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Figure 1. Characterization of recombinant PCSK9 and monoclonal antibodies to PCSK9. (A)
Purified rhPCSK9 (0.75 ug) was analyzed by 5-20% SDS-PAGE under nonreducing (lane 1) and
reducing (lane 2) conditions and visualized by silver staining. (B) Purified rhPCSK9 (1 ug) digested
without (lane 1) or with (lane 2) recombinat furin (0.5 ng) and cell lysate of rhA218PCSK9 (lanes
3 and 4) was subjected to SDS-PAGE followed by immunoblotting and detection with anti-Tetra-
His antibody. (C) The reactivity of each monoclonal antibody (MAb) to purified rhPCSK9 (1.0 ng)
was analyzed by 5-20% SDS-PAGE under nonreducing (lanes 1-5) and reducing (lanes 6-10)
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levels of both PCSK9s in FH ho-
mozygotes before LDL-A treatment
were not significantly different from
those in the plasma of FH heterozy-
gotes. As shown in Figure 3, there
was a high degree of correlation be-
tween the reduction of plasma
LDL-C and the reduction of mature
PCSK9 in both FH homozygotes (r =
0.79; P = .036) and heterozygotes
(r = 0.79; P = .004). In addition,
there was a significant correlation
between the reduction in plasma
Lp(a) and that in mature PCSK9 in
FH heterozygotes (r = 0.74; P =
.0098; datanotshown). Onthe other
hand, there was no correlation be-
tween the reductions in plasma
HDL-C and mature PCSK9 in FH
homozygotes or heterozygotes (Sup-
plemental Figure 4).
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condition, followed by immunoblotting as described in the Materials and Methods. Lanes 1 and

6, monoclonal PCSK9 antibody (MAB38881; R&D Systems); lanes 2 and 7, Mab 1FB; lanes 3 and
8, Mab B12E; lanes 4 and 9, Mab B1G; lanes 5 and 10, Mab G12D. (D) The immunoprecipitation
of human plasma with Mabs against PCSK9 was carried out. Immunoprecipitates were separated
by a 5-20% SDS-PAGE under nonreducing condition, followed by immunoblotting and detection
with monoclonal PCSK9 antibody (MAB38881). Lane 1, Mab 1FB; lane 2, Mab G12D; lane 3,
Mab B1G; lane 4, Mab B12E. (E) The immunoprecipitation of human plasma with Mabs against
PCSK9 was carried out. Immunoprecipitates were separated by a 5-20% SDS-PAGE under a
nonreducing condition, followed by immunoblotting and detection with Mab G12D. Lane 1,

Mab 1FB; lane 2, Mab G12D; lane 3, Mab B1G; lane 4, Mab B12E.

plasma TC,LDL-C, TG, ApoB, ApoC-1I, ApoC-III, ApoE,
and Lp(a), while the plasma levels of HDL-C, ApoA-I, and
ApoA-Ildecreased by 13-16% (Table 1 and Supplemental
Table 2). In FH heterozygotes, a similar reduction was
shown.

Removal of PCSK9s in FH homozygotes or
heterozygotes by LDL-A with DS columns

In FH homozygotes, the plasma levels of mature and
furin-cleaved PCSK9 averaged 490 + 173 ng/mL and 74 *
23 ng/mlL, respectively, before LDL-A treatment. The two
forms of PCSK9 were, respectively, reduced by 56% and
55% in FH homozygotes by a single LDL-A procedure
(Figure 2A). Furin-cleaved PCSK9 constituted approxi-
mately 15% of circulating PCSK9 in the plasma of FH
patients. In FH heterozygotes, the plasma levels of the two
forms of PCSK9 averaged 443 + 128 ng/mL and 55 = 26
ng/mL, respectively, before LDL-A treatment. The two
forms of PCSK9 were reduced by 46% and 48% by a
single LDL-A procedure in FH heterozygotes {Figure 2B).
Thus, there were no significant differences in the reduction
rate of either form of plasma PCSK9 after LDL-A between
FH homozygotes and heterozygotes. In addition, plasma

Crossover study of LDL-A
treatment with DM columns in
FH heterozygotes

A crossover study comparing the
treatment efficacy between DS and
DM columns was performed in § FH
heterozygotes. A single LDL-A treat-
ment with DM columns produced a
49-68% reduction in plasma TC, LDL-C, TG, ApoB,
ApoC-1I, ApoC-III, ApoE, and Lp(a), while the plasma
levels of HDL-C, ApoA-I, and ApoA-Il decreased by 23—
26% (Supplemental Table 3). The plasma levels of mature
and furin-cleaved PCSK9 before LDL-A treatment aver-
aged 282 £ 36 ng/mlL and 43 + 28 ng/mL, respectively; the
two forms were decreased by 56% and 48% by a single
LDL-A treatment (Figure 2C).

Gel filtration chromatography of PCSK9 before
and after a single LDL-A treatment

The plasma obtained before and after the single LDL-A
treatment with DS columns was separated by gel filtration
chromatography, and cholesterol and both forms of
PCSK9 were measured in each fraction. Typical distribu-
tion patterns of cholesterol and PCSK9s are shown in Fig-
ure 4. Cholesterol levels were markedly reduced in the
LDL fraction, while there was little change in the HDL
fraction. Approximately 20% of mature PCSK9 coeluted
with the apoB-containing fraction, and the rest coeluted
with the apoB-deficient fraction. Meanwhile, in a portion
of the FH patients, less than 5% of total PCSK9 was ob-
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Table 1. Laboratory Data in FH Homozygotes and Heterozygotes Before and After a Single LDL-A Treatment With
DS Columns
FH homozygotes (n = 7) FH heterozygotes (n = 11)

(mg/dL) Before After Reduction (%) Before After Reduction (%)

TC 288 + 63 86 * 24° 70 220 £ 77 89 *+ 41° 59

LDL-C 237 + 494 55 + 22¢ 76 164 + 75 51 + 337 69

HDL-C 31 +12 26 *+ 92 16 36+ 18 32 + 16 13

TG 99 + 60 27 +21° 74 97 + 43 30 + 22¢ 70

Apo A-l 81 *+ 22 71 + 207 13 99 + 39 88 + 357 11

Apo A-ll 22 + 4 18 + 42 15 25+8 21+ 7° 14

Apo B 182 =+ 44° 40 + 217 78 124 = 46 36 *+ 23° 71

Apo C-li 3.0+ 2.3 1.3+0.8° 54 3.6+ 1.8 1.8 +1.3° 54

Apo C-lll 85+ 45 3.5 1.6% 57 85*x 28 46+ 247 48

Apo E 6.5+ 2.1° 1.5+ 0.8° 76 4.1 +0.8 1.1 £ 0.5 73

Lp(a) 27 + 22¢ 8.1+ 5.8° 67 55 + 27 19 = 16° 68

Abbreviations: FH, familial hypercholesterolemia; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; Lp(a),
lipoprotein (a); TC, total cholesterol; TG, triglyceride. All values are shown as mean = sp.

n = 6 in Lp(a) of FH homozygotes.

P < 0.01.

Bp < 0.05 vs the respective values before LDL-A.

‘P < 0.01.

4P < 0.05 vs the respective values in FH heterozygotes.

served in the apoB-fraction (data not shown). The distri-
bution pattern of furin-cleaved PCSK9 was similar to that
of mature PCSK9. Both forms of PCSK9s in the apoB-
deficient fraction were reduced by 52~54 %, while those in
the apoB-containing fraction were reduced by 92-97%.

Coimmunoprecipitation of apoB in plasma of FH
To examine the association of apoB with PCSK9,
plasma samples of FH were immunoprecipitated with
monoclonal anti-apoB antibody. The control samples that
were incubated in nonimmune serum instead of apoB an-
tibody and negative control samples that were incubated
in only resin showed no bands reactive to anti-apoB an-
tibody (Figure SA). Based on the coimmunoprecipitates of
apoB, a mature PCSK9 band was detected by polyclonal
PCSK9 antibody, confirming an association between ma-
ture PCSK9 and apoB in the plasma of FH. The band of
furin-cleaved PCSK9 could not be detected in coimmuno-
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Figure 2. Change of plasma mature and furin-cleaved PCSK9 levels before and after a single
LDL-A treatment. Plasma levels of mature (closed column) and furin-cleaved (open column)
PCSK9s in (A) FH homozygotes (N = 7), (B) FH heterozygotes (N = 11) before and after LDL-A
treatment with DS columns, and in (C) FH heterozygotes (N = 5) before and after LDL-A

precipitation of apoB, because it overlapped that of IgG
(data not shown).

Profile of Lp(a) by gel filtration chromatography

To examine the association of Lp(a) with PCSK9 in the
plasma of FH, Lp(a) was measured by ELISA in the col-
lected fractions obtained by gel filtration analysis. Lp(a)
was recovered predominantly in apoB-containing frac-
tion, and was not recovered in the apoB-deficient fraction
which contains the highest levels of both PCSK9s (Figure
5B).

Discussion

In the present study, we demonstrated that the two forms
of plasma PCSK9 were removed by LDL-A treatment with
either DS or DM columns in both FH homozygotes and
heterozygotes based on measure-
ments using a new sandwich ELISA.
The two forms of PCSK9 were sig-
nificantly decreased by 55-56% in
FH homozygotes after a single
LDL-A treatment with DS columns,
and were decreased to a similar ex-
tent in FH heterozygotes after the
treatment with DS or DM columns.
The removal of two forms of PCSK9
would have contributed to some ex-
tent to the control of LDL-C medi-
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Figure 3. Correlation between plasma LDL-C reduction and mature
PCSK9 reduction in FH homozygotes and FH heterozygotes. (A)
Correlation between plasma LDL-C reduction (Y-axis) and mature
PCSK9 reduction (X-axis) in FH homozygotes after a single LDL-A
treatment with DS columns (N = 7). (B) Correlation between plasma
LDL-C reduction (Y-axis) and mature PCSK9 reduction (X-axis) in FH
heterozygotes after a single LDL-A treatment with DS columns
(N=11).

ated by LDLR in heterozygous FH or receptor-defective
homozygous FH patients undergoing LDL-A treatment.
However, it would not have contributed to the control of
LDL-C in receptor-negative homozygous FH patients. In
addition, DM columns whose treated volumes are limited
are not usually used for patients who need a high volume
of treated plasma. The use of DS columns is contraindi-
cated for patients taking angiotensin-converting enzyme
(ACE) inhibitors. Thus, we cannot decide whether DS or
DM columns are superior, but we need to decide an ap-
propriate application for each case.

Statins, the most effective commercially available med-
ication for lowering serum LDL-C, decrease cholesterol
synthesis, and increase LDLR activity in the liver. Mean-
while, they also stimulate expression of PCSK9, thereby
reducing their own effects (23, 24). Thus, antisense oli-
gonucleotides, RNA-mediated interference and Mabs that
target PCSK9 have been developed as new treatment strat-
egies for lowering LDL-C (25-29). The use of PCSK9-
MADb could reduce the frequency of LDL-A and control
LDL-C in heterozygous FH or homozygous FH patients
with the LDLR defective type. In addition, the combina-
tion of PCSK-Mab and LDL-A treatment may improve the
control of LDL-C synergistically or additively.

Recently, Dubic et al has developed an ELISA for the
measurement of total PCSK9 using polyclonal antibodies
(5). In the present study, we developed a new sandwich
ELISA using Mabs for plasma mature and furin-cleaved
PCSK9s, respectively, for the first time. This ELISA
method could clarify association of the ratio of each form
of PCSK9 with the effects of medication in hyperlipidemia
patients with gain- or loss-of-function PCSK9 mutations
and those taking cholesterol-lowering drugs (30), and
with various conditions of hyperlipidemia concomitant
with type Il diabetes, obesity, and so on. In addition, it has
been reported that furin-cleaved PCSK9 represents up to
40% of the total PCSK9 in normal subjects (9), whereas it
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Figure 4. Typical gel filtration chromatography of mature and furin-cleaved
PCSK9s and cholesterol in FH plasma before and after LDL-A treatment.
Profiles of cholesterol (A, closed circles: before; open circles: after), mature (8,
closed triangles: before; open triangles: after), and furin-cleaved PCSKSs (C,
closed diamonds: before; open diamonds: after) were analyzed in FH plasma
before and after a single LDL-A treatment with DS columns after fractionation
by gel filtration chromatography as described in Materials and Methods.

Furin-cleaved PCSK9 (ng/mL)

represented 15% of the total PCSK9 in FH patients in the
present study. We thus formed a hypothesis that FH shows
high LDL-C levels due to not only LDLR mutations but
also higher activity of LDLR degradation. The association
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Figure 5. Coimmunoprecipitation of apoB and profile of Lp(a) by gel
filtration chromatography in FH plasma. (A) Immunoprecipitation (IP)
was performed with 500 ul of plasma from an FH patient treated by
1% triton X-100 and 0.5% sodium deoxycholate (final concentration).
An equal volume of supernatants was also applied to columns without
1gG and processed in the same way as the antibody coupling resin
[negative control (NC)]. The immunoprecipitates were separated by
8-16% SDS-PAGE under denaturing and reducing conditions followed
by immunoblotting with monoclonal anti-apoB antibody or polyclonal
anti-PCSK9 antibody, and mouse TrueBlot® ULTRA: Anti-Mouse Ig
HRP (eBioscience) or HRP-linked anti sheep IgG antibody (Santa Cruz
Biotechnology Inc.). Control samples that were incubated in
nonimmune serum were also analyzed (-Ab). The bands of apoB and
PCSK9 were examined in an apoB-IP sample (+Ab). PC; positive
control, -Ab; control-IP, +Ab; apoB-IP. (B) Profiles of Lp(a), cholesterol,
and mature PCSK9 levels in the plasma from an FH patient as
determined by gel filtration chromatography. Their levels in the
collected fractions were measured as described in Materials and
Methods. Closed squares: Lp(a); open circles: cholesterol; closed
triangles: mature PCSK9 in plasma before LDL-A.

of the ratio of each form of PCSK9 with the regulation of
LDL-C metabolism would be validated by the present
method.

Gel filtration chromatography analysis showed that
20% of the total plasma PCSK9s existed in the apoB-
containing fraction, which is a typical profile for plasma
PCSK9 in FH patients (Figure 4). It has previously been
reported that 35-39% or >40% of PCSK9 was associated
with the LDL fraction in normolipidemic subjects by size
exclusion chromatography or natural density gradient
(31, 32). Thus, it was suggested that the amount of PCSK9
contained in the apoB-containing fraction in the plasma of
FH patients was lower than that in normolipidemic sub-
jects. Two forms of PCSK9 were reduced by 92-97% in
the LDL fraction on gel filtration chromatography and the
reduction in mature PCSK9 was strongly correlated with
that in LDL-C after a single LDL-A treatment (Figure 3).
By immunoprecipitation, plasma mature PCSK9 was con-
firmed to be bound to apoB (Figure 5A). Thus, it was
suggested thata portion of plasma PCSK9 was removed in
association with apoB by LDL-A. The distribution of
Lp(a) was not overlapped like that of mature PCSK9, sug-
gesting that mature PCSK9 was not associated with Lp(a)
(Figure 5B). In addition, the reason why PCSK9 associated
with LDL decreases more than LDL-C has not been clar-
ified. Further studies are necessary to clarify the mecha-
nism underlying the removal of the proportion of PCSK9
associated with LDL by LDL-A.

jcem.endojournals.org E47

Recently, it has been reported that LDL-bound PCSK9
in human plasma exhibits diminished binding activity to-
ward cell surface LDLR (31). However, it has not been
clarified whether PCSK9-associated LDL is incorporated
by LDLR, and further studies will be needed to examine
the question. In addition, the interaction between apoB
and PCSK9 has been reported to inhibit intracellular deg-
radation of apoB and to result in increased secretion of
apoB-containing lipoproteins (33). This secreted PCSK9-
associated apoB may be derived from LDL associated with
PCSK9 in plasma. A portion of PCSK9 may be bound to
LDL extracellularly, thereby promoting cellular degrada-
tion of LDLR in the endosome.

In the present study, we found that the two forms of
PCSK9 were reduced by 52-54% in the apoB-deficient
fraction from gel filtration chromatography analysis. Cir-
culating mature and furin-cleaved PCSK9s were mainly
present in the apoB-deficient fraction. PCSK9s were re-
moved by apoB-independent pathways based on the elec-
tric charge or nonspecific binding to the DS columns while
they were removed based on particle size or nonspecific
binding to the DM columns. The apoB-deficient fraction
has been reported to contain PCSK9 that is mostly of a
higher molecular weight, likely dimers and trimers (16, 32,
34). In addition, a previous study has shown that various
proteins are present in this fraction, including albumin,
globulin, serum amyloid-A, and more (35). LDL-A is thus
suggested to remove circulating PCSK9 that is of high mo-
lecular weight, likely a dimmer or trimer, in association
with these proteins in the apoB-deficient fraction. Mean-
while, other lipoproteins such as HDL have been reported
to affect the self-association of PCSK9 (35). It has been
calculated that two forms of PCSK9 are negatively
charged (mature PCSK9: pl = 6.6; furin-cleaved PCSK9:
pl=7.02)(16), so they are not likely to bind directly to the
DS column which is also negatively charged. A future
study will be required to investigate the forms of PCSK9 in
the apoB-deficient fraction.

The result that PCSK9 was removed by LDL-A in ho-
mozygous FH is not consistent with the report by Cam-
eron et al (17). Because the columns used in their study
were not described, they may have been different from
those used in our present study or the study by Tavori et
al (16). Thus, the differences in columns, race, life-style,
forms of PCSK9 in plasma and proteins associated with
PCSK9 may affect the removal of PCSK9 by LDL-A.

This study has some limitations. The major limitation
is that a small sample size of § may be insufficient to test
subtle differences between the two methods of apheresis
on PCSK9. However, we could not get enough subjects for
a crossover study comparing the treatment efficacy be-
tween DS and DM columns. A second limitation is that we
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did not perform a time-dependent study of rebound tra-
jectories in LDL-C, apoB, Lp(a), and PCSK9 in the interval
between apheresis. That could provide greater insight into
the mechanisms of the coordinated regulation of apoB,
Lp(a), and PCSK9. A third limitation is that the number of
gel filtration analyses was limited because there were not
enough plasma residues for analysis.

In conclusion, our present study has shown that plasma
mature and furin-cleaved PCSK9s were removed in FH
homozygotes and heterozygotes by binding to apoB or
other mechanisms. This report is also the first to demon-
strate for an ELISA method to measure both forms of
plasma PCSK9-mature and furin-cleaved form-and this
technique is expected to be useful for investigating the
effects of medications or the physiological or pathological
roles of PCSKO.
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Brief Communication

Evaluation of Multiple-Turnover Capability of Locked
Nucleic Acid Antisense Oligonucleotides in Cell-Free
RNase H-Mediated Antisense Reaction and in Mice

Tsuyoshi Yamamoto,! Naoko Fuijii! Hidenori Yasuhara, Shunsuke Wada,' Fumito Wada,'
Naoya Shigesada,' Mariko Harada-Shiba,? and Satoshi Obika'

The multiple-turnover ability of a series of locked nucleic acid (LNA)-based antisense oligonucleotides (AONs)
in the RNase H-mediated scission reaction was estimated using a newly developed cell-free reaction system. We
determined the initial reaction rates of AONs under multiple-turnover conditions and found that among 24 AONs
tested, AONs with melting temperatures (7m) of 40°C-60°C efficiently elicit multiple rounds of RNA scission.
On the other hand, by measuring 7m with two 10-mer RNAs partially complementary to AONs as models of
cleaved 5" and 3’ fragments of mRNA, we found that AONs require adequate binding affinity for efficient turnover
activities. We further demonstrated that the efficacy of a set of 13-mer AONs in mice correlated with their
turnover efficiency, indicating that the intracellular situation where AON's function is similar to multiple-turnover
conditions. Our methodology and findings may provide an opportunity to shed light on a previously unknown
antisense mechanism, leading to further improvement of the activity and safety profiles of AONS.

Introduction

ANTISENSE OLIGONUCLEOTIDES (AONSs) having specific
configurations compatible with RNase H-inducible ca-
pacity have been developed over decades and have been
shown to be very powerful and robust gene silencing mate-
rials in cultured cells and animals, as well as in humans
(Crooke, 2007; Yamamoto et al., 2011). In particular, the
“gapmer’’ configuration, which is a chimeric AON consist-
ing of a central RNase H-recruitable DNA stretch pinched
by affinity-enhancing modified nucleic acids with fully
phosphorothioated (PS) internucleotide linkages, has shown
great promise. Affinity-enhancing modified nucleic acids,
such as MOE (2’-O-methoxyethyl RNA), 2’,4-BNA/LNA
(2-0,4’-C-methylene bridged nucleic acid/locked nucleic
acid) (Fig. 1A) (Obika et al., 1997; Obika et al., 1998; Singh
etal., 1998), and other bridged nucleic acids (BNAs) (Hari et al.,
2006; Miyashita et al., 2007; Seth et al., 2009; Prakash et al.,
2010; Yahara et al., 2012) mostly interfere with RNase H
“activity, but when used in a chimeric gapmer, they assist in
enhancing target binding and nuclease stability, greatly im-
proving its potency without affecting RNase H capacity.
Despite these innovations, very few products have been re-
leased on the market and some candidates in clinical trials
have been dropped due to efficacy and safety issues.

More recently, Straarup et al. successfully improved effi-
cacy of an earlier LNA-based gapmer targeting apolipopro-

tein B-100 (apoB) by trimming its conventional long-strand
[16 ~ 20 nucleotides (nt)] and utilizing the resulting shorter
LNA gapmers (~ 13 nt) (Straarup et al., 2010). Our group
also independently reproduced and extended this observation
by using newly developed 2’,4"-BNANC chemistry and sup-
ported the unusual notion that a drug with weaker binding has
stronger silencing activity (Fig. 1A) (Yamamoto et al.,
2012b). One possible explanation for this finding is that
shorter AONSs accelerate the reaction to a greater degree than
conventional AONs via turnover mechanisms. Stanton et al.
recently observed that melting temperatures (7m) of greater
than 80°C showed reduced silencing activity and explained
this finding as a result of an inability to recycle AONs in cells
(Stanton et al., 2012). However, to the best of our knowledge,
there is no experimental evidence of AON turnover, de-
spite its anticipated importance as in RNAi mechanisms
(Hutvagner and Zamore, 2002). If turnover of AONs was
demonstrated in antisense mechanisms, a more favorable
configuration or chemistry that accelerates AON turnover
may be discovered, and this discovery could lead to addi-
tional insights into strategies for further improving the ac-
tivity and safety of AONs. Most previous works related to
antisense reaction kinetics have been conducted to determine
whether duplexes of interest have an ability to elicit RNase H,
and are thus performed under excess amounts of AON/RNA
duplex over RNase H in cell-free systems (single-turnover
conditions for AON) (Crooke et al., 1995; Lima and Crooke,
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TAMRA
FIG. 1. Recycling of antisense oligo- | &
nucleotides in antisense reaction. (A) ~ CI_IJ
Structures of bridged nucleic acids
(BNAs). (B) Schematic illustration of
cell-free Forster resonance energy trans-
fer (FRET)-based turnover monitoring
system used in this study. Color images
available online at www.liebertpub.com/
nat

1997; Vester et al.,, 2008; Stanton et al., 2012). In the
present study, to investigate whether AONs are recyclable
in antisense reactions, we devised a cell-free reaction sys-
tem, in which synthetic 20-mer target RNA conjugated with
a pair of FRET (Forster resonance energy transfer) dyes and
Escherichia coli—derived RNase H are both in excess over
AONs (multiple-turnover conditions). In this system, an
increase in fluorescence from the FRET donor is observed
after binding, cleavage, and release proceeds sequentially
(Fig. 1B). The main problem facing previous works is the
potential difficulty in separating affinity issues from length
issues, because affinity usually varies as a function of strand
length. In this study, we utilized LNA, which enables us to
freely modify AON affinity without changing length; thus,
we prepared a series of LNA-based apoB-targeting AONs
with a central focus on 13-mer AONs (Table 1), one of
which (ApoB-13a) had been previously characterized as
highly potent in vitro and in vivo (Straarup et al., 2010;
Yamamoto et al., 2012b).

Materials and Methods

Oligonucleotides

All oligonucleotides listed in Table 1 were purchased from
Gene Design Inc.

Thermal denaturation experiments

Thermal denaturation experiments were carried out on
SHIMADZU UV-1650 and UV-1800 spectrometers equip-
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ped with a Tm analysis accessory. For duplex formation,
equimolecular amounts of target RNA and each AON were
dissolved in 10mM sodium phosphate buffer (pH=7.2)
containing 100 mM (1.0 M for MRNA-1, MRNA-2) NaCl to
give a final strand concentration of 2.0 uM. Duplex samples
were then annealed by heating at 90°C, followed by slow
cooling to room temperature. Melting profiles were recorded
at 260 nm from 0°C to 95°C at a scan rate of 0.5°C/minute.
Melting temperatures were obtained as maxima of the first
derivative of the melting curves.

Turnover experiments

Dual-labeled complementary RNA probe (DL-MRNA)
and non-labeled complementary 20-mer RNA (NL-MRNA)
were combined in a 1:3 molar ratio. The intended amounts of
the resulting mixture and AON were added to RNase H re-
action buffer (New England Biolabs). The reaction was ini-
tiated by addition of 1 uL of the intended concentrations of
E. coli RNase H (Takara) to 199 pL. of reaction mixture.
Fluorescence intensity was recorded once every 15 seconds
for 15 minutes at 555nm (ex) and 590nm (em) using a
fluorescence microplate reader (Molecular Devices). The
initial turnover rates (v0) were calculated by fitting a linear
regression line to the data for the first 0~60 seconds and then
converted the resulting slopes expressed as RFU/second into
v0 (nM/second) by using a conversion factor, 6.15 (RFU/
nM), determined by experiments shown in Supplementary
Fig. S1 (Supplementary Data are available online at www
liebertpub.com/nat).
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TABLE 1. OLIGONUCLEOTIDES USED IN THIS STUDY
No. Sequence ID Sequence T, (°C)
1 ApoB-20a 5-TTCAGcattggtatt CAGTG-3" 76+0.4
2 ApoB-20b 57-T°T°C°A°GcattggtattC°A°G°T°G-3" 79+0.6
3 ApoB-20c 5-1°t%°a g c®a gt °a 1t *a g *t°g-3’ 59+0.6
4 ApoB-16a 5’-CAGeattggtatTCAG-3’ 66+0.5
5 ApoB-14a 5’-AGCattggtatTCA-3* 62+0.6
6 ApoB-14b 5’-AgCattggtatTcA-3 58+£0.4
7 ApoB-13a 5-GCattggtat TCA-3' 59+0.5
8 ApoB-13b 5’-G°CattggtatT°C°A-3’ 62+0.1
9 ApoB-13c 5’-gCattGgtatTCA-3’ 63105
10 ApoB-13d 5’-GeattggtaTTCA-3’ 58+0.8
11 ApoB-13e 5’-GCattggtattCA-3" 5505
12 ApoB-13f 5’-G°CattggtattC°A-3’ 57+0.1
13 ApoB-13g 5’-GCattggtatTcA-3’ 58+0.6
14 ApoB-13h 5’-gcattggtatTCA-3’ 48+0.7
15 ApoB-13i 5’-GCAttggtattca-3’ 50+0.5
16 ApoB-12a 5’-GCattggtatTC-3’ 5206
17 ApoB-12b 5’-GCattggtaTtC-3 53+0.5
18 ApoB-12¢ 5-G°Cattggtat T°C-3’ 5430.5
19 ApoB-11a 5_CAttggtat TC-3' 39+0.5
20 ApoB-11b 5-C°AttggtatT°C-3’ 41+04
21 ApoB-10a 5’-CattggtatT-3’ 28104
22 ApoB-10b 5’-CAttggtaTT-3’ 33+0.6
23 ApoB-10c 5'-C°AttggtaTT-3’ 36+0.5
24 ApoB-10d 5-cattggtATT-3’ 29+0.5
25 DL-MRNA 5’-R-cacugaauaccaaugcugaa-Q-3’
26 NL-MRNA 5’-cacugaauaccaaugcugaa-3’
27 MRNA-1 5’-cacugaauac-3’
28 MRNA-2 5'-caaugcugaa-3’

Upper case, lower case, lower italic, and superscript circle indicate locked nucleic acid (LNA), DNA, RNA, and phosphodiester linkage,
respectively. All internucleotide linkages are phosphorothioated unless otherwise noted. All RNAs numbered 25, 26, 27, and 28 have
phosphodiester internucleotide linkages. Melting temperatures (T;,) are shown as mean®SD.

apoB, apolipoprotein B-100; dl-mrna, dual-labeled complementary RNA probe; nl-mrna, non-labeled complementary 20-mer RNA.

In vivo pharmacological experiments

All animal procedures were performed in accordance with
the guidelines of the Animal Care Ethics Committee of the
National Cerebral and Cardiovascular Center Research In-
stitute. All animal studies were approved by an institutional
review board. All C57BL/6] mice (CLEA Japan) were male,
and studies were initiated when animals were 8 weeks of age.
Mice were maintained on a 12-hour light/12-hour dark cycle
and fed ad libitum. Mice received a single treatment of AONs
administered subcutaneously at a dose of 0.75 mg/kg. At the
time of sacrifice, mice were anesthetized and livers were
harvested and snap frozen until subsequent analysis. Whole
blood was collected and subjected to serum separation for
subsequent analysis.

mRNA quantification

Total RNA was isolated from mouse liver tissues using
TRIzol Reagent (Life Technologies Japan) in accordance with
the manufacturer’s instructions. Gene expression was evaluated
using a two-step quantitative reverse transcription-polymerase
chain reaction (RT-PCR) method. Reverse transcription of
RNA samples was performed using a High-Capacity cDNA
Reverse-Transcription Kit (Life Technologies), and quan-

titative PCR was performed using TagMan Gene Expres- .

sion Assays (Life Technologies Japan). Messenger RNA
levels of apoB were normalized against GAPDH mRNA

levels. For murine apoB and GAPDH, TagMan gene ex-
pression assays were used (assay IDs: Mm01545156_m1 and
Mm99999915_g1, respectively).

AON quantification in liver

Assay was performed as described previously (Yamamoto
et al., 2012a). Template DNA: 5’-gaatagcgatgaataccaatge-3’
with biotin at the 3" end; ligation probe DNA: 5'-tcgctattc-3’
with phosphate at the 5" end and digoxigenin at the 3’ end.

Serum chemistry

Assay kits (#439-17501; WAKO) were used to measure
serum levels of total cholesterol.

Statistics

Pharmacological studies were performed with more than
three mice per treatment group. All data are expressed as
means % standard deviation (SD). P <0.05 was considered to
be statistically significant in all cases. Statistical comparisons
were performed by Dunnett’s or Bonferroni’s multiple
comparison tests.

Results and Discussion

Our first goal was to prepare bioactive AONs with a variety
of binding affinities for the target RNA. We designed and
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synthesized 24 AONs, as shown in Table 1. Most of the
AONs were 10- to 20-mer LNA/DNA chimeras with full or
partial PS backbones. DNA stretches ‘onthese AONs were
kept in the 6- to 10-nt range, which is expected to be sufficient
for eliciting RNase H of both E. coli and mammalian origins
(Monia et al., 1993; Kurreck et al., 2002). ApoB-13c¢ con-
taining LNA in the center of the gap was prepared as a non-
cleavable negative control. We next determined 7m values of
all AONs with the NL-MRNA (Table 1). As expected, Tm
values of these AONs were uniformly and broadly distributed
from approximately 30° to 80°C under the indicated buffer
conditions.

In order to investigate turnover activities of AONs, we
developed a cell-free fluorescent turn-on system. DL-MRNA
labeled with reporter dye (TAMRA) and quencher (BHQ2)
on the 5" and 3’ termini, respectively, was designed and pre-
pared to detect RNA scission. Using this probe, we first eval-
uated the turnover activity of previously validated ApoB-13a.
In the presence of an 80- to 240-fold molar excess of com-
plementary RNA, 10 nM ApoB-13a was pre-incubated at
37°C in a 96-well microplate before addition of RNase H. It
should be noted that the target complementary RNA used
here consists of one-quarter dual-labeled DL-MRNA and
three-quarters non-labeled NL-MRNA to avoid undesirable
quenching or other interactions that may affect fluorescence
(Supplementary Table S1). After addition of 60 units per well
RNase H to the reactions, fluorescence intensities of TAMRA
were measured (excitation =555 nm and emission =590 nm)
every 15 seconds for 15 minutes (Supplementary Fig. S1A).
Fluorescence of the reporter dye increased over time. The
initial reaction rates also increased as a function of RNA
concentration, where the initial reaction rates were deter-
mined from the slope of the initial linear portions (0-60
seconds) of the plots of fluorescence intensity versus time. In
contrast, time-dependent fluorescence changes in TAMRA
were not seen in an ApoB-13a-lacking control. We also ob-
served very low background fluorescence levels in the control
group, which indicates efficient quenching of TAMRA
fluorescence by BHQ2, despite these dyes being 20 nt distant
from one another. The fluorescence increases reached a pla-
teau at 5 minutes. We confirmed that this indicates the
completion of degradation of all target RNAs and then at-
tempted to estimate the conversion coefficient between
fluorescence intensity and concentration of RNA (Supple-
mentary Figs. S1B, S2). By plotting fluorescence intensities
at 15 minutes as a function of RNA concentration, we found
high linear correlations between fluorescence intensity and
concentration and determined 6.15 (RFU/nM) as a conver-
sion factor. To determine the required amount of RNase H in
this system, we performed further tests with various amounts
of RNase H (2-180 units/well). A near maximum reaction
rate could be obtained when at least 60 units/well of RNase
H were added to the reaction, and confirmed that the rate-
determining step of this reaction was not the scission step, but
was the recycling step under these conditions (Supplemen-
tary Fig. S3). Taken together, these results are consistent with
the recycling of ApoB-13a during this cell-free antisense
reaction (see also Supplementary Fig. S4; Supplementary
Table S2), and this system is useful for rapid screening of
multiple-turnover activities of a series AONG.

We next aimed to measure a set of initial rates of AONs
(Table 1). The initial velocities were determined as described

YAMAMOTO ET AL.

above. At a concentration of 10 nM, each AON was incubated
in the presence of 800nM complementary RNA (DL-
MRNA:NL-MRNA = 1:3) and 60 units/well RNase H. Time-
dependent fluorescence changes were measured and initial
rates were subsequently determined. The observed initial
rates were rearranged in ascending order of Tm values of
corresponding AONs and are shown in Fig. 2A. As expected,
we found an inverted U-shaped relationship between initial
rate and 7m values on the whole: AONs with high (>60°C)
and low (<30°C) Tm values have relatively small initial
rates, while AONs having 7m of 40°C-60°C showed efficient
turnover in this system. This implies that AONs having
higher multiple-turnover activities are more potent than
conventional long LNA gapmers with extraordinarily high
affinity. On the other hand, ApoB-12a showed the highest
turnover ability among AONSs tested, but ApoB-12a was
shown to be less potent than ApoB-13a in vivo (Straarup
et al., 2010). Thus, interpreting these data, we must take into
account the differences between experimental buffer condi-
tions used here and physiological conditions. For instance, it
is known that longer PS-DNAs are more likely to form
stronger undesirable complexes with proteins and inactivate
RNase H to reduce their efficacy (Gao et al., 1992; Watanabe
et al., 2006). As in this system, there are limited accompa-
nying components such as inorganics, proteins, and lipids,
and effects including such length-dependent factors may not
have been considered. Among the four 10-mer LNAs, ApoB-
10a and ApoB-10d showed marked inefficient turnover
activity when compared with ApoB-10b and ApoB-10c, in-
dicating a lack of binding affinity. In contrast, the two 20-mer
AONs showed inefficient turnover activities when compared
with ApoB-20c, probably due to slow product release.
Surprisingly, turnover activities of ApoB-13d and ApoB-
13h were exceptionally low, although their 7 values were in
an active range (Fig. 2A). To better understand this obser-
vation, we further measured Tm values of AONs with two
additional 10-mer RNAs (MRNA-1, MRNA-2) (Fig. 2B).
MRNA-1 and MRNA-2 were prepared as models for the
cleaved products of RNase H and correspond to the 5" and 3’
halves of NL-MRNA, respectively. The results showed that
melting temperatures for MRNA-1 were lower than those for
MRNA-2, but this trend was reversed in ApoB-13d and
ApoB-13h. This potential affinity bias may explain the dif-
ference in efficiency of turnover activity. The consensus se-
quence for the preferred RNase H cleavage sites is unknown;
instead, a strong positional preference for cleavage has been
observed in a family of enzymes. For example, human RNase
H1 has been shown to preferentially cleave the RNA part
of RNA/DNA hybrid several nucleotides away from the
5-RNA/3’-DNA terminus, probably due to the binding di-
rectionality of the enzyme (Lima et al., 2007a; Lima et al.,
2007b). It has been predicted that the hybrid binding domain
of RNase H binds the 5-RNA/3’-DNA flank of the hybrid
relative to the catalytic domain, which is strongly supported
by the crystal structure of human RNase H with RNA/DNA
hybrids (Nowotny et al., 2007). Despite some reported dif-
ferences between E. coli and human RNase H such as a
minimal gap size required for activation of RNase H (Monia
et al., 1993; Crooke et al., 1995), the high similarity of the
structures of human RNase H1 and E. coli RNase H1 suggests
that this positional directionality for cleavage encourages
ApoB-13d to produce longer RNA segments than fragments
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produced by other AONSs, thereby forming very stable du-
plexes with the 3’ half of ApoB-13d and eventually decel-
erating product release, as well as turnover. Collectively, the
requirements for high turnover rates would be adequate
binding affinity of the duplex formed by using several bases
of AON (for the rapid release of cleaved mRNA), as well as
moderate binding affinity of full-length AON/mRNA duplex
(for efficient target capture). In contrast, the affinity of the 5
half of ApoB-13h is thought to be too low to form stable
duplexes for cleavage.

In order to explore the capacity of turnover under
biological conditions, we attempted to evaluate the in vivo
efficacy of AONs with identical length (ApoB-13a, -13d,
-13e,-13g, and -13h), and to compare the 7m data relevant to
turnover activity. We here adopted a low dosage of 0.75mg
kg™, which had been confirmed as being sufficient to achieve
knockdown of the target apoB mRNA for ApoB-13a, a posi-
tive control for in vivo screening, because even a single ad-
ministration of a relatively low dose of 5 mg/kg ApoB-13a had

been shown to reduce apoB mRNA by 97%, which made it
difficult to discriminate differences in efficacy when AONs
screened have similar high efficacy (Straarup et al., 2010).
Mice (n=3/group) were dosed subcutaneously with 0.75mg
kg™ ApoB-13a, -13d, -13e, -13g and -13h. After 48 hours
post-injection, expression levels of apoB mRNA in the liver
were analyzed. The apoB mRNA reduction is associated with
the clinically relevant therapeutic phenotype characterized by
reduced blood cholesterol concentration for the treatment of
hypercholesterolemia. Expression levels were rearranged in
ascending order of T values of corresponding AONs vs full-
length NL-MRNA and are described in Fig. 3. The highest
level of reduction in hepatic apoB mRNA was observed in
ApoB-13a, while the lowest level of reduction was observed
in ApoB-13d and -13h (Fig. 3A; Supplementary Table S3).
Statistical significance was seen for ApoB-13a, -13e and
-13g, but not for ApoB-13d and -13h. A similar-sized LNA
phosphorothioate oligonulecotide without target sites on
apoB mRNA was used as a control, showing no decrease in
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hepatic apoB mRNA and no potential toxicity (Supplemen-
tary Tables S3, S4).

The efficacy order of ApoB-13a>-13g>-13e>
- 13h>- 13d appears to be unrelated to binding affinity to full-
length NL-MRNA, but inefficiency of ApoB-13d and ApoB-
13h in vivo were consistent with their slow turnover rates in
the cell-free system, while other AONs are potent in vivo and
show fast turnover rates in the cell-free system. Serum re-
duction levels in total cholesterol denoted the same ten-
dency as mRNA reduction levels (Supplementary Fig. S5).
As we selected AONs with an identical length of 13 nt,
identical sequences and similar compositions for in vivo
examination, the mouse liver content of these 13-mer
AONs was measured and found to be almost identical
(Fig. 3B). In addition to this, we speculate that AONs are
not necessarily in vast excess of mRNA even in vivo.
Sohlenius-Sternbeck has estimated a hepatocellularity num-
ber for humans, mice and other animal livers (Sohlenius-
Sternbeck, 2006). The value for mice was estimated to be
135x 10° cells per gram of liver, where livers of 8-week-old
mice are 1.0 gram on average. On the other hand, we and
others have calculated that approximately <10% of dosed
oligonucleotides (<400 pmol for 0.75 mg/kg) reside in liver,
even at 48-72h post-dosing (Straarup et al., 2010; Yama-
moto et al., 2012a).

Considering these conditions, each parenchymal cell may
be exposed to AONs to a lesser extent than it is in a con-
ventional in vitro transfection experiment. Furthermore,
nonparenchymal cells such as Kupffer cells are thought to be
more likely to ingest AONs than apoB-expressing paren-
chymal cells do and intracellular distribution of AONs via
non-productive uptake further reduces the active form of
AONSs (Koller et al., 2011). In the light of this context, our
in vivo multiple-turnover hypothesis is a compelling expla-
nation for the in vivo activity of AONs. Of course, as there
may exist differences such as intracellular distribution of
AONSs into productive versus less productive compartments,
which can be influenced by small changes in chemistry and
protein binding ability, it is necessary to continue gathering
evidence. This hypothesis may also offer a new direction with

regard to the remaining issues in antisense drug development;
for example, inconsistency between in vitro gene silencing
activity of AONs delivered in complex with transfection
vehicles and in vivo activity of naked AONs (Stein et al.,
2010; Zhang et al., 2011).

In the presence of transfection reagents, AONs are de-
livered quite efficiently to reaction sites, and consequently,
might be placed under single-turnover conditions, while
inefficient naked conditions may encourage multiple-turn-
over conditions. However, it should again be noted that it
is difficult to monitor the intracellular turnover reaction in
living cells and tissues due to their dynamic nature; thus,
further experimental support is necessary to determine
whether AONs are actually placed under multiple-turnover
conditions at the intracellular antisense reaction site.
Nevertheless, our study provides an important opportunity
to shed light on the uncertain antisense mechanisms, and
may lead to further improvement of the activity and safety
profiles of AONS.
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A 20-mer antisense ‘having locked nucleic acids (LNA-AON)
was used to reduce elevated serum triglyceride levels in mice. We repeatedly administered {NA-AON,
which targets murine apolipoprotein C-lll MRNA, to high-fat-fed C578/6] male mice for 2 weeks. The
LNA-AON showed efficient dose-dependent reductions in hepatic apolipoprotein C-ill mRNA and
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reductions in serum triglyceride ion in the liver. Through
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triglycerides and ~cholesterol. It is noteworthy that larger VLDL particles were more susceptible to
removal from blood than smaller particles, resulting in a shift in particle size distribution to smaller
diameters, Histopathologically, fatty changes were markedly reduced in antisense-treated mice, while
moderate granular degeneration was frequently seen the highest dose of ENA-AON. The observed
granular degeneration of hepatocytes may be associated with moderate elevation in the levels of serum
transaminases. In conclusion, we developed an LNA-based selective inhibitor af apolipoprotein CIlt.
Although it remains necessary to eliminate its potential hepatotoxicity, the present LNA-AON will be
helpful for fuether elucidating the molecular biology of apolipoprotein C-Hl.
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major risk factors for metabolic syndrome, type 2 diabetes and
cardiovascular diseases, apoC-llf is a potential therapeutic target
for these diseases (Goldberg, 2001; Grundy et al,, 2004; Hokanson
and Austin, 1996; Sarwar et al, 2007). This notion is also
supported by the observation that humans with a null mutation
in APOC3 gene show lower fasting and postprandial serum
triglycerides and LDL cholesterol and higher high-density lipopro-
tein (HDL) cholesterol levels, as well as reduced coronary artery
calcification, as compared to humans with normat apoC-li} activity
(Pollin et al, 2008), while some specific single-nucleotide poly-
morphism cariers in APOC3 show increased plasma triglyceride
levels and evidence of non-alcoholic fatty liver, in addition to
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ABSTRACT

A 20-mer phosphorothioate antisense oligodeoxyribonucleotide having locked nucleic acids (LNA-AON)
was used to reduce elevated serum triglyceride levels in mice. We repeatedly administered LNA-AON,
which targets murine apolipoprotein C-IIl mRNA, to high-fat-fed C57Bl/6] male mice for 2 weeks. The
LNA-AON showed efficient dose-dependent reductions in hepatic apolipoprotein C-III mRNA and
decreased serum apolipoprotein C-IIl protein concentrations, along with efficient dose-dependent
reductions in serum triglyceride concentrations and attenuation of fat accumulation in the liver. Through
precise lipoprotein profiling analysis of sera, we found that serum reductions in triglyceride and
cholesterol levels were largely a result of decreased serum very low-density lipoprotein (VLDL)-
triglycerides and -cholesterol. It is noteworthy that larger VLDL particles were more susceptible to
removal from blood than smaller particles, resulting in a shift in particle size distribution to smaller
diameters. Histopathologically, fatty changes were markedly reduced in antisense-treated mice, while
moderate granular degeneration was frequently seen the highest dose of LNA-AON. The observed
granular degeneration of hepatocytes may be associated with moderate elevation in the levels of serum
transaminases. In conclusion, we developed an LNA-based selective inhibitor of apolipoprotein C-IIL.
Although it remains necessary to eliminate its potential hepatotoxicity, the present LNA-AON will be
helpful for further elucidating the molecular biology of apolipoprotein C-III.

©® 2013 Elsevier B.V. All rights reserved.

1. Introduction

1973; Wang et al,, 1985). ApoC-IIl is also known to reduce the
clearance of triglyceride-rich lipoproteins and their remnants by

Apolipoprotein C-1II (apoC-1il) is synthesized mainly in the liver
and circulates in plasma (Bruns et al.,, 1984). The mechanism of
apoC-Ill action is primarily thought to be the attenuation of
hydrolysis of triglycerides in lipoproteins, principally by inhibiting
capillary endothelial lipoprotein lipase activity. Thus, serum
accumulation of apoC-lll would cause reduced clearance of
triglyceride-rich lipoprotein particles from blood, resulting in the
blood accumulation of triglyceride-rich lipoproteins (Havel et al.,
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blocking apolipoprotein B- or apolipoprotein E-mediated uptake of
these lipoproteins to low-density lipoprotein (LDL) receptor
(Clavey et al., 1995; Sehayek and Eisenberg, 1991). As growing
evidence has shown that elevated plasma triglyceride levels are
major risk factors for metabolic syndrome, type 2 diabetes and
cardiovascular diseases, apoC-IIl is a potential therapeutic target
for these diseases (Goldberg, 2001; Grundy et al., 2004; Hokanson
and Austin, 1996; Sarwar et al, 2007). This notion is also
supported by the observation that humans with a null mutation
in APOC3 gene show lower fasting and postprandial serum
triglycerides and LDL cholesterol and higher high-density lipopro-
tein (HDL) cholesterol levels, as well as reduced coronary artery
calcification, as compared to humans with normal apoC-III activity
(Pollin et al.,, 2008), while some specific single-nucleotide poly-
morphism carriers in APOC3 show increased plasma triglyceride
levels and evidence of non-alcoholic fatty liver, in addition to
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elevated cardiovascular disease risk (Petersen et al, 2010). A
number of studies using genetically engineered mouse models
have also revealed the dyslipidemic or atherogenic effects of apoC-
Il (Gerritsen et al, 2005; Ito et al, 1990; Jong et al., 2001;
Takahashi et al., 2003). In addition, attenuation of apoC-IIl has
been shown to be beneficial for type I diabetes (Holmberg et al.,
2011; Juntti-Berggren et al., 1993, 2004). Thus, the privation of
apoC-1Il ‘would lead to significant benefits, both indirectly and
directly, in the reduction of cardiovascular disease risk (Ooi et al.,
2008; Pollin et al., 2008).

There are currently several state-of-the-art gene silencing
approaches available for target-specific disruption, such as anti-
sense oligonucleotides (AONs), monoclonal antibodies and small
interfering RNAs (siRNAs), which are showing promising results,
particularly in dyslipidemia therapy (Norata et al., 2013). Graham
et al. (2013) recently reported successful attenuation of apoC-III
mRNA and plasma triglyceride levels in preclinical models and
humans by using antisense oligonucleotides chemically modified
with 2’-O-methoxyethyl RNAs, which are known to preferentially
distribute to the liver, where apoC-III is synthesized (Graham et al.,
2013). Our group has developed a series of conformationally
constrained nucleic acids including 2’4’-bridged nucleic acids
(2',4’-BNAs), which are also known as locked nucleic acids (LNAs)
(Mitsuoka et al., 2009; Miyashita et al., 2007; Obika et al., 1997;
Yahara et al., 2012). This class of modified nucleotides has been
found to have superior potential for antisense therapeutics on
account of their extraordinarily high mRNA binding, as well as
systemic effects over 2’-0-methoxyethyl RNAs (Gupta et al., 2010;

- Lanford et al., 2010; Lindholm et al., 2012; Prakash et al., 2010;
Seth et al., 2009; Yamamoto et al,, 2012). Specifically, the in vivo
potencies of LNA-based AONs are generally 5 to 10-fold greater
than their 2’-O-methoxyethyl RNA-containing counterparts
(Prakash et al, 2010; Seth et al, 2009). Thus, LNA-based anti-
apoC-Ill AONs are expected to be better alternatives to 2’-O-
methoxyethyl RNA-containing congeners. We here demonstrated
the effective reduction in elevated serum triglyceride levels in
mice using LNA-based AONs targeting hepatic apoC-III mRNA.

2. Materials and methods
2.1. Antisense oligonucleotides

ILNA was partially incorporated into a 20-mer phosphor-
othioated oligodeoxyribonucleotide. We prepared two potential
AONs, A301S (5'-tcttatccagctttattagg-3’) and A301SL (5'-TCtTaTC-
cagcttTaTTaGg-3’), in which lowercase and uppercase letters
represent DNA and LNA, respectively. These AONs have an iden-
tical sequence targeting murine apoC-ll mRNA, a sequence
patented by ISIS pharmaceuticals as being highly potent (Crooke
et al., 2009). These modified AONs were synthesized and provided
by Gene Design (Osaka, Japan). Syntheses were conducted using
standard phosphoramidite procedures, and products were care-
fully processed under aseptic conditions and purified. All products
were endotoxin-free and contained low levels of residual salts for
in vivo usage.

2.2. In vivo pharmacological experiments

All animal procedures were performed in accordance with the
guidelines of the Animal Care Ethics Committee of the National
Cerebral and Cardiovascular Center Research Institute (Osaka,
Japan). All animal studies were approved by the Institutional
Review Board. C57BL/6] mice were obtained from CLEA Japan
(Tokyo, Japan). All mice were male, and studies were initiated
when animals were aged 6-8 weeks. Mice were maintained on a

12-h light/12-h dark cycle and fed ad libitum. Mice were fed
normal chow (CE-2; CLEA Japan) or Western diet (F2WTD;
Oriental Yeast, Tokyo, Japan) for 2 weeks before the first treatment
and throughout the experimental period. Mice received multiple
treatments with AONs administered intraperitoneally at doses of
10 and 20 mg/kg/injection. Peripheral blood was collected from
the tail vein in BD Microtainers (BD, Franklin Lakes, NJ) for
separation of serum. At the time of sacrifice, livers were harvested
and snap frozen until subsequent analysis. Collected blood was
subjected to serum separation for subsequent analysis.

2.3. High performance liquid chromatography analysis of serum

The cholesterol and triglyceride profiles of serum lipoproteins
were analyzed using a dual detection high performance liquid
chromatography (HPLC) system with two tandem connected
TSKgel LipopropakXL columns (300 mm x 7.8 mm; Tosoh, Tokyo,
Japan), in accordance with the methods provided by Skylight
Biotech (Akita, Japan). Individual subfractions were quantified by
best curve fitting analysis, assuming that the particle sizes
of all subfractions followed a Gaussian distribution. Particle sizes
for individual subfractions were previously determined as 44.5-
64 nm (large VLDL), 36.8 nm (medium VLDL), 31.3 nm (small
VLDL), 28.6 nm (large LDL), 25.5 nm (medium LDL), 23 nm (small
LDL), 16.7-20.7 nm (very small LDL), 13.5-15 nm (very large HDL),
12.1 nm (large HDL), 10.9 nm (medium HDL), 9.8 nm (small HDL)
and 7.6-8.8 nm (very small HDL) (Okazaki et al., 2005; Usui et al.,
2002).

2.4. mRNA quantification

Total RNA was isolated from cultured cells or mouse liver
tissues using TRIzol Reagent (Life Technologies Japan, Tokyo,
Japan) according to the manufacturer’s protocols. Gene expression
was evaluated by 2-step quantitative reverse transcription PCR
(RT-PCR). Reverse-transcription of RNA samples was performed
using a High Capacity cDNA Reverse-Transcription Kit (Life Tech-
nologies Japan, Tokyo, Japan), and quantitative PCR was perfor-
med by TagMan Gene Expression Assay (Life Technologies Japan,
Tokyo, Japan). mRNA levels of target genes were normalized against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels.
The following primer sets were used for quantitative PCR: for assay
ID, Mm00445670_m1 (apoc3) and Mm99999915_m1 (gapdh).

2.5. Western blotting analysis

Serum was diluted with buffer (150 mM NaCl, 1.0% IGEPAL®
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0,
20 x Complete Mini protease inhibitor cocktail 1:20 (Roche, India-
napolis, IN)) and total protein concentrations were measured with
a detergent compatible assay kit (Bio-Rad, Hercules, CA). Solutions
were subjected to electrophoresis on 16% Tris-glycine gels (Life
Technologies Japan, Tokyo, Japan) at 180V for 30 min, and were
transferred to a PVDF membrane (Bio-Rad). Apo-CllI Western
blotting was performed at room temperature for 1h with an
anti-apo-Clll antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
at 200 mV for 120 min. Membranes were washed three times with
PBS containing 0.3% Tween20. Blots were labeled with horseradish
peroxidase-conjugated secondary goat anti-rabbit antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). Chemiluminescent detection
was performed using an ECL prime Western blot detection kit
(Amersham Biosciences, Buckinghamshire, UK), and bands were
visualized using an LAS-4000 mini image analyzer (Fuji Film,
Tokyo, Japan).
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2.6. Serum chemistry and histopathology

Blood collected from the inferior vena cava upon sacrifice was
subjected to serum chemistry. Assay kits (Wako, Osaka, Japan)
were used to measure serum levels of aspartate aminotransferase,
ALT, blood urea nitrogen and creatinine, which are biomarkers for
hepatic and kidney toxicity. Formalin-fixed liver and kidney
samples (#064-00406; Wako) were embedded in Histsec (Merck,
Darmstadt, Germany), sliced at 5 pm using a microtome (Leica
Microsystems, Wetzlar, Germany) and stained with Carrazzi's
hematoxylin and Tissue-Tek eosin solutions (Sakura Finetek USA,
Torrance, CA) for histopathological examination. Frozen liver
tissues were placed in Tissue-Tek Intermediate cryomolds
(#4566; Sakura Finetek USA) filled with precooled Tissue-Tek O.
T.C embedding compound (#4583; Sakura Finetek USA) and flash-
frozen by immersion in liquid nitrogen. Samples were sliced at
5 um using a Leica CM1850 (Model 1850-11-1; Leica Biosystems,
Wetzlar, Germany) and were air-dried for an hour. The resulting
sections were rinsed with distilled water for 30s and 60% 2-
propanol (#03065-35; Nakarai Tesque, Kyoto, Japan) for 60 s. Oil
Red O staining stock solution was prepared by dissolving 0.3 g of
Oil Red O dye (#154-02072; Wako) in 100 mL of 2-propanol with
gentle overnight incubation at 60 °C. Then, 30 mL of stock solution
was diluted with 20 mL of distilled water to give a working
solution. Samples were stained with this working solution at
37 °C for 15 min, rinsed with 60% 2-propanol and distilled water,
and stained with hematoxylin (Gill's Formula) (#H-3401; Vector,
Burlingame, CA) solution (25% in PBS) for 2 min at room tempera-
ture for histological analysis.

2.7. Statistical analysis

Pharmacological studies were performed with 4-9 mice per
treatment group. All data are expressed as means + SD. P < 0.05
was considered to be statistically significant in all cases. Statistical
comparisons of results were performed by Dunnett's multiple
comparison tests.

3. Results

3.1. Design and physicochemical properties of anti-apoC-Ill
LNA-AON

We first designed AONs targeting apoC-Ill carrying LNAs
(A301SL). We placed nine LNAs in the strand, keeping a six
natural-nucleotide gap, which is thought to be sufficient for the
introduction of RNase H-mediated scission of the mRNA strand
(Yamamoto et al, 2012). At the same time, we prepared a
corresponding conventional phosphorothioate AON designated
A301S (Table 1). A301SL, A301S and 2’-O-methoxyethyl RNA-
based apoC-III AON, reported previously by Graham et al. (2013),
possess the phosphorothioate backbone, but they have different
target sequences. As introduction of 2’'-O-methoxyethyl RNAs into
conventional phosphorothioate AONs moderately improves mRNA

Table 1
Antisense oligonucleotides used in this study.

Sequence ID Sequence® Tm (°C)
1 A301S 5'-tcttatccagctttattagg-3’ 48
2 A301SL 5'-TCtTaTCcagcttTaTTaGg-3" 79

2 Oligonucleotides with LNA (upper case letters) and DNA (lower case letters).
All inter nucleotide linkages are phosphorothioated. Melting temperatures (T,)
of 1:1 mixtures of A301S and complementary RNA or A301SL and comple-
mentary RNA.

binding and in vivo antisense potency, A301S is speculated to have
weaker potential than 2’-O-methoxyethyl RNA-based AON. Ideally,
the potency and toxicity characteristics of A301SL should be
compared with those of a corresponding 2’-O-methoxyethyl
RNA-containing counterpart; however, as we were unable to
obtain their phosphoroamidites, we herein utilized A301S as a
non-LNA control. Note that the sequence, length and composition
of AONs have not been fully optimized. A thermal melting study
was carried out and Ty, values of A301SL and A301S with their
complementary RNA strands were determined. As expected,
A301SL showed excellent target affinity when compared with
conventional phosphorothioate AON (Table 1).

3.2. Hepatic reduction of apoC-Ill mRNA expression after systemic
administration of LNA-AON ’

In order to assess the mRNA silencing potency of AONs, we
repeatedly administered A301SL and A301S to C57Bl/6] male mice.
After feeding 6-week-old male C57Bl/6] mice a high-fat diet for
2 weeks, mice were subjected to intraperitoneal (i.p.) injection of
naked AON at a dosage of 10 and 20 mg/kg/injection five times
over 2 weeks. Peripheral blood sampling was performed on day
0 just before the first injection, and on days 8 and 16 post-dose
under feed-deprived condition for lipid component analysis and
toxicity evaluation. Mice were dissected and their livers were
harvested for measurement of gene expression on day 16 post-
injection. As shown in Fig. 1, a significant dose-dependent
decrease in hepatic apoC-lll mRNA levels was only observed in
A301SL-treated arms. A301SL suppressed hepatic apoC-Ill mRNA
expression by ~29% and ~72% on average at a dosage of 10 and
20 mg/kg respectively, while A301S failed to achieve any reduction
in apoC-lIl mRNA in the liver, even at the higher dose.

3.3. Serum reduction of apoC-IIl protein after systemic
administration of LNA-AON

Changes in serum apoC-lll protein concentration were con-
firmed by Western blot analysis. Although the quantitative capa-
city of Western blot analysis is very limited, we found that A301SL
removed about half of apoC-Ill protein from sera at a dosage of
20 mg/kg on day 16, while A301S showed no significant reductions
in apoC-III protein levels, which is consistent with the changes in
hepatic apoC-IIl mRNA expression levels (Fig. 2). Collectively, we

N.S.

kK

2

20 mgkg ’

Relative apoC-IIT mRNA levels

Saline

20 mg/kg
A301S

10 mg/kg I
A301SL

Fig. 1. Hepatic apoC-Ill mRNA silencing effects of A301SL and A301S. Western diet-
fed mice received intraperitoneal administration of these two AONSs at 10 or 20 mg/
kg five times over 16 days. Relative hepatic apoC-Ill mRNA expression levels were
determined by means of two-step real-time RT-PCR, and there was a signifi-
cant reduction in A301SL-treated arms (Dunnett's multiple comparison test,
***P <0.001, **P < 0.01, *P < 0.05, N.S.; not significant). Error bars represent group
means+SD. .
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Fig. 2. Effects of A301SL and A301S on serum apoC-IIl protein levels. Western diet-
fed mice received i.p. administration of these two AONs at 20 mg/kg for five times
over 16 days. After completion of dosing, reductions in apoC-Iil protein level in
serum were investigated by Western blotting. (a) Representative images of the
membrane, and (b) there was a significant reduction in A301SL-treated arms
(Dunnett's multiple comparison test, ***P <0.001, **P<0.01, *P <0.05, N.S.; not
significant). Error bars represent group means =+ S.D.

16 - ~tc—Saline =4~ A301SL 10 mg/kg
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Fig. 3. Effects on serum triglyceride levels over time. Western diet-fed mice
received intraperitoneal administration of two AONs, A301SL at 10 and 20 mg/
kg/injection and A301S at 20 mg/kg/injection five times over 16 days. On days 0,
8 and 16, blood samples were collected from tail vein and total triglyceride levels
were measured. Dose-dependent reductions were observed in A301SL groups, and
delayed reductions were seen in the A301S-treated arm. Error bars represent group
means + S.D. Arrows indicate the date of administration.

successfully showed that the LNA-AON designed here is a poten-
tial inhibitor of apoC-IIl expression in vivo.

3.4. Serum changes in triglyceride-rich lipoprotein particles
concentrations after systemic administration of LNA-AON

To confirm the ability of LNA-AON to modify serum lipids, we
assessed the changes in triglyceride contents in fasting peripheral
blood collected on days 0, 8 and 16 post-injection. As shown in
Fig. 3, A301SL was confirmed to reduce serum total triglyceride
concentration dose-dependently and more efficiently when com-
pared to A301S. Total serum triglyceride levels with a 20 mg/kg/
injection of A301SL were reduced by ~56% and ~87% over time,
as compared to saline-treated controls, whereas A301S reduced
total serum triglyceride levels by ~54% on day 16. We further
conducted HPLC analysis of sera collected on day 8 to determine

Table 2
Serum lipoprotein profiles of hypertriglyceridemic mice on day 8.
20 mg/kg
Saline A301SL A301S
Triglyceride [mg/dL]
Total TG 549+ 13.0 221+57° 515+ 131
Chylomicron 09+05 02+01° 0.5+0.2
Large VLDL 303+99 52+232 241+72
Medium VLDL 108 +17 49+15° 104+25
Small VLDL 29403 20+05° 31106
Large LDL 34+03 274+0.7 40+0.8
Medium LDL 25+02 23+06 34+08
Small LDL 14+02 1.3+04 19+04
Very small LDL 11+0.2 1.0+03 13403
Very large HDL 0.28 + 0.06 0.19 +0.05 0.29 4+ 0.08
Large HDL 0.26 + 0.04 0.27 +0.11 0.34+0.09
Medium HDL 0.24+0.04 0.49 +0.28 0.48 +0.18
Small HDL 0.11 £ 0.01 0.59 +0.40¢ 048 +0.23
Very small HDL 0.74 + 0.09 117 £043 113 +0.21
Cholesterol [mg/dL]

TC 13344156 109.5 +11.7* 12514149
Chylomicron 0.13 +0.05 0.04+0.02% 0.07 +0.02°
Large VLDL 63+18 13405 39+£0.7°
Medium VLDL 47409 2.6 +0.67 29+04°
Small VLDL 3.0+05 2.7+08 24404
Large LDL 50+06 50+14 48+0.7
Medium LDL 49+0.6 52+16 59+08
Small LDL 34404 36+ 11 44+0.7
Very small LDL 61+23 56+2.0 117 +3.8°
Very large HDL 75+23 72423 91+17
Large HDL 321452 279+33 294433
Medium HDL 353+34 286+ 11° 29.9+3.2°
Small HDL 157+ 1.0 12140.2° 125+ 17°
Very small HDL 91408 76+0.5° 80+10

TG; triglyceride, TC; total cholesterol. Data are means + S.D.

# P<0.001 vs. saline group.
® P<0.01 vs. saline group.
€ P <0.05 vs. saline group.

the precise serum lipid profile. HPLC analysis revealed that
A301SL markedly reduced VLDL-triglycerides, and larger VLDL-
triglycerides were preferentially removed (Table 2). Moreover,
substantial reductions in VLDL- and HDL-cholesterol were also
observed in the A301SL-treated arm, and a much milder but
similar trend was seen in the A301S-treated arm. These trends
were particularly evident on day 16 (Fig. 4), and are consistent
with the slight but not significant reductions in hepatic apoC-III
mRNA and serum apoC-III protein levels, as shown in Figs. 1 and 2
on day 16.

3.5. Histopathological analysis of murine liver and kidneys :

Pharmacological and toxicological characteristics of A301SL
upon dosing were estimated by histopathological analysis. While
all individuals in the saline group showed fat accumulation in the
liver, induced by the Western diet, no such findings were observed
in the A301S- and A301SL-treated arms (Fig. 5 and Table 3). We
further visualized and compared fat drops in the livers by direct
lipid staining with Oil Red O. As shown in Fig. 5, LNA~AON
markedly reduced hepatic fat accumulation. Histopathologically,
no severe cellular damage was noted, even at the highest doses in
the centrilobular and perilobular hepatocytes, which were fre-
quently seen after toxicological insult. On the other hand, moder-
ate granulomas and granular degeneration were observed in the
liver. Serum chemistry profiles showed slight increases in serum

_99_.



T. Yamamoto et al. / European Journal of Pharmacology 723 (2014) 353~359 : 357

a
9 -
8 - VLDL
7 A A
LAY
. 7
6 / \\‘
% I’ R -==Saline
2 4 TR -
5l Ji N oL —A301SL
/i G e A301S
21 'l.': DN
' /I'.,";/_\’\ HOL
0 aGL 7 T . ; T ey
415 17 19 21 23 25 27 29

180 § HDL
160 4 — =—Saline

s

140 - ——— A301SL l'
1204 e A301S b
100 - f
80 A f

60
40 4
20 4

0
201

mV

29

o
-
vy

Retention time (min)

Fig. 4. Representative HPLC lipoprotein profiles of western diet-fed C57BL/6] mice
received intraperitoneal administration of saline (dashed line), A301SL (solid line)
at 20 mg/kg/injection or A301S (dotted line) at 20 mg/kg/injection five times over
16 days. Five saline-, A301SL- and A301S-treated mice were analyzed and the
data from one representative individual mouse were presented. Corresponding
(a) triglyceride and (b) cholesterol profiles were obtained from one identical mouse
in each arm.

transaminases and slight decreases in blood-urea nitrogen (Table 4).
Elevations in transaminases may be due to the granular degenera-
tion of hepatocytes. There were no significant changes in serum
creatinine levels in each group.

4. Discussion

We have scarcely obtained selective inhibitors of apoC-II],
which is thought to be a potential drug for the treatment of
dyslipidemia, diabetes and cardiovascular diseases, as well as a
useful tool for elucidation of the physiological roles of apoC-IIL To
develop a selective inhibitor of apoC-lllI, we designed an LNA-
based 20-mer phosphorothioated AON (A301SL), in which LNAs
are expected to greatly help with the target binding for the usage
in vivo. As expected, A301SL achieved efficient dose-dependent
reductions in hepatic apoC-Ill mRNA and decreased serum apoC-IIl
protein concentration, which could be associated with the obser-
vation of efficient dose-dependent reductions in serum triglycer-
ide concentration and attenuation of fat in the liver. One limitation
is that serum change of apoC-lll protein was here confirmed by
semiquantitative Western blot analysis. For further study, we moved
onto a precise lipoprotein profiling analysis of sera using HPLC
methodology. Through this analysis, we found that serum reduc-
tions in triglycerides and cholesterol levels were largely a result of
decreases in VLDL-triglycerides and VLDL-cholesterol from sera. It
is also noteworthy that larger-sized VLDL was more susceptible to
removal from blood, resulting in a shift of particle size distribution
to smaller diameters (Table 2 and Fig. 4). Generally, large
triglyceride-rich VLDL-1 are preferentially converted into athero-
genic small, dense LDL, through a process mediated principally by
cholesteryl ester transfer protein, lipoprotein lipase and hepatic
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lipase (Millar and Packard, 1998). Lipoprotein lipase activity is
known to be modified by apoC-Ill protein and lipoprotein lipase
preferentially hydrolyzes larger triglycerides-rich VLDL subfrac-
tions than smaller particles (Fisher et al., 1995). Thus, preferential
removal of triglycerides from larger VLDL particles observed here
can be explained as a result of derepression of lipoprotein lipase
activity via successful silencing of apoC-IlI with LNA-AON. Com-
bined with previous observations that, among triglycerides-rich
lipoprotein subfractions in combined hyperlipidemia patients such
as type b, VLDL-1 has the highest potential to induce accumula-
tion of triglycerides and cholesterol in macrophages and foam cell
formation (Milosavljevic et al., 2001), selective apoC-IlI inhibitors
would possibly show anti-atherogenic phenotype.

Both apoC-llI-null subjects and apoC-lll-deficient mice gener-
ally possess reduced plasma total cholesterol levels, as well as total
triglycerides, when compared to those of normal controls
(Gerritsen et al., 2005; Jong et al, 2001; Pollin et al, 2008;
Takahashi et al.,, 2003). We also observed a 33% reduction in total
cholesterol levels along with apoC-lll attenuation by the LNA-
AON. This decrease in plasma cholesterol levels was reflected in
both apolipoprotein B-containing and HDL fractions (Table 2 and
Fig. 4). However, the mechanistic background for the reduction of
plasma cholesterol upon apoC-lll attenuation is controversial. A
previous study showed that apoC-IIl deficiency in apolipoprotein
E-knockout mice accelerated the kinetics of uptake of cholesterol
ester, which is related to the function of hepatic lipase (Jong et al.,
2001). In addition, hepatic lipase transgenic rabbits and hepatic
lipase transgenic and adenovirus-transduced mice were reported
to reduce plasma triglycerides and apolipoprotein B-containing
lipoprotein cholesterols as well as HDL cholesterol (Applebaum-
Bowden et al., 1996; Busch et al., 1994; Dichek et al., 1998; Fan
et al, 1994). As our findings are in line with these previous
observations, we speculate that activation of hepatic lipase result-
ing from apoC-III attenuation by the LNA-AON caused a reduction
in plasma cholesterol levels. In contrast, Old Order Amish indivi-
duals with an APOC3-null mutation have higher plasma HDL
cholesterol concentrations, as well as lower levels of triglycerides
and non-HDL cholesterol than those of normal subjects (Pollin
et al,, 2008). In addition, knockout effects of apoC-IIl on plasma
cholesterol levels also vary between genetic backgrounds of mice
and experimental conditions (Jong et al., 2001; Takahashi et al.,
2003). There are only a small number of reports focusing on the
relationship between cholesterol metabolism and apoC-Iil
(Kinnunen and Ehnholm, 1976). To determine the true effects of
apoC-1lI modulation on cholesterol metabolism, further experi-
mental data is necessary. .

The toxicological characteristics of A301SL and A301S were
estimated based on serum biochemistry characteristics and histo-
pathological analysis. As phosphorothioated AONs accumulate
mainly in the kidney and liver, hepatotoxicity and/or nephrotoxi-
city are primary concerns. Our experiments found only moderate
hepatotoxicity for A301SL and A301S, as shown in the moderate
increases in' liver transaminases and decreases in blood urea
nitrogen, while no significant changes in serum creatinine levels
were noted. Histopathological observations supported these data
(Fig. 5, Tables 3 and 4). Similar hepatotoxicity attributable to LNA-
modified phosphorothioated AONs, which was avoidable by sub-
stituting 2’,4’~-BNANC chemistry for JLNA, has been reported
(Prakash et al., 2010; Yamamoto et al., 2012). Dose-related hepa-
totoxicity could be tolerable based on the systemic AON recently
approved by the US Food and Drug Administration (FDA) named
“Kynamro”, which also shows serum elevation of transaminases,
specifically alanine aminotransferase (ALT) (http://www.kynamro.
com/). However, it is necessary to determine how AONs trigger
toxicity in order to resolve this issue (Levin, 1999). Therefore, we
further conducted Oil Red O staining of liver samples. The results



