplicate on separate 96-well plates.

In vivo animal experiments

These experiments were conducted according to the
Guidelines for Animal Experimentation, Japanese Associa-

tion for Laboratory Animal Science. Male BALB/c mice (6
weeks old; Charles River Laboratories, Japan, Inc.) were
housed at one animal per cage. For the multiple administra-
tion studies, ASOs were administered in physiological saline
by intraperitoneal (i.p.) injection at the indicated dose, twice a
week for 3 weeks. The animals were maintained at a constant
temperature of 22�C and were fed a standard laboratory diet.
Animal weight was recorded before each dosing throughout
the live phase of the study. Mice were anesthetized and sac-
rificed 3 days after administration of the final dose. Plasma
was isolated from whole blood collected from the abdominal
aorta under anesthesia. Alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and lactate dehydrogenase
(LDH) levels were determined using an automated clinical
chemistry analyzer (Fuji-DRI-CHEM 7000; FUJIFILM
Medical Co., Ltd.). Organs, including the liver, skeletal
muscle, and brain, were collected and homogenized in ISO-
GEN II (NIPPON GENE Co., Ltd.). RNA was extracted using
RNeasy columns (Qiagen) according to the manufacturer’s
protocol. RNA was eluted from the columns with water.
mRNA samples were reverse transcribed to template DNA
using Primescript� RT Master Mix (Perfect Real Time, Ta-
KaRa) according to the manufacturer’s protocol, and Gen-
eAmp� PCR System 9700 (Applied Biosystems, Foster City,
CA). Template DNA samples were analyzed by fluorescence-
based qRT-PCR using Premix Ex Taq� (Perfect Real Time)
according to the manufacturer’s protocol, and an Applied
Biosystems 7700 sequence detector (Applied Biosystems).
The primer probes for mouse PTEN and cyclophilin A were
Mm00477208_m1 and Mm0234230_g1 (all from Thermo
Fisher Scientific), respectively. Analysis was done by the
DDCt threshold method. Levels of target mRNAs and cy-
clophilin A were evaluated. Target mRNA levels were
normalized to cyclophilin levels for each sample.

UV melting analysis

Each oligonucleotide was dissolved in 10 mM sodium
phosphate buffer (pH 7.0), 100 mM NaCl, 0.1 mM EDTA to
arrange the final concentration of each oligonucleotide to be
2.0 mM. The solution was separated into quarts cells (10 mm)
and incubated at 95�C. After 10 min, the solution was cooled
to 5�C at a rate of 0.5�C/min. Then, the solution was kept at
5�C for 5 min. After 5 min, the solution was heated at 95�C at
the same rate. The absorption at 260 nm was recorded and
used to draw UV-melting curves. The obtained melting
curves were smoothed using Savitzky–Golay treatment. Tm

was calculated as the temperature that gave the maximum of
the first derivative of the UV-melting curve.

Statistics

Mean values were used as a representative value. Error
bars represent standard deviations. The mean values were
compared using Tukey tests. Differences with P values of
less than 0.05 were considered statistically significant.

Results

MCE and MOE modifications showed similar RNase
H-dependent antisense activity in vitro

To examine the effects of the MCE modification on anti-
sense activity, in vitro mRNA knockdown experiments were
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FIG. 1. Chemical structures of modified nucleotides used
in this study. B represents A, T, G, and m5C. B* represents A,
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performed. The synthesized ASOs targeted PTEN mRNA,
and the sequence was the same as that reported by Swayze
et al. [5]. As a positive control, MOE-modified ASOs and
siRNA were used, and as a negative control, no treatment or
treatment with the transfection reagent only was performed in
bEnd.3 mouse brain endothelial cells. The antisense activities
are shown in Fig. 2. The relative PTEN expression level in
cells transfected with 10 nM MCE-modified ASOs using
RNAiMax reagent was 11%, and that in cells transfected with
100 nM MCE-modified ASOs was 2.4%. Similarly, those of
10 and 100 nM MOE-modified ASOs were 4.4% and 2.5%,
respectively. When using Oligofectamine as a transfection
reagent, the relative PTEN expression levels in cells trans-
fected with 10 and 100 nM MCE-modified ASOs were 104%
and 25%, respectively. Similarly, those in cells transfected
with 10 and 100 nM MOE-modified ASOs were 87% and
16%, respectively. In both experiments, we observed similar
concentration-dependent reductions in mRNA expression.
These data suggested that MCE-modified ASOs showed
similar antisense activity as MOE-modified ASOs.

Comparison of the effects of MCE and MOE
modifications on antisense activity

The relative PTEN mRNA expression levels in mice
treated with MCE-modified ASOs at doses of 3.2 mmol/kg
(23.6 mg/kg) and 6.4 mmol/kg (47.2 mg/kg) in the liver were
58% – 7.3% and 44% – 6.6%, respectively (Fig. 3, left panel).
The PTEN mRNA expression levels were reduced in a dose-
dependent manner. Similarly, those in mice treated with

MOE-modified ASOs at doses of 3.2 mmol/kg (23.1 mg/kg)
and 6.4 mmol/kg (46.2 mg/kg) in the liver were 55% – 12%
and 34% – 8.2%. The antisense activities of MCE-modified
ASOs in the liver were comparable to those of MOE-
modified ASOs. In the muscle, the relative PTEN mRNA
expression levels in mice treated with MCE-modified ASOs
at doses of 3.2 and 6.4 mmol/kg were 75% – 18% and
68% – 19%, respectively (Fig. 3, middle panel). These values
were similar to those observed for MOE-modified ASOs
(75% – 24% and 68% – 21%, respectively). The mean mRNA
expression levels showed dose-dependent changes, but sta-
tistical significance was not observed. In the brain, the rela-
tive PTEN mRNA expression levels in mice treated with
MCE-modified ASOs at doses of 3.2 and 6.4 mmol/kg were
83% – 22% and 84% – 25%, respectively (Fig. 3, right panel).
Similarly, those in mice treated with MOE-modified ASOs
were 70% – 8.4% and 95% – 44%, respectively. Dose-
dependent reductions in mRNA levels were not observed in
both experiments using MCE- or MOE-modified ASOs.
Thus, these data showed that i.p. administration of MCE-
modified ASOs resulted in biodistributions and antisense
activities similar to those of MOE-modified ASOs in vivo.

MCE modification reduced hepatotoxic potential

To assess the safety of chemically modified ASOs, liver
function was evaluated. (Supplementary Tables S1–S4; Sup-
plementary Data are available online at www.liebertpub
.com/nat). Previous reports have shown that a dose of
2.25mmol/kg of the same sequence of LNAs, that is, 2-16-2
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Gapmer, induces significant hepatotoxicity in mice [5]. In
contrast, MOE-modified ASOs were well tolerated in the
2.25mmol/kg dose group. In our study, the levels of AST,
ALT, and LDH in the 3.2mmol/kg MCE-modified ASO dose
group were 86 – 38, 88 – 48, and 280 – 106 U/L, respectively
(Fig. 4). These values in the 6.4mmol/kg MCE-modified ASO
dose group were 112 – 15, 160 – 36, and 372 – 66 U/L, re-
spectively. For MOE-modified ASOs, the levels of AST, ALT,
and LDH in the 3.2mmol/kg dose group were 84 – 26, 97 – 32,
and 296 – 34 U/L, respectively, and those in the 6.4mmol/kg
dose group were 226 – 88, 469 – 302, and 603 –
246 U/L, respectively. The differences in AST and ALT levels
induced by 6.4mmol/kg MCE- or MOE-modified ASOs were
statistically significant. Taken together, our results suggested
that MCE-modified ASOs could be used as alternatives to
MOE-modified ASOs to increase the safety of RNase H-
dependent ASOs.

Discussion

In this study, we found that RNase H-dependent ASOs
with the MCE modification were less hepatotoxic than those
with the MOE modification, although the on-target effects of
the two ASOs were comparable. It should be noted that
MOE-modified ASO/RNA duplex showed higher melting
temperature (72�C – 0.3�C) than MCE-modified ASO/RNA
duplex (68�C – 0.2�C) Supplementary Fig. S1. This is be-
cause MOE-modified nucleosides have 5-methyl group on
the pyrimidine bases (seven positions in total), whereas
MCE-modified nucleosides do not have. In addition, it is
reported that MOE-modified RNA/RNA duplex have higher
duplex stability than 2¢-O-methyl RNA/RNA duplex,
whereas MCE-modified RNA/RNA duplex have similar du-
plex stability with 2¢-O-methyl RNA/RNA duplex [7–9].
These structural differences may contribute to the difference
of their duplex stabilities.

The mechanisms of hepatotoxicity can be categorized
into two classes: hybridization-dependent off-target effects
and hybridization-independent effects. The mechanisms of
hybridization-dependent off-target effects are mainly ex-
plained by RNase H-dependent knockdown of unintended
transcripts [10–13]. It is reported that high affinity of gapmer
oligonucleotides to target RNA are closely related to the high
hepatotoxic potential. This relationship could be explained
by RNase H-dependent knockdown of unintended transcripts
[13]. Because MCE-modified ASO has lower duplex stability

than MOE-modified ASO, it may be possible to explain that
MCE-modified ASO-mediated RNase H-dependent knock-
down of unintended transcripts was less significant than the
MOE-modified ASO-mediated one.

On the other hand, because the on-target effects of ASOs
used in this study were similar, RNase H-dependent knockdown
of unintended transcripts could be also assumed to have similar
profiles for both ASOs. Thus, it may be possible to explain the
differences in hepatotoxicity between MCE and MOE modifi-
cations by hybridization-independent effects. One of the major
mechanisms mediating the hybridization-independent effects is
the binding of chemically modified ASOs to plasma and cellular
proteins. Introduction of chemical modifications on ASOs is
known to result in differential binding affinities to cellular
proteins [14,15]. For example, 2¢-F-modified oligonucleotides
cause rapid degradation of P54nrb and polypyrimidine tract-
binding protein-associated splicing factor (PSF) which belong
to the Drosophila behavior/human splicing family [16]. Al-
though the detailed mechanisms are unknown, 2¢-F-modified
ASOs may directly interact with these proteins, resulting in
impairment of cell proliferation. Thus, suppression of unwanted
protein binding could be a potential approach to reduce
unexpected toxicity. The retention time of MCE-modified
ASO in reverse phase high performance liquid chromato-
graphy (HPLC) was 11.7 min, whereas that of MOE-modified
ASO was 14.1 min (Supplementary Fig. S2). This difference
suggests that MCE-modified ASO is more hydrophilic than
MOE-modified ASO. It is said that more hydrophobic mod-
ification at the 2¢ moiety of the ASO tends to bind to proteins
promiscuously, and show greater affinity with the proteins
[14]. Thus, the hydrophilic nature of MCE modification could
suppress unwanted protein binding, resulting in reduced
hepatotoxicity. It is also possible that hydrophilic nature
changes plasma protein binding of ASO, which will change
the pharmacokinetic nature of the ASO. Further study will
be needed to understand the effect of MCE modification.

In summary, we investigated the applications of MCE-
modified ASOs and the influence of these ASOs on hepato-
toxic effects. MCE-modified ASO showed on-target effects
similar to those of MOE-modified ASOs in both in vitro and
in vivo experiments. In contrast, liver blood tests indicated
that MCE-modified ASOs showed increased safety compared
with MOE-modified ASOs. Our results suggested that MCE-
modified ASOs could be used as an alternative to MOE-
modified ASOs to increase the safety of RNase H-dependent
ASOs.
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