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We recently reported the antisense properties of a DNA/RNA
heteroduplex oligonucleotide consisting of a phosphorothioate
DNA-gapmer antisense oligonucleotide (ASO) strand and its
complementary phosphodiester RNA/phosphorothioate 20-O-
methyl RNA strand. When a-tocopherol was conjugated with
the complementary strand, the heteroduplex oligonucleotide
silenced the target RNA more efficiently in vivo than did the
parent single-stranded ASO. In this study, we designed a new
type of the heteroduplex oligonucleotide, in which the RNA
portionof the complementary strandwas replacedwithphospho-
diester DNA, yielding an ASO/DNA double-stranded structure.
The ASO/DNA heteroduplex oligonucleotide showed similar ac-
tivity and liver accumulation as did the original ASO/RNA
design. Structure-activity relationship studies of the complemen-
tary DNA showed that optimal increases in the potency and the
accumulation were seen when the flanks of the phosphodiester
DNA complement were protected using 20-O-methyl RNA and
phosphorothioate modifications. Furthermore, evaluation of
the degradation kinetics of the complementary strands revealed
that the DNA-complementary strand as well as the RNA strand
were completely cleaved in vivo. Our results expand the reper-
toire of chemical modifications that can be used with the hetero-
duplex oligonucleotide technology, providing greater design
flexibility for future therapeutic applications.

INTRODUCTION
Nucleic acid-based therapeutics represent a promising technology plat-
form tomanipulate gene targets that are otherwise difficult tomodulate
by conventional low-molecular-weight compounds and antibodies.1

Antisense oligonucleotides (ASOs) bind to their complementary
RNA (coRNA) by Watson-Crick base pairing in cells and regulate
RNA functions to produce pharmacological effects. Gapmer ASOs
have a central gap region of phosphorothioate (PS)-modified DNA
flanked on either end by chemical modifications, such as locked nucleic
acid (LNA)/bridged nucleic acid (BNA), 20-O-methoxy-ethyl (MOE),
and 20,40-constrained 20-O-ethyl bridged nucleic acid (cEt). Thesemod-
ifications increase resistance against nucleases and enhance the affinity
for target RNA.2 Gapmer ASOs bind to their target RNA in cells, and
the resulting duplex is a substrate for RNase H1, a ubiquitously ex-
pressed endonuclease3 that selectively cleaves the RNA strand of the
heteroduplex, suppressing expression of the corresponding gene.4Mul-
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tiple ASOs have been recently approved for clinical application by the
US Food and Drug Administration and other regulatory agencies (e.g.,
mipomersen,5 eteplirsen,6 nusinersen,7–9 and inotersen10,11). More
than 40 ASOs are currently being investigated in clinical trials for treat-
ment of a variety of disease indications.12

We have previously developed a heteroduplex oligonucleotide (HDO)
in which the single-stranded ASO was hybridized to coRNA that was
further conjugated with a-tocopherol (Toc). The Toc-HDO (coRNA)
design significantly enhanced the antisense potency of the parent
ASO in mouse liver.13–17 We also showed that the coRNA of the
Toc-HDO (coRNA) is stable in the serum and that conjugation
with Toc enhances productive delivery to the liver by enhancing asso-
ciation with serum lipoproteins. Toc-HDO (coRNA) was taken up
into cells mostly in the intact form, after which the coRNA strand
was cleaved by RNase H with the release of the parent ASO inside
the cells. Cellular uptake of Toc-HDO (coRNA) was initiated within
�10 min. Therefore, we hypothesized that the complementary strand
does not necessarily need to be phosphodiester (PO) RNA and can be
replaced with PO DNA. DNA potentially has some advantages over
RNA, as it is chemically more stable and less expensive to manufac-
ture than RNA. Hence, we replaced the complementary PO RNA
strand in the HDO with PO DNA, creating a DNA/DNA double-
stranded molecule, named HDO (coDNA ). Although double-
stranded DNA (dsDNA) is not a substrate for RNase H, it can be
degraded intracellularly by endonucleases belonging to the DNase I
and II families.18 DNase I is expressed primarily in the exocrine cells
of the digestive tract and is also present in the serum, where its expres-
sion level is approximately 15-fold lower than in the liver.19 DNase II
is expressed in lysosomes throughout the body; however, it is not pre-
sent in the serum.20 This dsDNA structure may therefore be stable in
s.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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the blood, and the coDNA strand can be degraded intracellularly by
DNases or related nucleases.

In this study, we investigated the effects of Toc-HDO (coDNA) mol-
ecules on mRNA expression levels of three gene targets by using
parent ASOs of different structures and lengths. We also examined
coDNA strand structure-activity relationships of Toc-HDO (coDNA)
molecules and evaluated degradation kinetics of the Toc-HDO
(coDNA) complementary strand over time in mouse liver.

RESULTS
Toc-HDO (coDNA) Suppresses Apob mRNA More Efficiently

Than the 13-mer Parent ASO

We have previously designed a Toc-HDO (coRNA) that consists of a
DNA/LNA gapmer ASO targeting apolipoprotein B (Apob) mRNA
and a coRNA strand.13 As described previously, the coRNA strand
had 8–10 PO RNAs flanked by two or three 20-O-methyl RNAs
(20OMes)21,22 with PS modifications23 to enhance stability against
exonuclease digestion in the blood and endosomal compartments.
Toc was conjugated to the 50 end of the coRNA to enhance interaction
with plasma lipoproteins and facilitate distribution and cellular up-
take. In the present study, we designed a Toc-HDO (coDNA), in
which the central fragment was replaced by PO DNA, as well as a sin-
gle-stranded Toc-ASO with Toc directly conjugated to its 50 end with
a stable PS linker (Figure 1A).

To evaluate the in vivo potency of these two types of Toc-HDOs, we
measured expression levels of ApobmRNA in mouse liver 1 day after
intravenous (i.v.) injection of the single-stranded parent ASO or Toc-
HDOs (Figure 1B). Toc-HDO (coRNA) showed a higher knockdown
efficacy than did the single-stranded ASO, as has been previously re-
ported.13 Toc-HDO (coDNA) also showed high knockdown effects
similar to those of Toc-HDO (coRNA). However, Toc-ASO, HDO
(coRNA), and HDO (coDNA) did not increase the knockdown effi-
cacy compared to that achieved by the parent ASO. The relative
ASO strand concentrations in the liver after injection of Toc-HDO
(coDNA) and Toc-HDO (coRNA) were similar (Figure 1C). The
high knockdown effect of Toc-HDO (coDNA) was also seen 7 days
after injection (Figures 1D and S1). The suppressive effect of Toc-
HDO (coDNA) at a dose of 107.7 nmol/kg on Apob mRNA level
was comparable to that conferred by Toc-HDO (coRNA) at a dose
of 79.4 nmol/kg and by the single-stranded ASO at a dose of
693.6 nmol/kg (Figure S2). To evaluate the phenotypic effect of
silencing Apob mRNA, we assessed low-density lipoprotein (LDL)
cholesterol levels in the serum. Both Toc-HDO (coDNA) and Toc-
HDO (coRNA) significantly reduced LDL cholesterol compared to
the single-stranded ASO after i.v. (Figures 1E and S3) or subcutane-
ous injections (Figure S4).

Toc-HDO (coDNA) Suppresses Malat1 RNA More Efficiently

Than the 16-mer Parent ASO

Next, the effect of the 16-mer ASO targeting metastasis-associated
lung adenocarcinoma transcript-1 (Malat1) RNA was compared to
that of the respective Toc-HDOs (coRNA and coDNA). The effects
of Toc-ASO, HDO (coRNA), andHDO (coDNA) were also examined
(Figure 2A). Both Toc-HDO (coRNA) and Toc-HDO (coDNA)
maintained their double-stranded structure after a 6-h incubation
in mouse serum (Figure S5). Three days after i.v. injection, both
Toc-HDO (coRNA) and Toc-HDO (coDNA) suppressed target
RNA more efficiently than did the parent ASO (Figure 2B). Toc-
ASO did not have a higher suppressive effect than the parent
ASO.24 Furthermore, at 3 days after i.v. administration, the Malat1
RNA level significantly decreased in a dose-dependent manner in
the Toc-HDO (coRNA) and Toc-HDO (coDNA) groups (Figure 2C).
The doses that had the half-maximal effect (ED50) were 272.4 nmol/
kg for ASO, 138.0 nmol/kg for Toc-HDO (coRNA), and 166.3 nmol/
kg for Toc-HDO (coDNA). There were also no significant differences
in the liver accumulations of ASO after injections of Toc-HDO
(coRNA) and Toc-HDO (coDNA) (Figure 2D).

Toc-HDO (coDNA) with cEt ASO Potently Suppresses Gene

Expression

The cEt modification confers a comparable enhancement in RNA af-
finity; however, it improves nuclease stability and safety as compared
with that achieved with LNA,25 and more than 10 cEt ASOs are
currently in clinical development. To determine whether ASO chem-
istry in Toc-HDO influences potency, we examined a 14-mer ASO
that targeted mouse scavenger receptor class B member 1 (Scarb1),
in which the cEt wing replaced that of LNA as previously described.26

In the present study, we evaluated the same designs of Toc-HDO
(coRNA) and Toc-HDO (coDNA) hybridized to ASO with the cEt
wing. In addition, we evaluated Toc-HDO with a complementary
strand fully modified with 20-fluoro RNA (20F), a commonly used
RNA modification to enhance nuclease stability, designated as Toc-
HDO (full 20F) (Figure 3A). We determined the extent of Scarb1
mRNA knockdown in mouse liver 3 days after i.v. injections of these
Toc-HDOs. As in the case with the two sequences described above,
Toc-HDO (coRNA) and Toc-HDO (coDNA) suppressed Scarb1
mRNA more efficiently than did the parent ASO. There were no sig-
nificant differences in the inhibitory effect between the two designs
(Figure 3B). Serum aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and blood urea nitrogen (BUN) levels were not
significantly altered compared with those in untreated mice (Table
1). Somewhat surprisingly, the inhibitory effect on the Scarb1
mRNA level was almost entirely attenuated in the case of Toc-
HDO (full 20F) at the dose of 234.1 nmol/kg (Figure 3B). When the
dose was increased, silencing was observed following administration
of Toc-HDO (full 20F). However, an approximately 10-fold dose was
required to produce similar silencing with other Toc-HDOs (Figures
3B and S6). To further investigate whether this significant decrease in
activity with the 20F complementary strand could be replicated in
cells, all HDO constructs were evaluated in primary hepatocytes.
Similar potency for Scarb1 mRNA knockdown was observed for
Toc-HDO (coRNA) and Toc-HDO (coDNA) (Figures 3C and 3D).
The HDO without conjugated Toc also showed similar potency, sug-
gesting that Toc conjugation does not change the intrinsic potency of
the HDO, but rather likely enhances distribution to tissues in mice
relative to that achieved with the single-stranded ASO. Toc-HDO
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Figure 1. Enhanced In Vivo Inhibitory Effects of Toc-

HDO (coDNA) on the Apob mRNA Expression and

LDL Cholesterol Levels

(A) Structures of the parent 13-mer ASO, Toc-ASO, Toc-

HDO (coRNA), Toc-HDO (coDNA), HDO (coRNA), and

HDO (coDNA) targeting mouse Apob mRNA. (B) Quanti-

tative real-time PCR analysis of the relative Apob mRNA

expression levels in mouse liver 1 day after intravenous

injection of the parent ASO, Toc-ASO, Toc-HDO (coRNA),

Toc-HDO (coDNA), HDO (coRNA), or HDO (coDNA) at a

dose of 86.7 nmol/kg as the parent ASO. (C) Quantitative

real-time PCR analysis of the relative parent ASO content in

mouse liver after intravenous injection of ASO and Toc-

HDOs at a dose of 86.7 nmol/kg. (D) Quantitative real-time

PCR analysis of the relative Apob mRNA expression levels

in mouse liver and (E) serum LDL cholesterol levels 7 days

after intravenous injection of the parent ASO at a dose of

693.6 nmol/kg, with Toc-HDO (coRNA) or Toc-HDO

(coDNA) at a dose of 86.7 nmol/kg. Data are presented as

the mean ± standard error of the mean; n = 3 or 4 per

group; *p < 0.05, **p < 0.01. N.S., not significant.
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Figure 2. Enhanced In Vivo Inhibitory Effect of Toc-

HDO (coDNA) on Expression of Malat1 RNA

(A) Structures of the parent 16-mer ASO and Toc-ASO,

Toc-HDO (coRNA), Toc-HDO (coDNA), HDO (coRNA), and

HDO (coDNA) targeting mouse Malat1 RNA. (B) Quantita-

tive real-time PCR analysis of the relative Malat1 RNA

expression levels in mouse liver 3 days after intravenous

injection of the parent ASO, Toc-ASO, Toc-HDO (coRNA),

Toc-HDO (coDNA), HDO (coRNA), or HDO (coDNA) at a

dose of 151.2 nmol/kg as the parent ASO. (C) Dose-

response relationship of Malat1 RNA level inhibition in

mouse liver 3 days after injection of the parent ASO, Toc-

HDO (coRNA), or Toc-HDO (coDNA). (D) Quantitative real-

time PCR analysis of ASO amount in mouse liver 3 days

after injection of the parent ASO, Toc-HDO (coRNA), or

Toc-HDO (coDNA). Data are presented as the mean ±

standard error of the mean; n = 3 or 4 per group; *p < 0.05,

**p < 0.01. N.S., not significant.

www.moleculartherapy.org
(full 20F) had an approximately 2- to 3-fold lower inhibitory effect
compared to that of other molecules.

Structure-Activity Relationships of Toc-HDO (coDNA)

Next, we optimized the number of 20OMe and PS modifications on the
coDNA. First, coDNAs with 0, 2, or 5 PSs without any 20OMes at both
ends were prepared for the 13-mer ASO targeting Apob mRNA (Fig-
ure 4A). The structures with PS were more effective than those
without PS in suppressingApobmRNA expression in mouse liver (Fig-
ure 4B). Furthermore, the Cy5-labeled parent ASO of the Toc-HDO
(coDNA)s were injected into mice i.v., and liver fluorescence intensity
was measured at 6 h after injection. The amount of the Toc-HDO
(coDNA) ASO strand in the liver was significantly higher for the struc-
ture with five PS moieties (Figure 4C). Next, 20OMe or DNA and PS or
Mole
PO were introduced at both ends of the coDNA
targeting Malat1 RNA (Figure 4D). When evalu-
ated 3 days after i.v. injection in mice, Toc-HDO
(coDNA) (six 20OMes, six PSs) had the strongest
inhibitory effect (Figure 4E), indicating that both
20OMe and PS at both ends of the complementary
strand effectively maintained Toc-HDO (coDNA)
potency.

Next, to investigate whether Toc-HDOs using
long ASOs can improve RNA silencing, we eval-
uated in vivo potency of Toc-HDOs using a 20-
mer DNA/MOE gapmer targeting Malat1 RNA
(Figure S7A). Both Toc-HDO (coRNA) and
Toc-HDO (coDNA) comprising this ASO simi-
larly improved RNA silencing (Figure S7B).

Toc-HDO (coDNA) Complementary Strand

Degrades within 6 h in Mouse Liver

In our previous report, we showed that coRNA
was cleaved in the liver to release the parent
ASO from Toc-HDO.13 To determine the fate of the DNA comple-
ment, northern blot analysis for detecting the complementary strand
was performed. To facilitate detection of the complementary strand,
a single-stranded 20-mer PO 20OMe was introduced on the 30 end
of the coRNA and coDNA to hybridize the northern blot probe (Fig-
ure 5A). These Toc-HDOswith extended 20OMewere administered by
i.v. injections, and the mice were sacrificed after 6 h, 1 day, and 3 days.
The livers were harvested, and the extracted RNAs were evaluated by
northern blot. Following Toc-HDO (coRNA) injection, the full-length
complementary strands were observed 6 h after administration, and
small amounts were still detected at day 1; however, they disappeared
entirely by day 3 (Figure 5B), with concomitant increases in fragments
comprising the fully modified 20OMe tail. In contrast, none of the full-
length complementary strands was observed in the Northern blot
cular Therapy Vol. 29 No 2 February 2021 841
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Figure 3. Enhanced In Vivo Inhibitory Effect of Toc-

HDO (coDNA) on Scarb1 mRNA Expression Level

(A) Design of ASO with cEt and HDO (coRNA), Toc-HDO

(coRNA), Toc-HDO (coDNA), and Toc-HDO (full 20F) tar-
geting mouse Scarb1 mRNA. (B) Quantitative real-time

PCR analysis of relative mouse Scarb1 mRNA expression

in livers from mice 3 days after single intravenous injections

of 702.4 nmol/kg for ASO or 234.1 nmol/kg for Toc-HDOs

as the parent ASO. Data are presented as the mean ±

standard error of the mean; n = 3 or 4 per group; **p < 0.01.

N.S., not significant. (C) Primary mouse hepatocytes

isolated from male BALB/c mice were treated with double-

stranded oligonucleotides by free uptake. Quantitative

real-time PCR analysis of relative mouse Scarb1 mRNA

expression was performed. Data are the average of two

independent experiments. The value of each result is dis-

played as a dot. (D) 50% inhibitory concentration (IC50) in

the experiment (C).
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already in 6 h after the administration of Toc-HDO (coDNA) (Fig-
ure 5B). Therefore, we performed a follow-up experiment for Toc-
HDO (coDNA) in which mice were sacrificed 10 min and 1 h after in-
jection. The full-length complementary strand was observed at these
two time points (Figure 5C). These results showed that the comple-
mentary strand of Toc-HDO (coDNA) degraded faster than did that
of Toc-HDO (coRNA). To determine whether Toc-HDO (coDNA)
has an earlier onset of action than Toc-HDO (coRNA), mice were in-
jected i.v. with 75.6 nmol/kg Toc-HDO (coRNA), 75.6 nmol/kg Toc-
HDO (coDNA), or 226.8 nmol/kg ASO targeting Malat1 RNA, and
the livers were collected at 6, 12, or 18 h after injection. The suppressive
effects on Malat1 levels were similar at all of these time points (Fig-
ure 5D). This observation suggests that the speed of the complemen-
tary strand degradation of HDO did not affect the onset of intrinsic
842 Molecular Therapy Vol. 29 No 2 February 2021
ASO activity. Moreover, the amount of Toc-
HDO (coDNA) that reached the liver 6 h after
administration was less than that of Toc-HDO
(coRNA), although it had achieved the same level
after 3 days (Figures S8 and 2D).

DISCUSSION
We have recently described an HDO (coRNA)
molecule in which an RNase H1 active gapmer
ASO is duplexed using a coRNA strand conjugated
with Toc. This Toc-HDO (coRNA) design signifi-
cantly enhanced the parent ASO potency not only
in the liver13 but also in the endothelial cells of the
blood-brain barrier.16 In addition, the HDO
(coRNA) technology improved the efficacy of mi-
croRNA-targeted therapeutic oligonucleotides.17

Single-stranded PS ASOs interact with plasma and
cell-surfaceproteins,which facilitatesASOdelivery
toperipheral tissues.27 PSASOs associate primarily
with albumin in plasma; however, they can also
interact with proteins such as histidine-rich glycoprotein3 and a2-
macroglobulin.28 The latter interactions can reduce ASO potency, as
ASOs can be shuttled into non-productive tissue compartments.
Furthermore, PS ASOs have been shown to interact with the Stabilin
class of scavenger receptors,29,30 epidermal growth factor receptors,31,32

and asialoglycoprotein receptors.33 These interactions promote uptake
of ASOs into the endothelial and other cells of the liver. PS ASO prefer-
entially accumulates in non-parenchymal cells of the liver, which may
limit its efficacy toward genes expressed in hepatocytes. In contrast,
the double-stranded design in the HDO canmitigate some of the unde-
sirable protein-binding properties of PSASOs.34Moreover, conjugation
with Toc enhances ASO association with plasma lipoproteins and pro-
motes its uptake by lipoprotein receptors, leading to improved ASO
accumulation and potency in the parenchymal cells of the liver.13



Table 1. Serum AST, ALT, and BUN Levels at 3 Days after an Intravenous

Injection of PBS, Parent ASO, or HDOs Targeting Scarb1 mRNA

Dose (nmol/kg) AST (U/L) ALT (U/L) BUN (mg/dL)

PBS 72.3 ± 4.6 36.3 ± 6.4 32.7 ± 0.8

ASO 702.4 57.5 ± 4.0 30.5 ± 5.4 30.1 ± 1.6

Toc-HDO (coRNA) 234.1 53.7 ± 4.9 24.3 ± 0.7 31.0 ± 1.7

Toc-HDO (coDNA) 234.1 67.7 ± 8.8 28.7 ± 1.9 34.0 ± 0.4

Toc-HDO (full 20F) 234.1 89.8 ± 11.9 27.3 ± 0.5 31.8 ± 2.0

Data are presented as the mean ± standard error of the mean; n = 3 or 4 per group. ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen;
PBS, phosphate-buffered saline.
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In our initial HDO (coRNA) design, the complementary PO RNA
strand was paired with the DNA gap region of the ASO, whereas
the flanking nucleotides were protected against exonuclease digestion
with PS and 20OMe modifications. This design is stable in the
blood; however, it is susceptible to RNase H-mediated degradation
in the cytoplasm that would release the parent ASO.13 Once
released, the parent ASO is free to hybridize to its coRNA target
and suppress gene expression by RNase H1-mediated degradation
of the targeted RNA.

Considering that dsDNA is generally more stable than RNA, we ex-
pected substantial delivery of the DNA/DNA duplex of HDO
(coDNA) to the liver before its degradation in the serum. Indeed, a
certain amount of Toc-HDO (coDNA) was taken up by the liver
within 10 min after i.v. injection, and most of the dsDNA was not
degraded in the serum for more than 6 h. Therefore, we investigated
the Toc-HDO (coDNA), in which the PO RNA region of the comple-
mentary strand from the original design was completely replaced by
PO DNA. We found that Toc-HDO (coDNA) showed similar overall
liver accumulation and nearly identical potency for reducing targeted
RNA expression in the liver to those of Toc-HDO (coRNA). Given
that HDO (coDNA) is not degraded by RNase H1, we postulated
that this duplex would be recognized by intracellular DNases that
would degrade the PO DNA complement to release the DNase-resis-
tant ASO by PS modification. However, at present, it is unclear which
fractions of the total HDO (coDNA) were cleaved within the endoly-
sosomal compartment versus the cytoplasm or the nucleus.

To determine whether there were any differences in the kinetics of
degradation for the RNA and DNA complements after cellular uptake,
we evaluated both designs by northern blot analysis in time course ex-
periments, by using complementary strands with extended 20OMe
overhangs. We found that a fraction of the full-length RNA (but not
DNA) complement could still be detected after 6 h in mouse liver.
The follow-up experiments showed that full-length DNA complement
was detectable at the 10-min and 1-h time points. Thus, our results sug-
gest that the DNA/DNA duplex is delivered to the liver as a double-
stranded structure and then gets degraded more rapidly than the
DNA/RNA heteroduplex. One possible explanation is that the DNA/
DNA duplex and DNA/RNA heteroduplex are digested in different
intracellular compartments by DNases20,35,36 and RNases,37 respec-
tively. Moreover, despite the rapid degradation of Toc-HDO (coDNA),
the initiation timing of RNA suppression did not differ from that of
Toc-HDO (coRNA). This might be due to multiple factors such as dif-
ferences in delivery to the liver and intracellular trafficking.

Interestingly, the presence of a fully modified 20F-complementary
strand significantly reduced ASO activity in mice, suggesting that
interfering with cleavage of the complementary strand by intracellular
nucleases reduces the silencing effect in vivo, as 20F has higher
nuclease resistance.38 An alternative possibility is that 20F-modified
nucleic acids are more hydrophobic and interact differently with
plasma proteins,39 resulting in the delivery of ASO to non-productive
tissue compartments such as lysosomes.

In addition, the complementary strand degradation products may
activate innate immune responses. For example, Toll-like receptor
(TLR)7/TLR8 recognize single-stranded RNA, which is rich in U
and G,35,40 while TLR9 recognizes DNA for unmethylated CpG se-
quences and induces an immune response.41 These are important
variables to consider when selecting DNA or RNA complementary
strands, and they thus require further investigations.

In summary, our experiments indicate that the preserved stability of
HDO in the serum until uptake by the cells as well as efficient degra-
dation and unwinding of the complementary strand from the ASO
strand inside the cells are essential beneficial features of the HDO
technology. In addition, PO RNA is dispensable as the complemen-
tary strand of HDO and can be replaced by PO DNA. The latter is
less expensive and chemically more stable during synthesis than PO
RNA. Our findings therefore expand possibilities of the future
HDO design and the range of applications of this molecular
technology.

MATERIALS AND METHODS
ASOs

A series of DNA/LNA gapmers, coRNAs, and coDNAs designed to
target mouse Apob mRNA (GenBank: NM_009693), mouse Malat1
RNA (GenBank: NR_002847.3), or mouse Scarb1 mRNA (GenBank:
NM_016741) were synthesized by Gene Design (Osaka, Japan) and
Ionis Pharmaceuticals (Carlsbad, CA, USA). The sequences of
ASOs, coRNAs, and coDNAs used in this study are listed in Supple-
mental Materials and Methods.

Mouse Experiments

For all the mouse experiments, with the exception of that presented in
Figure 3B, 4- to 5-week-old wild-type female Crlj:CD1 (ICR)mice were
obtained from Oriental Yeast (Tokyo, Japan). ASOs were administered
to mice (n = 3–4 per group) according to body weights via tail vein in-
jections. All oligonucleotides were formulated in phosphate-buffered
saline (PBS), which was also used as the vehicle. Prior to postmortem
analyses, mice were anesthetized with an intraperitoneal injections of
60 mg/kg pentobarbital and then euthanized by a transcardial perfu-
sion with PBS. Blood was collected from the tail vein before perfusion
Molecular Therapy Vol. 29 No 2 February 2021 843
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Figure 4. Structure-Activity Relationships of Toc-

HDO (coDNA)

(A) Structure of 13-mer Toc-HDO (coDNA) molecules tar-

getingmouseApobmRNA that incorporated no, two, or five

PS linkages. (B) Quantitative real-time PCR analysis of the

relative Apob mRNA expression level in mouse liver 3 days

after intravenous injection of the parent ASO and either no

PS, two PS, or five PS Toc-HDO (coDNA) at a dose of

173.4 nmol/kg as the parent ASO. (C) Concentrations of

Cy5-labeled parent ASO in mouse liver 6 h after intravenous

injections of the parent ASO, or no PS and five PS Toc-HDO

(coDNA) at a dose of 173.4 nmol/kg. (D) Structures of Toc-

HDO (coDNA) (no 20OMe, no PS), Toc-HDO (coDNA) (no

20OMe, six PS), Toc-HDO (coDNA) (six 20OMe, no PS), and

Toc-HDO (coDNA) (six 20OMe, six PS) targeting mouse

Malat1 RNA. (E) Quantitative real-time PCR analysis of the

relativeMalat1 RNA expression levels in mouse liver 3 days

after intravenous injection of Toc-HDOs illustrated in (D)

at a dose of 75.6 nmol/kg. Data are presented as

the mean ± standard error of the mean; n = 4 per group;

*p < 0.05, **p < 0.01.
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to measure the serum level of LDL cholesterol. All protocols were
executed in accordance with the ethics and safety guidelines for animal
experimentation and were approved by the Ethics Committee of Tokyo
Medical and Dental University (#A2019-131C).

In Scarb1 mRNA target experiments illustrated in Figure 3B, which
were conducted at Ionis Pharmaceuticals, C57BL/6J mice aged
8 weeks were obtained from Jackson Laboratory (Bar Harbor, ME,
USA). Blood was collected to measure the levels of serum aspartate
aminotransferase, alanine aminotransferase, and blood urea nitrogen.
All procedures complied with NIH guidelines and were approved by
the Institutional Animal Care and Use Committee.

Primary Mouse Hepatocyte Isolation and Free Uptake Assay

Primary mouse hepatocytes were isolated from male BALB/c mice as
described previously,42 and they were run over a Percoll gradient to
844 Molecular Therapy Vol. 29 No 2 February 2021
remove impurities and debris. These cells were
cultured in plating medium (Williams’ medium
E and hepatocyte plating supplement pack
[Thermo Fisher Scientific, Waltham, MA,
USA]) in a humidified incubator at 37�C in a
95% air and 5% CO2 atmosphere. These primary
mouse hepatocytes were plated at a density of
15,000 cells per well into 96-well plates. One
day after plating, the cells were exposed to the
HDO (coRNA), Toc-HDO (coRNA), Toc-HDO
(coDNA), or Toc-HDO (full 20F) by free uptake
and lysed 24 h after treatment.43

Quantitative Real-Time PCR Assay

Total RNA was extracted from mouse liver using
Isogen II (Nippon Gene, Tokyo, Japan). For pri-
mary hepatocytes, RNAwas extracted and purified
using RNeasy 96-well plates (QIAGEN, Venlo, the Netherlands). To
detect mRNA, RNA was reverse transcribed with PrimeScript reverse
transcriptase (Takara Bio, Kusatsu, Japan). The sequences of the primer
and probe sets for mouse Apob,Malat1, and Actb (b-actin) genes were
as follows:Apob, forward, 50-CACGTGGGCTCCAGCATT-30, reverse,
50-TCACCAGTCATTTCTGCCTTTG-30, probe, 50-FAM-CCAATG
GTCGGGCACTGCTCAA-TAMRA-30; Malat1, forward, 50-TGG
GTTAGAGAAGGCGTGTACTG-30, reverse, 50-TCAGCGGCAAC
TGGGAAA-30, probe, 50-FAM-TGTTGGCACGACACCTTCAGG
GACT-TAMRA-30; Actb, forward, 50-CGCGAGCACAGCTTCTT
TG-30, reverse, 50-CATGCCGGAGCCGTTGTC-30, probe, 50-FAM- C
ACACCCGCCACCAGTTCGCCATG-TAMRA-30.

Quantitative real-time PCR analyses were performed using TaqMan
primers (Applied Biosystems, Foster City, CA, USA) in a LightCycler
480 system with a LightCycler 480 probes master kit (Roche



Figure 5. Cleavage of Toc-HDO (coRNA) and Toc-

HDO (coDNA) Complementary Strands Using 16-mer

Malat1 Targeting ASO

(A) Structures of 16-mer Malat1 targeting ASO/36-mer

Toc-HDO (coRNA) and Toc-HDO (coDNA) with over-

hanging 20-mer PO 20OMe and two PS linkages on the 30

end of the complementary strand. (B) Northern blot analysis

using a probe for the overhanging portion of the 36-mer

complementary strand. Oligonucleotides were extracted

frommouse liver tissue at 6 h, 1 day, or 3 days after injection

with the 36-mer Toc-HDO (coRNA) or Toc-HDO (coDNA) at

a dose of 1,134 nmol/kg as the parent ASO. Size marker

(SM) structures are illustrated on the left. (C) Northern blot

analysis of mouse liver extracts at 10 min or 1 h after an

injection of the 36-mer Toc-HDO (coDNA) at a dose of

1,134 nmol/kg. (D) Quantitative real-time PCR analysis of

relative Malat1 RNA expression levels in mouse liver 6, 12,

and 18 h after the animals received intravenous injection of

the parent ASO at a dose of 226.8 nmol/kg, or Toc-HDO

(coRNA) or Toc-HDO (coDNA) at a dose of 75.6 nmol/kg.
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Diagnostics, Basel, Switzerland).ApobmRNA andMalat1 RNA levels
were normalized to those of ActbmRNA. All of the experiments were
performed in accordance with the Minimum Information for Publi-
cation of Quantitative Real-Time PCR Experiments (MIQE)
guidelines.

The sequences of the primer and probe sets for mouse Scarb1 were as
follows: forward, 50-TGACAACGACACCGTGTCCT-30, reverse, 50-
ATGCGACTTGTCAGGCTGG-30, probe, 50-CGTGGAGAACCG
CAGCCTCCATT-30. The levels of Scarb1 mRNA transcripts were
normalized to total RNA levels using RiboGreen RNA quantitation
reagent (Molecular Probes). RiboGreen is an ultrasensitive fluores-
Mole
cent nucleic acid stain that has maximum excita-
tion/emission at 500 nm/525 nm when bound to
RNA.

To detect DNA/LNA gapmers in mouse liver tis-
sue, quantitative real-time PCR analysis was
performed using a TaqMan microRNA reverse
transcription kit (Applied Biosystems, Foster
City, CA, USA) and a LightCycler 480 real-time
PCR instrument (Roche Diagnostics, Basel,
Switzerland), with data normalized to the mouse
U6 snRNA level. The primers and probes for
DNA/LNA gapmers targeting mouse Malat1
and Apob genes and mouse U6 were designed
by Applied Biosystems.

Northern Blot Analysis

Northern blot analysis of the Toc-HDO with the
36-mer coRNA/coDNA was performed as previ-
ously reported with slight modifications.13

Briefly, total RNA was extracted from mouse

liver using Isogen II (Nippon Gene, Tokyo, Japan). Thirty micro-
grams of total RNA was separated by electrophoresis in an 18% poly-
acrylamide-7 M urea gel and transferred to a Hybond-N+ membrane
(Amersham Biosciences, Piscataway, NJ, USA). The blot was hybrid-
ized with a probe corresponding to the sequence of the extended
portion in coRNA/coDNA, or with a probe to U6 snRNA as a loading
control. Both probes were labeled with digoxigenin (DIG)-20,30-di-
deoxyuridine-50-triphosphate (ddUTP) using a DIG oligonucleotide
30 end labeling kit, second generation (Roche Diagnostics, Basel,
Switzerland). The sequence of the DNA probe for detecting extended
20OMe was 50-TGGTGGTGCGTATGCGTAGC-30. The signals were
visualized using a Gene Images CDP-Star detection kit (Amersham
cular Therapy Vol. 29 No 2 February 2021 845
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Biosciences, Piscataway, NJ, USA), and band intensities were
analyzed using Image Lab software version 5.2 of ChemiDoc Touch
(Bio-Rad, Hercules, CA, USA).

Fluorescence-Based Determination of ASO Concentrations in

the Liver

Liver samples were obtained from the mice i.v. injected with Cy5-
labeled ASOs. Tissues were homogenized in 250 mL of PBS (Nakarai,
Kyoto, Japan), and Cy5 concentrations were measured using an i-
control instrument (Tecan, Männedorf, Switzerland).

Statistical Analysis

Animal experiments were performed with three to four mice per
treatment group. Pairwise comparisons were performed using the
Student’s t test. Multiple comparisons were performed using one-
way analysis of variance (ANOVA) with post hoc Bonferroni’s
correction for multiple comparisons. Differences were considered sig-
nificant when p < 0.05. All statistical analyses were performed using
Prism version 6.05 (GraphPad, San Diego, CA, USA).

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.10.017.
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