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Fig. 1. Expression of miR-122 and AldoA and cytotoxicity in vitro. (a) The expression of Aldo
A in Hepalcic7 cells treated with YSKO5-MEND or LFN2k at the indicated AMO122
concentrations was evaluated by qRT-PCR. The expression of AldoA was normalized to
Hprt1. Data are represented as relative expression levels to that treated with PBS (0 nM).
The mean = SD (n = 3). (b} Protein levels were determined after treatment with
YSKO5-MEND or LFN2k. Data are represented relative values to that treated with PBS (0
nM). The Mean £ SD (n = 3). *P < 0.05, ™P < 0.01 YSKO5-MEND v.s. LFN2k at indicated
AMO concentrations.

3.3. In vivo evaluation of AMO encapsulated YSKO5-MEND

We next evaluated the in vivo efficacy of the AMO122-YSK05-MEND
in the liver, It is known that LFN2k cannot be used in vivo, and therefore,
chemically modified anti-miRs are largely administered as a free formin
invivo studies [3,4,12-14]. Therefore, we used free AMO122 as a control
in the in vivo studies. To observe the distribution of AMOs, mice were
administered with the YSKO5-MEND encapsulating Cy5-AMO via the
tail vein. After 30 min, nuclear stained liver sections were prepared
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Fig. 2. Cellular uptake and intracellular distribution of Cy5-AMO. (a) The uptake of Cy5-
AMO formulated in the YSKO5-MEND and LFN2k were determined by a flow cytometry,
after a 2 h incubation at 20 nM AMO. (b) Bars represent average fluorescence obtained
by flow cytometric analysis (n = 3). N.T.: Non-treatment. (¢} The intracellular pattern of
Cy5-AMO {red) formulated in YSKO5-MEND and LFN2k was observed by a confocal laser
scanning microscope after the incubation for 2 h at 80 nM AMO. Nuclei were stained
with Hoechst 33342 prior to observation (cyan). Scale bars indicate 20 gm.

and observed by confocal laser scanning microscopy. As shown in
Fig. 3, the administration of the YSKOS-MEND resulted in a higher
fluorescent signal of Cy5-AMO in the liver as compared to that of free
Cy5-AMO. Conversely, the free Cy5-AMO accumulated at higher levels
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Free AMO

YSKO05-MEND

Liver

Kidney

Fig. 3. Histological observations of Cy5-AMO in the liver and kidney. Mice were injected
via the tail vein with either free Cy5-AMO or Cy5-AMO encapsulated in the YSKO5-
MEND (red). The liver and kidney were collected 30 min later. Nuclei in the liver and
kidney were stained with Hoechst33342 (blue). Images were captured by a CLSM. Scale
bars are 50 pm.

in the kidney than the YSKO5-MEND because the free Cy5-AMO was
excreted via the kidney due to its molecular weight.

We evaluated the knockdown of miR-122 in the liver. Either
free AMO122, AMO122-YSKO5-MEND or empty YSKO5-MEND was
successively administered three times at a dose of 1 mg AMO122/kg.
Even though the administration of free AMO122 resulted in an
approximately 30% knockdown of miR-122, the AMO122-YSKO05-
MEND significantly reduced the expression of miR-122 as compared
to free AMO122 as well as the empty YSKO5-MEND at 48 h after the
last administration (day 6) (Fig. 4a). The expression levels of genes that
are regulated by miR-122 were determined. YSKO5-MEND enhanced
the expression of AldoA, Bckdk and Ndrg3, while no increase in the expres-
sion of these genes was found in the case of free AMO122 (Fig. 4b). These
alternations were not observed when YSKO5-MEND encapsulating AMO
against miR-10b (AMO10b) was used (Fig. S2). It was reported that
miR-122 is a key regulator of cholesterol, and the inhibition of miR-122
resulted in a decrease in plasma cholesterol levels [3,4]. Hence, plasma
cholesterol levels were measured. Plasma cholesterol levels were
decreased by around 30% only by treatment with the AMO122-YSK05-
MEND at 48 h after the last injection (day 6) (Fig. 4c).

We further monitored the expression of miR-122 and its target
genes at days 6, 12 and 25, as well as plasma cholesterol levels until
day 25 after the AMO122-YSKO5-MEND treatment and compared the
findings to that of PBS to estimate the durability of AMO122-YSKO05-
MEND. The knockdown of miR-122 and enhancement of the genes by
AMO122-YSKO5-MEND continued until day 12 (Fig. 5a and d). The
significant decline in plasma cholesterol levels continued until day 18
compared to the control that was treated with PBS (Fig. 5¢). On the
other hand, no significant difference in body weight was observed
over the 25 days (Fig. 5d). Because liposomal systems mainly
accumulate in the liver, hepatotoxicity was evaluated. The findings
showed that no increase in serum ALT levels occurred at 48 h after the
last injection of AM0122-YSK05-MEND (Fig. 5e).
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Fig. 4. Expression of miR-122 and target genes in the liver and cholesterol levels in plasma.
Mice were injected at days 0, 2 and 4 via the tail vein with either PBS, free AMO122 (1 mg
AMO/kg), AMO122-YSKO5-MEND (1 mg AMO/kg) or empty YSKO5-MEND. At 48 h after
the last injection (day 6), the expression of (a) miR-122 and {b) AldoA, Bckdk and Ndrg3 in
the liver and (c) plasma cholesterol level were determined (the mean + SD, n = 4).
**P < 0.01 YSKO5-MEND v.s. the others. **P < 0.01 PBS v.s. the others.

4, Discussion

MiRNAs have emerged as important post-transcriptional regulators
of gene expression in biological processes [1]. Loss of function studies
using miRNA gene knockout techniques are frequently utilized to
explore the functions of miRNAs [11,29]. However, the generation of
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Fig. 5. Long-term observation of the expression level of miR-122 and target genes in the liver and plasma cholesterol levels. Mice were injected via the tail vein with either PBS or
AMO122-YSKO5-MEND at days 0, 2 and 4. (a, b) The expression of miR-122 (a) and target genes (b) in liver was determined at days 6, 12 and 25. {c, d) The cholesterol level in plasma
(¢} and body weight (d) were monitored over 25 days. Arrows indicate the injections at days 0, 2 and 4. (e) Serum ALT was determined at day 6. Data are represented as the mean +
SD (n=4). "*P <0.01 v.s. PBS-treatment at indicated time points. N.S.: Not significant difference.

genetic knockouts is difficult, complicating and time consuming. A
widely employed approach in loss-of-function studies is to use
chemically modified anti-miRs [3-5,12-14], and LNA-modified anti-
miR has some potential for clinical use in the treatment of HCV
infections [15]. For a successful anti-miRNA therapy using anti-miRs,
the anti-miRs must be delivered to the final destination, ie. the
cytoplasm of the target cell. Even though a variety of chemical
modifications have been reported to improve nuclease resistance and
binding affinity to miRNAs, the delivery of anti-miRs to target organs
and the cytoplasm in target cells continues to be a significant challenge.
Significant efforts have been devoted to exploring novel delivery
strategies, and liposomal nanoparticles represent one of the advanced
systems for the delivery of nucleic acids [18-23]. We developed a pH-
sensitive MEND with a pH-sensitive lipid, YSKO5 (YSKO5-MEND),
which has neutral surface at physiological pH, but develops a cationic
surface in an acidic compartment such as endosomes/lysosomes
[26,27]. In the present study, we attempted to utilize.YSKO5-MEND to
deliver an anti-miR modified with 2'-OMe and PS linkage (AMO) to
liver.

We first compared the YSKO5-MEND with a commercially available
reagent, LFN2k in murine hepatoma Hepalclc7 cells (Figs. 1 and 2).
Despite its neutral surface charge, the AMO122-YSK05-MEND showed
activity in the cultured cells (Fig. 1a). It was reported that neutral
liposomes absorb apolipoprotein E (apoE) in the circulation, which
enhances the uptake of the liposomes by hepatocytes via low-density
lipoprotein (LDL) receptors (LDLRs) that are expressed on the surface
of hepatocytes [30,31]. Since Hepalc1c7 cells express LDLR (Fig. S3), it
is likely that the YSKO5-MEND was taken up by the cells via the
interaction with LDLRs following the association of YSKO5-MEND with

apoE in the serum-containing culture media. On the other hand, a
lipoplex composed of the cationic liposomal reagent LFN2k and AMO
is taken up via endocytosis following its association with anionic
molecules on the cell surface [32,33]. Despite the about 2 fold higher
uptake of Cy5-AMO (Fig. 2b), the efficiency of AMO122 in LFN2k was
inferior to that for the YSKO5-MEND (Fig. 1a). It appears that the Cy5-
AMOs delivered by LFN2k become trapped in endosomes/lysosomes
or vesicular compartments because Cy5-AMOs become aggregated,
as evidence by the appearance of a punctuate pattern (Fig. 2c¢). This
suggests that LFN2k cannot escape efficiently from endosomal/lysosomal
compartments. In contrast, the pattern for the signals for Cy5-AMO
delivered by the YSKO5-MEND was defused. With an apparent pKa of
about 6.6 (Fig. S1b), the AMO122-YSK05-MEND becomes a cationic
species in response to the acidic environment of early endosomes,
which triggers membrane fusion with the endosomal membrane. Our
previous study showed that the fusion activity of YSKO5-MEND was
dramatically superior to that of a MEND composed of a conventional
cationic lipid, such as DOTAP [26]. This allows the AMOs encapsulated
in the YSKO5-MEND to efficiently escape from endosomes into the
cytosol, which could result in the diffuse Cy5-AMO signals. For the reasons
stated above, the pH-sensitive YSKO5-MEND showed a higher activity
than LFN2k. Furthermore, cytotoxicity was observed only in the LFN2k
treated cells (Fig. 1b and c). Previous studies have reported that cationic
lipids induce cytotoxicity including cell shrinking, thus reduced the level
of mitosis and vacuolization of the cytoplasm [34]. Therefore, the neutral
characteristics of the YSKO5-MEND in the cytosol also contribute to the
reduced cytotoxicity.

For in vivo evaluation, the YSKO5-MEND encapsulating AMO122 was
tested in comparison with free AMO122 because LFN2k cannot be

—378—



H. Hatakeyama et al. / Journal of Controlled Release 173 (2014) 43-50 49

applied to systemic use, and chemically modified anti-miRs are largely
used as the free form to regulate target miR-122 in liver {11]. Previous
in vivo studies using mice reported that an effective miR-122 knockdown
involves the use of a total intravenous dose of 240mg/kg (80 mg/kg three
times) of cholesterol-conjugated 2’-0-Me antagomir {3}, total intraperi-
toneal doses of 100-600 mg/kg (12.5-75 mg/kg twice weekly for four
weeks) of 2’-MOE oligonucleotides [4], a total intravenous dose of
75 mg/kg LNA-antimiR (25 mg/kg three consecutive days) [12], and a
total intravenous dose of 60 mg/kg (20 mg/kg three times) of tiny LNA
[14], which resulted in the lowering of a plasma cholesterol phenotype.
These findings indicate that high doses are required to exert their function
when anti-miRs are used as a free form, which can be attributed to the
pharmacokinetic properties of anti-miRs. Small molecules having a
molecular weight of <50 kDa or a diameter <6-8 nm are cleared from
the systemic circulation by glomerular filtration in the kidney [16,17].
Since the molecular weight of anti-miRs is generally around 8 kDa,
systemically administrated anti-miRs are largely eliminated via the
kidney, which results the limited availability of anti-miR in hepatocytes
and the need for high doses. It was reported that siRNA delivered by a
stable nucleic acid lipid nanoparticle (SNALP) induced the knockdown
of a target gene in the liver at lower doses (0.1-1 mg/kg) than that for a
cholesterol conjugated siRNA (50-100 mg/kg) [19]. This suggests that
drug delivery technologies could alter the pharmacokinetic properties of
nucleic acids and permit their function to be exerted with a lower dose
of nucleic acid. We evaluated whether YSKO5-MEND was a valid route
for the systemic delivery of AMO122 to the liver in comparison with the
administration of free AMO122.

Prior to functional analysis, the distribution of Cy5-AMOs in the liver
and kidney was evaluated. Systemically administrated free Cy5-AMO
was found in the kidney and not in the liver (Fig. 3). In contrast, Cy5-
AMO encapsulated in YSKO5-MEND was mainly delivered to the liver
with decreasing the accumulation of Cy5-AMO in the kidney compared
to that for free Cy5-AMO because the diameter (about 70nm) prevented
the YSKO05-MEND from being cleared by the renal route. As mentioned
above, neutral liposomes acquire ApoE in the circulation, followed by
hepatic uptake via LDLRs that are expressed on the surface of
hepatocytes [30,31]. It was also reported that the average diameter of
sinusoidal fenestrae in C57CL/B mice is 141 nim [35]. Being 70 nm in
average diameter, the YSKO5-MEND could pass through fenestrae and
access hepatocytes. Therefore, it is reasonable to suppose that the
YSKO05-MEND was taken up by hepatocytes mediated by the association
of ApoE with LDL receptors, which resulted in an enhanced delivery of
AMOs to the livers in mice after systemic administration.

The three intravenous injections of AMO122-Y5K05-MEND at a dose
of 1mg AMO/kg led to the efficient inhibition of miR-122 in the liver and
an increase in AldoA, Bckdk and Ndrg3 (Fig. 4a and b), while the
treatment of free AMO122, the empty YSKO5-MEND and the YSKO05-
MEND encapsulating AMO10b resulted in negligible change (Fig. 52).
This suggests that the inhibition of miR-122 and subsequent increment
in target genes can be attributed to the antagonism of miR-122 with
AMO122. The inhibition persisted until at least day 12 (Fig. 5a, b and ¢).
The durability of AM0122 delivered via the YSKO5-MEND was
consistent with a previous report {12]. It is well-known that chemical
modification including 2'-O-Me and phosphorothioate linkages in
oligonucleotides improve resistance to nucleases and the binding affinity
to the target sequence compared to unmodified ones, which enhances
and prolongs their effect [3,11,36,37]. It was suggested that chemically
modified AMO122 remained intact for approximately 2 weeks in
hepatocytes. However, in addition to the stability of AMO122, the
half-lives of miR122, target genes, and cholesterol could also affect
the time-dependent change, further study will be required to reveal
the correct mechanism responsible for the inhibition of miR-122 by
AMO122. In addition, the AMO122-YSKO5-MEND caused no alterations
in body weight or serum markers of liver toxicity, ALT (Fig. 5d and e),
indicating that the YSKO5-MEND is not associated with any serious
acute toxicity.

5. Conclusion

In the present study, we demonstrated the delivery of AMO to
hepatocytes by the intravenous administration of AMOs encapsulated
in a pH-sensitive YSKO5-MEND. The use of the AM0O122-YSK05-MEND
resulted in the efficient enhancement of AldoA in vitro owing to its ability
to escape from endosomes in comparison with LFN2k. Systemically
administrated Cy5-AMO formulated in YSKO5-MEND was delivered to
the liver rather than the kidney, whereas free Cy5-AMO mainly
accumulated in the kidney due to its low molecular weight.
Antagonism of the target miR-122 and the subsequent increase in
the expression level of genes in the liver and the decrease in plasma
cholesterol fevels were induced by AMO122-YSKO5-MEND at a total
dose of 3 mg AMO/kg, while a comparable dose of free AMO122 had no
effect. Even though anti-miRs are utilized in the free form for
regulation of miRNA in clinical procedures, high doses are required.
The present study demonstrates that the use of drug delivery technol-
ogies presents a practical and valuable alternative to anti-miRNA thera-
peutics. Collectively, YSKO5-MEND represents a promising system for
use in the in vivo delivery of AMO to the liver.
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Liver dysfunction is associated with a variety of liver diseases, including viral or alcoholic hepatitis,
fibrosis, cirrhosis, and portal hypertension. A targeted drug delivery system would be very useful in
the treatment of these diseases. We herein describe the development of a system comprised of a

Keywords: new peptide-lipid conjugate for the efficient delivery of molecules to LEC. The RLTRKRGLK sequence

ApoB-100 sequence (3359-3367), which mediates the association of LDL with arterial CSPG and an LDL receptor, was utilized

Eglzc as a ligand for achieving this goal. The peptide modified PEG-LPs (RLTR-PEG-LPs) were efficiently taken
bl receptor up by primary liver endothelial cells (liver ECs) and other types of cells. In vivo biodistribution and con-

Liver endothelial cell . ) . . s

RLTR peptide focal microscopy analysis showed that RLTR-PEG-LPs became widely accumulated in LECs within a short

KLGR peptide time. Distribution of RLTR-PEG-LPs was greatly reduced with a pretreatment of unlabeled RLTR-PEG-LPs,

not cationic LPs, indicating that the sequence is important for LECs. The findings indicate that a reverse
sequence of RLTR (KLGR) modified PEG-LPs (KLGR-PEG-LP) did the same pattern compared with RLTR-
PEG-LPs, suggesting that the RKR or RXXR sequence might be essential for LECs targeting. Collectively

RLTR-PEG-LPs and KLGR-PEG-LPs have the potential for delivering drugs to LECs.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The liver is the largest organ of the body and is probably the
most important power and sewage treatment plant in the body.
Two major types of cells populate the liver, namely, parenchy-
mal and non-parenchymal cells. Approximately 80% of the liver
volume is made up of parenchymal cells commonly referred
to as hepatocytes (Ramadori et al, 2008). Sinusoidal endothe-
lial cells, Kupffer cells and hepatic stellate cells are examples
of non-parenchymal cells. Different types of liver diseases are
associated with different types of liver cells. For example viral
hepatitis and alcoholic hepatitis are associated with hepatocytes.
Liver endothelial cell (LEC) dysfunction is associated with variety
of liver diseases, including fibrosis, cirrhosis, and portal hyper-
tension (Dominique and Vijay, 2010). The defenestration of liver
endothelial cells causes hyperlipidemia, because it becomes diffi-
cult for lipoproteins to reach hepatocytes (Rajkumar et al,, 2010).

* Corresponding author at: Faculty of Pharmaceutical Sciences, Hokkaido Univer-
sity, Kita-12, Nishi-6, Kita-ku, Sapporo, Hokkaido 060-0812, Japan.
Tel.: +81 11 706 3919; fax: +81 11 706 4879.
E-mail address: havasima@pharra.hokudaiac jp (H. Harashima).

0378-5173/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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Kupffer cells are associated with the progression of non-alcoholic
steatosis and fibrosis. It has also been reported that hepatoceliu-
lar stress caused by various diseases causes the release of different
types of cytokines and chemokines by different types of cells which
ultimately cause the transmigration of inflammatory cells toward
their target, hepatocytes (Ramadeori et al., 2008). Therefore, a selec-
tive drug delivery system would be anideal approach for achieving
a subsequent efficient therapy for treating different types of liver
diseases.

A group of certain basic proteins or peptides have the ability to
inhibit the binding of low density lipoprotein (LDL) to its receptor
protein (Brown et al., 1978). This inhibition is caused by polycations
interacting with the receptor. LDLs are associated with a negatively
charged LDL receptor even though the net charge of this lipopro-
tein is also negative. This suggests that the net charge of the LDL is
governed by the positive charge of the ApoB sequence. Two basic
regions of similar size in ApoB-100 segments, namely 3147 through
3157 and 3359 through 3367 are part of the LDL receptor binding
domain. This ApoB heterodimer binds to the LDL receptor and also
binds with Glycoseaminoglycans (GAGs) with an affinity similar
to that between LDL and GAGs (Urban et al., 1897). The ApoB-100
segment RLTRKRGLK (3359-3367) is a mediator of the association
between LDL and arterial Chondroitin sulfate-rich proteogiycan
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(CSPG) (Urban ef al,, 1993). It has recently been reported that LEC
express low density lipoprotein receptor protein-1 (LRP-1) which
is a member of the LDL receptor gene family (Oie et al, 2011;
Thomas et al., 1989). Another study has shown that LDL is taken
up by both parenchymal and non-parenchymal cells (Marit et al.,
1998).

Liposomes are suitable nano-carriers that have the capacity
to deliver drug particles to various target cells in vitro or dis-
eased tissues in vivo (Puri et al., 2009; Du et al., 2007). Based on
these considerations, we selected the ApoB segment RLTRKRGLK
(3359-3367) abbreviated here as RLTR for use as a novel ligand
in designing a selective targeting system for hepatocytes. Surpris-
ingly, however, this carrier system was accumulated through the
blood vessels in the liver. In order to examine the targeting abil-
ity of this RLTR modified liposome, our efforts were focused on
two parameters, one being the cationic nature of this peptide and
second the essential peptide sequence.

2. Materials and methods
2.1. Materials

Cholesterol (Chol), 1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine (DOPE), diethanolamine chioride (DC-6-14), Egg
phosphatidylcholine (EPC), N-(lissamine rhodamine B sulfonyl)
-1,2-dioleoyl-sn-glycero-3-phosphoethanclamine (rhodamine
-DOPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethyleneglycol)-2000] (PEGgqgp-DSPE) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA).
N-[(3-maleimide-1-oxopropyl) aminopropyl polyethyleneglycol-
carbamyl] distearoylphosphatidyl-ethanolamine (maleimide-
PEG-DSPE) was purchased from Nippon Oil and Fat Co. (Tokyo,
Japan). 3H-Cholesteryl hexadecyl ether (CHE) were purchased
from New England Nuclear (USA). RLTRKRGLKGGC (RLTR in brief)
and KLGRKRTLRGGC (KLGR in brief) peptides were purchased from
Kurabo Industries, Osaka, Japan. Endothelial Cell Basal Medium
(EBM-2) and other related growth factors were purchased from
Lonza (Walkersville, MD, USA). Dulbecco’s fetal bovine serum
(FBS) was obtained from Hyclone Laboratories (Logan, UT, USA).
All other chemicals used in this study were of analytical grade.

2.2. Animals

4-5 week old male ICR mice were purchased from Japan SLC
(Shizuoka, Japan). The experimental protocols were reviewed and
approved by the Hokkaido University Animal Care Committee in
accordance with the guidelines for care and use of Laboratory ani-
mals. Animals were used without fasting in all experiments.

2.3. Conjugation of the RLTR peptide to PEGzg0g-DSPE

Peptides conjugated with glycine-glycine-cysteine (GGC)
sequence at the N-terminal were purchased from commercial
sources. Actually the GGC linker was added to the N-terminal
to facilitate the binding of the thiol group of cysteine residue
to the pyrrole group of Maleimide-PEG,0gp-DSPE. The additional
Gly-Gly (GG) amino acid was added to increase the flexibility
of the peptide ligand attached on the top of Mal-PEG;qgg-DSPE.
Conjugation was achieved by incubating a 1.2:1 molar ratic of
RLTRKRGLKGGC peptide and maleimide-PEG-DSPE in deionized
water at room temperature for 24 h. The conjugation of RLTR with
PEG was confirmed by matrix assisted laser desorption/ionization-
time of flight (MALDI-TOF) MS (Bruker Daltonics, Germany) using
acetonitrile:water=7:3 with 0.1% of trifluoroacetate as the matrix
solution, supplied with a 10 mg/ml solution of dihydroxybenzoic
acid.

2.4. Preparation of liposomes

Liposomes (LPs) composed of EPC/Chol (molar ratio: 7/3) was
prepared by the lipid hydration method. A control cationic LP was
prepared using DC6-14, DOPE, and Cholesterol at a molar ratio
of 4:3:3 (Ishiwata et al., 2000). RLTR peptide modified PEG-LPs
(RLTR-PEG-LPs) were prepared by adding the required amount of
RLTR-PEG to the lipid solution. 1 mol% rhodamine-DOPE was incor-
porated, to serve as a label for the lipid component. A lipid film was
produced by evaporation of the solvents (chloroform and ethanol)
from a lipid solution in a glass tube. HEPES buffer (10mM, pH 7.4)
was added and the solution was incubated for 10 min to hydrate the
lipid film. The glass tube was then sonicated for approximately 30s
in a bath-type sonicator (AU-25C, Aiwa, Tokyo, Japan). The mean
size and zeta potential of the prepared LPs were determined using a
Zetasizer Nano ZS ZEN3600 instrument (Malvern Instruments Ltd.,
Worchestershire, UK).

2.5. Isolation of primary liver endothelial cells (liver ECs)

Liver endothelial cells (liver ECs) were isolated as previously
described (Hida et al., 2004; Akino et al,, 2009; Ohga et al,, 2009).
Briefly, the liver of a female KSN mouse was excised. The excised
tissue was minced and digested with collagenase Il (Worthington,
Freehold, NJ). Blood cells were removed by a single sucrose step-
gradient centrifugation with Histopaque 1077 (Sigma-Aldrich), and
the resulting cell suspension was filtered. Endothelial cells were
isolated using MACS according to the manufacturer’s instructions
using a FITC-anti-CD31 antibody. CD31-positive cells were sorted
and plated on 1.5% gelatin-coated culture plates and grown in EGM-
2MV (Clonetics, Walkersville, MD) and 10% fetal bovine serum.
After subculturing for 2 weeks, the isolated ECs were purified by
a second round of purification using FITC-BS1-B4 (Vector Labora-
tories, Burlingame, CA). All of the endothelial cells were split at a
ratio of 1:3.

2.6. In vitro cellular uptake study

For the cellular uptake study, 40,000 ceils were seeded in a
24-well plate (Corning incorporated, Corning, NY, USA) (40,000
cells/well). After 24h, the prepared rhodamine labeled PEG-
LPs/RLTR-PEG-LPs were added and incubated for an additional 3 h.
After the incubation, the cells were washed with PBS (pH 7.4) and
then treated with Reporter Lysis Buffer (Promega Corp., Madison,
WI, USA) followed by centrifugation at 12,000 rpm for 5 min at 4°C
to remove debris. The supernatants were then collected. The cellu-
lar uptake efficiency of the prepared rhodamine labeled LPs were
determined by measuring the fluorescence intensity of rhodamine
(excitation at 550 nm and emission at 590 nm) using FP-750 Spec-
trofluorometer (JAS Co., Tokyo, Japan).

2.7. Invivo biodistribution study

3H-Cholesteryl hexadecyl ether (CHE) labeled LPs and RLTR-
PEG-LPs were used to measure the biodistribution of liposomes
in different organs in the mice. ICR mice were intravenously
injected with 3H-labeled LPs or RLTR-PEG-LPs. After 25 min, the
animals were sacrificed; the portal vein was cut and a needle
was introduced into the vena cava and 10-15ml of heparin
containing PBS (40 units/ml) solution was used to remove the
remaining blood and cell surface bound RLTR-PEG-LPs in the liver.
Other organs, including the lungs and kidney were also collected
and all of the collected organs were weighed. After weighing,
the samples were solubilized in Soluene-350 (Perkin-Elmer Life
Sciences, Japan) for overnight at 55°C. Samples were decolorized
by treatment with H,0,. The radioactivity of the samples was
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measured by using a liquid scintillation counting (LSC-6100,
Aloka, Japan) after adding 10 ml of Hionic Flour (Perkin-Elmer Life
Sciences, Japan) (Hatakeyama et al.. 2004). Tissue accumulation of
LPs was represented as the percentage of injected dose (%ID) per
organ.

2.8. Confocal microscopy experiment

ICR mice were given intravenous injection of rhodamine labeled
RLTR-PEG-LPs and the mice were killed 25 min after the treatment.
The liver was perfused as mentioned in Section 2.7 and then it was
collected. The liver was then excised and washed with saline and
sliced into 10-15 mm-sized blocks with scissors. The liver sections
were then incubated with a 20 fold volume of a diluted solution
of Hoechst 33342 (1 mg/ml) and Isolectin B4 in HEPES buffer for
1h. The specimens were placed on a 35 mm glass base dish (IWAK]I,
Osaka, Japan) and observed by confocal laser scanning microscopy
(A1 Confocal Laser Microscope System, Nikon Instruments Inc.,

Tokyo, Japan).
2.9. Inhibition assay

2.9.1. In vivo competitive inhibition study of RLTR-PEG-LPs

ICR mice were injected with unlabeled LPs and after 15 min,
they were injected with cationic LP or RLTR modified PEG-LP or
KLGR (reverse peptide sequence of RLTR) modified PEG-LP. After
another 25 min of incubation the mice were sacrificed and the liv-
ers were perfused with 10ml of a 40% heparin-PBS solution. The
mice livers were then collected, sliced into 0.5 mm x 0.5 mm pieces,
stained with Hoechst 33342 and Isolectin B4 and then observed by
confocal microscopy (A1 Confocal Laser Microscope System, Nikon
Instruments Inc., Tokyo, Japan).

2.9.2. Invitro competitive inhibition study of RLTR-PEG-LPs

For in vitro inhibition study unlabeled RLTR-PEG or KLGR-PEG
modified LPs were used as inhibitors. We previously used an
excess amount of free RLTR or KLGR peptide as an inhibitor but

{A) Liver EC

407 @lP o PEG-LP m RLTR-PEG-LP
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Table 1
Physicochemical properties of the RLTR-PEG-LP.
% PEG Properties
PEG-LP RLTR-PEG-LP
Size (nm) Z-potential (mV) Size (nm) Z-potential (mV)
0 92 £ 10 -5+9 -
1 102 +8 -8 45 1154+ 10 12+ 4
3 100+ 5 -20x 8 121 £ 14 20+6
5 105+ 7 -19 + 11 135+ 8 22+8
10 110+ 11 -24 412 132410 27 %3

Data are presented as the mean +SD (n=3).

no significant inhibition was observed (data not shown). It was
reported that the monomeric free peptide might not be sufficiently
effective to inhibit the interactions of multiplex RLTR-PEG-LP or
KLGR-PEG-LP with the target receptor (Kibria et al, 2011). As a
result we used unlabeled RLTR-PEG or KLGR-PEG modified LP
as inhibitors in order to achieve multivalent attachment with
the targeted receptors. Here 40,000 LECs were seeded in a 24-
well plate and the plate was incubated overnight. After 24h,
different concentrations of rhodamine labeled and unlabeled
PEG-LPs (1:0, 1:5, 1:10, 1:20 and 1:50 respectively) were added
and incubated for 3 h. After 3h, the cells were washed 3 times
with 1ml of ice-cold phosphate buffer saline (PBS) which was
supplemented with heparin (20 units/ml) to completely remove
the surface-bound RLTR-PEG-LP and the intracellular fluores-
cence intensity of rhodamine was then determined (Kibria et al.,
2011).

2.10. Statistical analysis

Comparisons between multiple treatments were made using
one-way analysis of variance (ANOVA), followed by the ‘Dunnett
test’. Pair-wise comparisons of subgroups were made using the stu-
dent’s t-test. Differences among the means were considered to be
statistically significant at a P-value of <0.05 and <0.01.

(B) Hepa 1-6
401 mLP CIPEG-LP ® RLTR-PEG-LP
sk
35

Cellular uptake
{Fluorescence Intensity)
> o [ N W
< wr < ur <9

ur

PEG {mol%)

Fig. 1. Cellular uptake of RLTR-PEG-LPs. For the cellular uptake study, 40,000 cells/well were seeded in a 24-well plate. After 24 h LPs modified with different mol% of
PEG-DSPE or RLTR-PEG-DSPE were incubated with (A) liver EC or (B) Hepa1-6 cells for 3 h and the cellular uptake efficiency of the prepared rhodamine labeled LPs were
determined by measuring the fluorescence intensity of rhodamine. Cellular uptake is expressed as the mean+SD (n=3) and statistical analysis vs. LP was performed by
One-way ANOVA followed by Dunnett-test. **P<0.01.
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Fig. 2. Biodistribution of *H-CHE labeled RLTR-PEG-LPs and LPs in different organ.
Male ICR mice were intravenously injected with labeled RLTR-PEG-LPs and LPs. After
25 min of incubation different organs of mouse were collected and radioactivity
was measured. Tissue accurnulation of LPs was represented as % of injected dose
(ID). Here, % of ID is expressed as the mean + SD (n=4), Statistical analyses were
performed by the unpaired Student’s t-test, where *P<0.05.

3. Results
3.1. Synthesis of RLTR-PEG-DSPE

The thiol group of the cystein residue in the RLTR peptide was
conjugated by reaction with Mal-PEGygge-DSPE at 37°C for 24h
(Reaction scheme is shown in the supplementary figure 1). MALDI-
TOF MS analyses confirmed the synthesis of RLTR-PEG-DSPE.

Supplementary material related to this article can be
found, in the online version, at http://dx.dolorg/10.1016/
Jijpharm.2013.07.068.

Blood vessels

RLTR-PEG-LP

Cationic LP

Liposomes

3.2. The characteristic of RLTR-PEG-LPs and its cellular uptake

The selected RLTR peptide was attached to the top of PEG in
PEGylated liposomes. PEG liposomes (PEG-LPs) and RLTR modified
PEG liposomes (RLTR-PEG-LPs) were prepared by incorporating
PEG-DSPE or RLTR-PEG-DSPE at levels of 1, 3, 5, or 10 mol% of the
total lipid. The physical properties of the prepared LPs are shown
in Table 1. To evaluate the effect of the RLTR peptide on cellular
uptake, we next examined the cellular uptake of RLTR-PEG-LPs and
PEG-LPs in primary liver endothelial cells (LECs)and in Hepa1-6 cell
line. The RLTR peptide enhanced the cellular uptake of PEG-LPs and
the maximum cellular uptake was observed within 3 mol% of RLTR
peptide modification in both the cells (Fig. 1A and B).

3.3. Invivo selectivity of RLTR peptide

Abiodistribution study of RLTR-PEG-LPs was carried out in order
to confirm the targeting ability of RLTR-PEG modified LP. Compared
to unmodified control LPs, RLTR-PEG-LPs were largely accumulated
in the liver, with only negligible accumulation in the lung or spleen,
within a very short time (Fig. 2). The liver targeting ability of RLTR
peptide was more than its ability to target lung or spleen. We then
obtained an in vivo image of the liver to check the distribution
pattern of this RLTR-PEG modified LP in liver. )

We then performed an in vivo accumulation study to verify
our hypothesis outlined in the introduction part. We investi-
gated the intrahepatic distribution of RLTR-PEG-LPs by confocal
microscopy. Rhodamine-labeled RLTR-PEG-LPs were widely dis-
tributed throughout the blood vessels (Fig. 3A), and these
intensities were essentially merged with the signal for Isolectin B4,
a marker of endothelial cells (Fig. 3B and C). These results demon-
strate that RLTR-PEG-LPs efficiently target liver endothelial cells
rather than hepatocytes. Furthermore, we compared the intrahep-
atic distribution pattern with RLTR-PEG-LPs and cationic LPs in
order to evaluate the effect of the cationic charge of the liposomal
surface. The size and zeta-potential of the rhodamine-labeled RLTR-
PEG-LPs and cationic LPs was 125nm, 26 mV and 132 nm, 22 mV
respectively. The intrahepatic distribution pattern of the cationic

Merged

Fig. 3. Representative intrahepatic distribution pattern of RLTR-PEG-LPs (A-C) and a cationic control LPs, in which the lipid composition was DC6-14/DOPE/Chol =4:3:3
(D-F). Green and red color represents blood vessels stained by Isolectin B4 and rhodamine labeled LPs respectively. Scale bars correspond to 50 wm in all images.
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Fig.4. Invivo competitive inhibition studies of RLTR-PEG-LPs or KLGR-PEG-LPs using unlabeled RLTR-PEG-LPs or KLGR-PEG-LPs or cationic LPs. Green and red color represents
blood vessels stained by Isolectin B4 and rhodamine labeled LPs respectively. Mice were pretreated with unlabeled RLTR-PEG-LPs or KLGR-PEG-LPs or cationic LPs 15 min
before the second treatment with labeled RLTR-PEG-LPs or KLGR-PEG-LPs for another 25 min of incubation. Representative images of liver tissues with (A and B) labeled
RLTR-PEG-LPs, (C and D) labeled RLTR-PEG-LPs pre-treated with unlabeled RLTR-PEG-LPs, (E and F) labeled RLTR-PEG-LPs pre-treated with unlabeled cationic LPs, (G and H)
labeled KLGR-PEG-LPs, (I and J) labeled KLGR-PEG-LPs pre-treated with unlabeled KLGR-PEG-LPs, (K and L) labeled KLGR-PEG-LPs pre-treated with unlabeled cationic LPs

are shown. Scale bars correspond to 50 pm in all images.

LPs was quite different from that of the RLTR-PEG-LPs, in which the
cationic LPs were gathered in particular spots (Fig. 3D). In addition,
these dots did not overlap with liver endothelial cells (Fig. 3E and F)
indicating that they were taken up by non-parenchymal cells such
as Kupffer cells or were merely aggregated LPs.

3.4. Invivo inhibition study

Inorder to examine some possible mechanisms of unique target-
ing ability of RLTR peptide into liver endothelial cells, comparative
studies of RLTR and its reversed peptide sequence named as KLGR
were performed in the following part. Both RLTR-PEG-LPs and
KLGR-PEG-LPs were accumulated along with the liver blood vessels
(Fig. 4A and B, G and H). Next, accumulation of both labeled RLTR-
PEG-LPs and KLGR-PEG-LP along with the liver blood vessels were

dramatically inhibited by a pre-treatment with unlabeled RLTR-
PEG-LPs or KLGR-PEG-LPs (Fig. 4C and D, I and ]), however, small
portions of signal were remaining. In contrast, the accumulation
of both labeled RLTR-PEG-LPs or KLGR-PEG-LP was not reduced by
the pre-treatment with unlabeled cationic LPs (Fig. 4E and F, K and
L). The results generated in this study suggest that cationic charge
is not the reason for this uptake and may be both RLTR peptide
and its reverse sequence, the KLGR peptide has some specificity for
liver endothelial cells. Possible interpretations will be discussed in
Section 4.

3.5. Invitro comparative inhibition study of RLTR-PEG-LPs

This experiment was performed to support the in vivo inhibition
data. We compared the cellular uptake of both RLTR-PEG-LPs and
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Fig. 5. In vitro cellular uptake inhibition studies using unlabeled (A) RLTR-PEG-LPs, (B} KLGR-PEG-LP and (C) cationic LPs. Different ratios of labeled and unlabled LPs were
co-incubated with 40,000 liver ECs for 3 h. Data were expressed as the mean + SD (n= 3). Statistical differences vs. RLTR-PEG-LP (1:0) or KLGR-PEG-LP (1:0) or control LP (1:0)

were determined by one-way ANOVA followed by Dunnett test. **P<0.01.

KLGR-PEG-LPs with that of cationic-LPs under the inhibition with
unlabeled RLTR-PEG-LPs or cationic-LPs. A comparative inhibition
study with labeled and unlabeled LPs showed that the cellular
uptake of labeled RLTR-PEG-LPs and KLGR-PEG-LPs were inhibited
remarkably in the presence of a low amount of unlabeled RLTR-
PEG-LPs and KLGR-PEG-LPs respectively (Fig. SA and B). On the
other hand, the cellular uptake of labeled cationic LPs was not
inhibited to a significant extent by unlabeled cationic LPs (Fig. 5C).
The results generated in this study suggest that both the RLTR and
KLGR peptide efficiently delivered the nanocarriers into cells via a
specific route, while cationic LPs were randomly taken up by cells.
This conclusion is further supported by the in vivo comparative
inhibition study.

4. Discussion

It has been reported that hepatocytes also express LDL recep-
tors (Marit et al., 1998) and hepatocytes comprise 80% of the total
liver volume (Kmied, 2001). In a recent study it was also demon-
strated that LDL is taken up by liver endothelial cells (Marit et al.,
1998).In this present study we attempted to design a new ligand for
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hepatocytes based on the ApoB-100 sequence of LDL. The newly
designed peptide ligand is referred to as RLTR. The size of the RLTR-
PEG-LPs increased with the increase of the amount of RLTR-PEG.
The surface charge of the PEG-LPs remained negative. However,
the addition of the RLTR peptide resulted in a gradual increase
in the surface charge of the PEG-LPs and a large difference in
surface charge was observed between increments of RLTR-PEG
of 1-10mol% (Table 1). This increment in surface charge of the
RLTR-PEG-LPs reflects the cationic properties of the RLTR pep-
tide. RLTR-PEG-LPs showed a remarkable enhancement in cellular
uptake compared to PEG-LPs in different cell types including liver
endothelial cell and Hepa1-6 cell lines (Fig. 1). In the biodistribution
study it was also observed that most of the RLTR modified PEG-
LP had accumulated in the liver rather than other organs such as
lung or spleen (Fig. Z). However, in confocal microscopy images
it was observed that, RLTR-PEG-LPs accumulated at high levels in
liver blood vessels (Fig. 3A-C) which indicate that these liposomes
do not accumulate in hepatocytes. The cellular accumulation of
RLTR-PEG-LPs was significantly higher than that of cationic LPs
(Fig. 3D-F). Though the RLTR peptide is designed from LDL and
there is previous report that LDL is rapidly taken up by LDL recep-
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Fig. 6. Proposed theory for similar binding and cell penetration of RLTR and KLGR (reverse sequence of RLTR peptide) modified PEG-LPs. Where (A) shows binding of the
RXR motif in both the peptide modified LPs with the receptor expressed by LEC and (B) shows binding of RXXR (RXXR represents either RLTR or RTLR motif) of RLTR or KLGR

modified LPs respectively to the receptor expressed by LEC,
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tors, the peptide modified PEG-LP is highly accumulated in liver
EC. It is possible that this carrier system has more specificity for
liver EC, rather than hepatocytes. This surprising accumulation of
this carrier system through blood vessels led us to conclude that
this nanoparticle might be an ideal system for targeting the liver
endothelial cells. The finding that cationic peptides and lipids accu-
mulate at high levels in endothelial cells of liver is attractive and
interesting,. There are very few reports of the use of cationic or neu-
tral nano carriers to target liver endothelial cells (Bartsch et al,
2004; Torivabe et al, 2011). It should be noted that, these sys-
tems failed to achieve high accumulation in liver endothelial cells.
Because of this, in this study we seized the opportunity to develop
this nanocarrier to target liver EC. There are two possible reasons
for the high accumulation of RLTR modified PEG-LP in liver EC.
Either the high cationic charge of the peptide is causing this high
accumulation or the peptide sequence itself has specificity for liver
endothelial cell. We then checked the specificity of both RLTR and
its reverse sequence KLGR modified PEG-LP by both an in vitro and
in vivo inhibition study. In the in vivo inhibition study we demon-
strated that both the RLTR-PEG-LPs and KLGR-PEG-LPs uptake were
inhibited by unlabeled RLTR-PEG-LPs and KLGR-PEG-LPs respec-
tively (Fig. 4). However, the cationic LPs did not affect its uptake
both in vivo or in vitro (Figs. 4 and 5). Given these findings, the pos-
sibility of a higher accumulation in LEC is due to a higher cationic
charge can be excluded. We then attempted to address the sec-
ond possible reason of the higher accumulation in LEC, namely,
the sequence of the peptide. We found that the sequence con-
tain a motif RKR which remains the same both in the RLTR and
KLGR peptide, although the sequence is completely reversed. It has
been reported that stearylated polyarginine and its derivatives, i.e.
stearyl-(RXR), mediates the efficient plasmid transfection in sev-
eral cell lines (Lehito et al, 2010). The RKR motif is similar as the RXR
motif (Fig. G). As our study shows that both the RLTR (RLTRKRGLK)
and KLGR (KLGRKRTLR) modified PEG-LP are equally efficient in
targeting LEC, the possibility that the RKR sequence is responsible
for this targeting cannot be completely excluded. There is another
possibility, i.e. both peptides contain an RXXR motif. According to
CendR theory this RXXR sequence is essential for a tissue pene-
trating property (Teesalu et al., 2009). As our peptide sequence
RLTR (RLTRKRGLK) and KLGR (KLGRKRTLR) both have the RXXR
sequence and supporting CendR theory so there is another possi-
bility that RLTR and KLGR are the true motifs for these two peptides
for targeting LEC (Fig. 6). Both the peptide, RLTR and KTLR, modified
LPs appear to have similar targeting abilities for liver EC. However,
we were not able to identify the receptor or the key motif respon-
sible for this targeting. Further study will be required to identify
the motif or the receptor. LDL receptor, LRP-1, RXR or RXXR motif,
which are mentioned in the introduction and discussion, are all
possibilities.

5. Conclusion

Liposomes modified with the peptide sequence RLTRKRGLK or
its reverse sequence KLGRKRTLR, designed based on the ApoB-100
sequence, accumulated at high levels in liver endothelial cells via
some as-yet-unidentified target receptors, and not via non-specific
binding with the cell surface. The presence of RXR or RXXR motif
in both peptides may explain their similar uptake by liver ECs. The
RLTR or KLGR modified liposomes have the potential for use as a
carrier system for the delivery of drugs to liver endothelial cells.
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A Neutral Envelope-Type Nanoparticle Containing pH-
Responsive and SS-Cleavable Lipid-Like Material as a

Carrier for Plasmid DNA

Hidetaka Akita,*

“ Ryohei Ishiba, Hiroto Hatakeyama, Hiroki Tanaka, Yusuke Sato,

Kota Tange, Masaya Arai, Kazuhiro Kubo, and Hideyoshi Harashima*

The ultimate demand for gene therapy involves the develop-
ment of nano-sized particles, which are appropriately designed
so as to overcome the multiple biomembrane barriers (ie.,
plasma/endosome- and nuclear membranes) to the nuclear
delivery of plasmid DNA (pDNA), and to maximize the effi-
ciency of post-nuclear delivery processes (i.e., transcription and
translation).!! Since relatively high concentrations of negatively
charged constituents, such as heparan sulfate proteoglycans
(HSPGs), are located on the surface of the plasma membrane,
many of the previous vectors were designed to carry a high level
of positive charges, by the extensive condensation of pDNA
with cationic liposomes and polycations under the assumption
that cationic charge is a crucial driving force for the first cel-
lular contact with HSPG, and the subsequent cellular uptake
process. Meanwhile, quantitative comparisons of intracellular
trafficking between cationic non-viral vectors (i.e. lipoplex) and
adenovirus revealed that the post-nuclear processes are pre-
dominant ones for producing a 2- or 3-magnitude poorer trans-
fection efficiency in non-viral vectors in dividing cells.t¥ Further
mechanism-based studies revealed that the poor post-nuclear
delivery processes can be directly attributed to the inefficiency
associated with transcription and translation. This, in turn,
can be atwibuted to the poor release of pDNA from the gene
carriers, and to the steric hindrance likely due to electrostatic
interactions between mRNA and the cationic component of the
gene carrier (i.e., cationic liposomes), respectivelyl Based on
these drawbacks, we focused on the development of a pDNA-
encapsulating nanoparticle which was designed to be neutral at
physiological (cytoplasmic) pH to avoid mRNA interactions, and
to be degradable for the effective release of pDNA in response
to the cytoplasmic environment.
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As a fundamental architecture, we used a multifunctional
envelope-type nano device (MEND),Pl in which a condensed
DNA/polycation complex was coated with lipid envelope
(Figure 1A). A key molecular component to produce a neutral
and degradable envelope is SS-cleavable proton-activated lipid-
like material (ssPalm), which has two lipid-like hydrophobic
chains (Cj3H,y) to form a stable lipid bilayer. This molecule
mounts dual sensing motifs that can respond to the intra-
cellular environment; two tertiary amines that function ag
proton-sponge units, which are positively charged at an acidic
pH (endosome/lysosome) for membrane destabilization, and
disulfide bonding that can be cleaved in reducing environment
(cytosol). Moreover, several prior studies showed that certain
kinds of enzymes (i.e., NADH oxidases and protein disulfide-
isomerase) have the ability to cleave disulfide bonding on the
surface of the cells.!® Thus, it is possible that the ssPalm might
be partially cleaved during the cellular uptake process, and the
cleavage product, possessing a proton-receiving tertiary amine
(positively charged amine) and a hydrophobic carbon chain
might destabilize endosomes by its detergent-like activity. As
a control, we synthesized a non-cleavable Palm (ccPalm), in
which the gs-cleavable unit was replaced with a covalent carbon
linkage. Also, the transfection activity and cellular uptake of
the developed MEND was compared with the corresponding
values for MENDs prepared with a conventionally cationic lipid
(1,2-dioleoyl-3-trimetylammoium propane; DOTAP) and proton-
ionizable  aminolipid  (1,2-Dioleoyl-3-dimethylammonium-
Propane; DODAP). While cellular uptake efficiency would be
expected to be decreased when the surface of the MEND is neu-
tral, we assumed that these designs, which take the post-nuclear
processes into account, might counteract this disadvantage.

For the encapsulation of pDNA, loosely compacted pDNA/
protamine core particles were prepared at a nitrogen/phos-
phate (N/P) ratio of 1.2 in an acidic solution. The particle size
of the core particle was 111.4 nm and the zeta potentials were
negatively charged (~26.6 mV). Thereafter, the core particles
were encapsulated in the lipid envelope by the ethanol dilu-
tion method.”! Palms (ssPalm and ccPalm) and DODAP form
vesicular structures with other lipids (1-stearoyl-2-dioleoyl sn-
glycero-3-phosphatidylethanolamine; SOPC, cholesterol; Chol
and 1-(monomethoxy polyethyleneglycol2000)-2,3-dimyristoylg-
Iycerol; PEGyg0-DMG) by the stepwise dilution of a lipid solu-
tion (99.5% ethanol) with an equal volume of acidic core particle
solution (50% ethanol) and further by the addition of an acidic
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Figure 1. A) Schematic diagram illustrating a MEND; ., encapsulating pDNA. ssPalm possesses tertiary amines that cause positive charges to form
in response to an acidic environment (endosome/lysosome) and the cleavage of disulfide bonds in a reducing environment (cytosol). B) MENDs
prepared with ssPalm (MENDyp.m; closed circle), ccPalm (MEND p i open circle) and DODAP {(MENDgopap; Open square) were incubated with
TNS in various pH to determine an apparent pKa. C) The protection of pDNA against serum nucleases by MENDs. Samples of naked pDNA, pDNA/
protamine core particle and MEND,p, were added to mouse serum at 1:9 volume ratio at 37 °C for 0-24 h. Aliquots containing 322 ng pDNA of each
sample were analyzed by 1.0% agarose gel. D) Time-dependent destabilization in response to the reduction was also investigated by incubating these
MENDSs with 10 mM DTT for the indicated times. Statistical analyses were performed by Two-way ANOVA followed by Bonferroni’s multiple comparison
test (5p < 0.05 and **;p < 0.01 against ccPalm, #p < 0.05 and ##;p < 0.01 against DODAP). E} Intracellular decapsulation of pDNA from MENDp,
(a) and MEND p,pn, (b) in HT1080 cells at 6 h post-transfection. E) Dissociation efficiencies of MENDgpyq, and MEND cpyyr, in 30 individual cells were

plotted with mean values (bar) £ S.E. Statistical analyses were performed by non-parametric Mann-Whitney test ("";p < 0.01).

HEPES buffer (5% ethanol). The resulting MEND particles were
concentrated by ultrafiltration, and then diluted with neutral
HEPES (pH = 7.4) to the desired concentration. In the encapsu-
lation process, the incorporation of PEG-lipid (>3 mol% of total
lipid) is also essential to achieve a small-sized and highly dis-
persed particle population, presumably because the hydrophilic
PEG layer avoids particle-to-particle collisions. Encapsulation
efficiencies of pDNA in MENDs were determined as >80% by
using gel retardation assay (Supplemental Figure S1).
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The size and &-potentials of the MENDs used in the present
study are summarized in Supplemental Table 1. MENDs pre-
pared by ethanol dilution methods are comparable in size (130~
160 nm). The &potentials of MENDs prepared with ssPalm
and DODAP (MENDyp,,, and MENDpgpap, respectively) were
nearly neutral, while that of ccPalm (MEND  p,,,) Was unexpect-
edly positive (approximately +10 mV). As another control, we
prepared a MEND composed of DOTAP/DOPE/Chol (30:40:30)
by the lipid hydration method (MENDpotap), which is known
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to exhibit a high gene expression in the presence of serum.!
This MEND was highly cationic (> +50 mV), derived from the
quaternary amines in DOTAP. This MEND also has a relatively
larger size and polydispersity index (PDI) compared to particles
prepared by the ethanol dilution method.

The apparent pKa values for the ssPalm, ccPalm and DODAP
in the lipid bilayer were determined by incorporating a fluores-
cence probe; potassium 2-(p-toluidino)-6-naphthalenesulfonic
acid (TNS) into the lipid envelope (Figure 1B). The values
for ssPalm and DODAP were comparable (approximately 6.2
and 6.0, respectively). On the other hand, the pKa of ccPalm
was approximately 7.3. This data is consistent with the fact
that MEND,pa, particles carry a slight positive charge, while
the MENDpym and MENDpopap are neutral (Supplemental
Table 1). The stability of the MENDgpa, ift mouse serum was
assessed. Naked DNA, the pDNA/protamine core particle and
the MENDyp,,, Were incubated in 90% mouse serum for 24 h.
After purifying the pDNA, the samples were analyzed by aga-
rose gel electrophoresis (Figure 1C). pDNA encapsulated in the
MENDpam was stable for at least 24 h, while naked DNA and
pDNA/protamine core particles were rapidly degraded within
1 h. These data strongly indicate that the encapsulation into
the lipid envelope provides protection from enzymatic degrada-
tion when the encapsulated cargo is in blood circulation. The
stability of the lipid envelope under the reductive environment
was also evaluated by a TNS assay. The MENDs were incubated
in the presence or absence of 10 mM DTT as a reducing rea-
gent for the indicated durations. Thereafter, TNS was incubated
with MENDs at pH 4.0, in which most tertiary amines are
charged positive regardless of the lipid component (Figure 1B).
As shown in Figure 1D, TNS fluorescence was gradually reduced
in the case of the MENDyp,,,,, while those of MENDs pre-
pared with non-cleavable lipids (MEND cpym and MENDypopap)
remained constant throughout the experiment. Thus, cleavage
of the disulfide bonding destabilizes the lipid envelope of
MENDgpym in response to the reducing environment. How-
ever, this reaction occurred slowly over a 24 hr period whereas
the DTT-mediated cleavage of disulfide bonding was generally
complete within 30 ~ 1 h, at most.l”! In this assay, the reduction
in fluorescence can be observed when the quantity of the TNS
inserted into the lipid envelope is decreased, and/or the lipid
bilayer loses hydrophobicity in parallel with the destabilization
of the lipid envelope. In this sense, the parameter determined in
this experiment is a hybrid of the efficiency of SS-cleavage and
subsequent destabilization of the particle. Therefore, it is plau-
sible that the slow decrease in TNS fluorescence may be rate-
limited by the latter process. To investigate the destabilization
and resulting decapsulation pDNA in the cell, a double-labeled
MEND was prepared, in which the pDNA was labeled with
rhodamine and the lipid envelope was labeled with 7-nitrobenz-
2-oxa-1,3-diazole (NBD). In the case of the MENDpym,
pDNA signals were predominantly co-localized with the lipid
envelope signals (Figure 1E; b). In contrast, a significant portion
of the pDNA signals were detected as non-colocalized forms in
the MENDgpam (Figure 1E; a), while a major portion of the
pDNA remained in the envelope structure at an earlier time (at
<10 min after transfection) (Supplemental Figure S2). In fact,
the mean decapsulation efficiency in the MENDgpa,, quantified
using 30 individual cells was significantly higher than those in
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the MEND pay, (0.65 and 0.21, respectively) even at 6 h after
transfection (Figure 1F). These data suggest that the decapsu-
lation efficiency was actually improved after the particles were
taken up into the cells, as was intended in the design. Such an
earlier intracellular decapsulation of MEN Dypy,y, in comparison
with a DTT-mediated in vitro destabilization (Figure 1D) can
be explained by assuming that an association with a variety of
the lipid binging proteins or negatively charged mRNAs might
trigger destabilization in the cells.

To evaluate the intracellular trafficking of the MEND p.y, the
co-localization of the MENDs with endosomes/lysosomes were
observed by confocal laser scanning microscopy (Figure 2A).
The MENDSSI’ahm MENDCCPalm and MENDD()DAP were ob&erved
as well-dispersed particles (a~c). In contrast, the MENDpoap
forms large sediments on the bottom of a dish or a cell (d).
Thus, the hydrophilic PEG layer might prevent mutual par-
ticle-to-particle collision. Among these well-dispersed particles,
pDNA signals (pseudo-colored in red) free from co-localization
with endosomes/lysosomes (green) were commonly observed
in the case of the MENDggpay, (Figure 2A;a), especially in com-
parison with MENDpqpap (Figure 2A;c). Further quantification
of the co-localization of the pDNA with endosome/lysosome
using 30 cells revealed that the endosomal escape efficiency can
be ranked as follows: MENDygpy n > MEND pam > MENDpopap
(Figure 2B). Thus, the use of ssPalm has clear advantages in
terms of the endosomal escape process, compared to DODAP
or ccPalm.

To investigate the mechanism responsible for the efficient
endosomal escape of MEN Dggp,1,,,, the impact of endosormnal acid-
ification on transgene expression was first addressed. As shown
in Figure 2C, the gene expression level for the MEND gpyy,, and
MENDpopap Was decreased in the presence of bafilomycin
Al, a specific inhibitor of vacuolar-type H*-ATPase. In con-
trast, the gene expression of the MEND cp, and MENDporap
were not inhibited, probably because they are positively charged
regardless of the pH of their environment. Similar results were
also observed when we used NH,Cl, another type of blocker of
endosomal acidification (Supplemental Figure $3). Thus, pH-
activated positive charging is prerequisite for the destabiliza-
tion of endosomes in the MENDgpu, and MENDpgpap, and
this occurs by triggering the electrostatic interaction between
MEND particles to the endosomal membrane. In addition,
the ‘proton sponge mechanisni derived from the proton-
accepting secondary amines is one of the possible mechanisms
for explaining endosomal destabilization as was shown in the
case of polyethylencimine (PEI).!% The higher proton-buff
ering capacity in the MENDgpy,, might result in the fact that
its more endosomal escape efficiency is greater than that of
MEND cpapm:

However, the pH-dependent positive charging andfor
“proton sponge effect” cannot explain the issue of why the
MENDgpaim is able to escape from the endosome more effec-
tively than MENDpgpap, given the fact that these MENDs have
similar apparent pKa values. To address this question, we evalu-
ated the destabilization of the cell membrane more directly by a
hemolysis assay (Figure 2D). Liposomes composed of ssPalm/
DODAP:SOPE:Chol (30:40:30) plus PEG;00-DMG  (LPyepap,
and LPpopap) were incubated with erythrocytes at various pH
values. As described above, a part of the disulfide bonding in

Adv. Healthcare Mater. 2013, 2, 1120-1125
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Figure 2. A) Rhodamine-labeled pDNA was encapsulated in MENDggpu1m {8), MEND pa1 (B), MENDpopap (¢) and MENDpomp (d), and then were
transfected to the HT1080 cells for 3 h. B) Endosome escape efficiencies of the MENDq p,j and MEND  paim and MENDpopap in 30 individual cells were
plotted with mean values (bar) % S.E. Statistical analyses were performed by non-parametric Kruskal-Wallis test followed by Dunn's multiple comparison
test {**; p < 0.01). C) MENDs were transfected to the HT1080 cells that had been pretreated with bafilomycin A1. The transfection activities of MEND
were expressed as the relative mean values of those obtained in the absence of bafilomycin A1. Statistical analyses were performed by Two-way ANOVA
followed by Bonferroni’s multi-comparison test (*;p < 0.05). C) Erythrocytes were incubated with LPy;pm and LPpopap at various pH in the presence
or absence of DTT for 30 min. The absorbance of the hemoglobin that had leaked into the supernatant was measured. The values were represented as
relative values of the positive control, obtained by triton X-100 treatment. Statistical analyses were performed by One-way ANOVA followed by Bonfer-
ront's multi-comparison test (*;p < 0.05), or One-way ANOVA followed by Unpaired T-test (*; p < 0.05, #*#;p < 0.01).

ssPalm on the plasma membrane might be cleaved.® Thus, we ~ was marginal and also comparable to that of LPpgpap. How-
also monitored hemolysis activity in the presence of DTT as an  ever, the hemolysis activities of the LPp,, tended to increase
artificial cleavage inducer of ssPalm to investigate the potential  in response to the acidic environment, especially in the pres-
role of the SS-cleaved product in the membrane destabilization  ence of DTT. In contrast, hemolysis activity was not altered
process. At physiological pH, the hemolysis activity of LPgpy,  regardless of the acidification or DTT treatment in the case of
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Figure 3. A) Cellular uptake of NBD-labeled MENDg;paim MEND cpajms MENDpgpap and MENDpqpap were quantified by FACS, and the geo mean fluo-
rescence was then calculated. B) Transfection activities of MENDs in HT1080 cells were evaluated at for 24 h post-transfection. Statistical analyses were
performed by One-way ANOVA followed by Bonferroni's multi-comparison test (";p < 0.01). C) mRNA encoding luciferase was subjected to in vitro
translation in the presence MENDp 1, and MENDpgyap at the indicated amount of pDNA. Statistical analyses were performed by Two-way ANOVA

followed by Bonferroni’s multi-comparison test (%;p < 0.05,

**:p < 0.01 against HEPES buffer). D) Cytotoxicities of MENDs, in terms of the amount of

remaining protein amount in each tested well were evaluated by transfection at various concentrations. Open circles, closed circles, open squares and
closed squares represent MENDggpaim MEND cpaimy MENDpapap, MENDporap, respectively. Statistical analyses were performed by Two-way ANOVA

followed by Bonferroni’s multiple comparison test (**;

the LPpopap- Thus, along with a positive charge, the structure
of ssPalm is an important characteristic for efficient endosomal
escape.

As a functional analysis, we first compared the cellular
uptake of MENDs to HT1080 cells using fluorescence-activated
cell sorting (Figure 3A). Since the surface positive charge is a
driving force for the cellular binding of MENDs, the cellular
uptake of cationic MENDs (MEND,psm and MENDporap)
would be expected to be significantly higher than neutral
MENDs (MEND . and MENDpgpap). In conirast, the rank
order of trans-gene expression was MENDgpay, > MEND cpay, >
MENDypopap (Figure 3B). Of note, the gene expression of the
MENDygpy,, Was approximately 20-fold higher than that of the
MENDpgpap- Moreover, the most significant finding was that
the expression level of the MENDgpyy, was comparable to that
for the MENDpgrap- This indicates that the drawback to the use

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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p<0.01 against ssPalm, *#; p < 0.01 against DODAP and ; p < 0.01 against DOTAP).

of a neutral MENDp: less cellular uptake, was counteracted
by the efficient intracellular processing.

In our evaluations of the endosomal escape processes,
the MENDporap escapes from endosomes as efficient as
MENDggpaim (Figure 2A). Furthermore, in the present study,
pDNA appears to enter the nucleus at the mitosis phase
when the nuclear membrane structure is temporarily dimin-
ished. Thus, higher efficiency of the MENDggpy, in the intra-
cellular processes can be attributed to post-nuclear proc-
esses, due to the active decapsulation of pDNA (Figure 1E
and 1F) and less electrostatic interaction with mRNA as
was intended in the original design. This hypothesis is sup-
ported by the fact that MENDgp,,, marginally inhibited
the in vitro translation of the mRNA, while a drastic loss
of the reaction was observed in the cationic MENDpgrap
(Figure 3C).
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Since safety is a minimum requirement for the future
in vivo use of gene carriers, we finally evaluated the MENDs
for cytotoxicity (Figure 3D). On the x-axis, the dose was rep-
resented as the total lipid concentration. The minimum dose
(1.5 mM) is the generally used concentration for in vitro gene
transfection {(corresponding to the 0.4 pg/mL of pDNA). The
Y-axis represents the cytotoxicity of the MEND in terms of
the amount of protein after a 24 h-transfection. In the case of
the MEND p,1m and MENDpopap, the amount of protein was
drastically decreased depending on the dose increase. Even in
these higher dose transfections, the amount of protein was
never decreased in the MENDpa,,, and MENDpgpap. The lower
toxicity of the MENDyggpay,, in comparison with MEND,paim
can be explained by its efficient biodegradation in the cells.
Previous studies showed that cationic lipids with biodegradable
characteristics!"! (i.e., cationic cholesterol linked with carbamate
ester bonding!'Z) are less toxic. Furthenmore, in our molecular
design, the number of amine(s) per molecule decreased from 2
to 1 by the cleavage of disulfide bonding. Since cross-linkage of
a low-molecular PEI with a disulfide linkage confers lower tox-
icities with superior transfection efficacies in comparison with
a high molecular PEL™ depolymerization of the cationic units
concomitant with biodegradation might be a key factor in terms
of avoiding cytotoxicity.

In summary, we report on the successful development of a
pDNA carrier, which is designed to maximize the post-nuclear
delivery processes (transcription and translation) by excluding
surface positive charges and promoting biodegradability. As
a result, a gene transfection activity comparable to that of a
conventional cationic MEND was achieved in the presence of
serum with much a smaller amount of cellular uptake. Also,
cytotoxicity was extremely low, presumably due to its biode-
gradable nature. As a future issue, the poor cellular uptake of
neutral particles can be conquered by surface modification with
cell-targeting ligands. Finally, the exclusion of cationic charge
is also advantageous to avoid undesirable accumulation in the
lung,* and to prolong the systemic circulation after intrave-
nous administration.”™! This carrier will be a promising carrier
for in vivo use in the future.

Experimental Section

Full methods for the synthesis, preparation/characterization of
nanoparticle and functional analysis are described in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT

MicroRNAs {(miRNAs) are small noncoding RNAs
that regulate gene expression post-transcriptionally.
Previous studies, which characterized miRNA
function, revealed their involvement in fundamental
biological processes. Importantly, miRNA expression
is deregulated in many human diseases. Specific
inhibition of miRNAs using chemically modified anti-
miRNA oligonucleotides (AMOs) can be a potential
therapeutic strategy for diseases in which a specific
miRNA is overexpressed. 2'-O-Methyl (2-OMe)-4'-
thioRNA is a hybrid type of chemically modified
oligonucleotide, exhibiting high binding affinity
to complementary RMNAs and high resistance
to nuclease degradaticn. Here, we evaluate 2'-OMe-
4’-thioribonucleosides for chemical modification on
AMOs. Optimization of the modification pattern using
a variety of chemically modified AMOs that are
perfecily complementary to mature miR-21 revealed
that the uniformly 2-OMe-4/-thioribonucisoside~
modified AMO was most potent. Further investiga-
tion showed that phosphorothioate modification
contributed to long-term miR-122 inhibition by
the 2'-OMe-4'-thioribonucleoside-modified AMO.
Moreover, systemically adminisirated AMOs to

mouse using a liposomal delivery systermn, YSKO05-

MEND, showed delivery to the liver and efficient
inhibition of miR-122 activity at a low dose in vivo.

INTRODUCTION

MicroRNAs (miRNAs) are a class of endogenously
expressed small noncoding RNAs (18~25nt), which

regulate gene expression post-transcriptionally. In
animals, single-stranded mature miRNAs hybridize to
the 3" untranslated region (3'UTR) of the target mRNA
through complete base paring with positions 2-8 of the
miRNA, known as the seed region. Binding on the seed
region nucleates miRNA-mRNA association, and causes
translational inhibition or mRNA degradation (1,2).
Because complementarity of the seed region consists of
only 7nt, a single miRNA may regulate multiple genes,
and a single mRNA can be modulated by several different
miRNAs (3-5). To date, >1000 miRNAs have been
identified in humans and regulate up to 60% of protein
coding genes (6,7). MiRNAs are implicated in important
functions in the biological process, including cell differen-
tiation, proliferation, development. metabolism and apop-
tosis. Furthermore, up- or downregulation of miRNA
expression is correlated with a variety of human diseases
such as cancer, viral infection and cardiovascular dis-
orders (8). Thus, regulation of specific miRNA function
is a promising therapeutic strategy for treatment of such
discases.

Among the approaches to modulate the function of
miRNAs, anti-miRNA oligonucleotide (AMO)-based in-
hibition has been most widely used not only to exploit the
biological function of miRINAs but also as candidates for
therapeutic agents (9). To develop oligonucleotide (ON)-
based therapeutic strategies, there are several issues to
overcome, namely poor stability of ONs in biological
fluids, weak binding affinity to target RNA, poor
cellular uptake and wunfavorable immunostimulatory
activity. Thus far, a wide variety of chemically modified
ONs have been developed to date, including 2'-O-methyl

nucleic acid (LNA) to overcome these disadvantages
(15-17). These chemical modifications have successfully
been applied to an antisense technology as well as
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Figure . Structure of 2"-modified-4'-thioribonucleoside.

ON-based therapeutic technologies (e.g.  siRNAs,
aptamers, ribozymes). Two successful reports of 2'-
OMe-modified AMOs were reported in 2004 (18,19),
lending credence to the idea of using chemically
modified AMOs. Furthermore, considerable efforts in
optimization have been dedicated to develop AMOs as a
new therapeutic agent, and several chemically modified
AMOs are currently undergoing clinical trials (20).
Therefore, further optimization of chemical modifications
for AMO-based miRNA suppression will continue to
improve this therapeutic approach.

We developed a novel chemically modified ON, 2'-OMe-
4'-thioRNA (21) (Figure 1), which can be considered a
hybrid chemical modification based on 2’-OMe RNA (13)
and 4-thioRNA (22-28). In our previous study, we
reported the development of 2-OMe-4'-
thioribonucleoside-modified siRNA (29). Optimization
of both the number and position of modification by 2'-
OMe-4'~thioribonucleoside afforded modified siRNAs
with more potent and persistent RNAi activity. In
addition, investigation of the duration of RNAI activity
resulted in long-lasting gene silencing in vitrro owing to
the improved intracellular stability of 2-OMe-4'-
thioribonucleoside-modified siRNA. Like many other
chemically modified ONs that can successfully be applied
to AMO as well as siRNA, we expected that 2-OMe-4'-
thioribonucleoside modification acts as a promising AMO.
Therefore, we set out to evaluate the utility of 2'-OMe-4'-
thioribonucleoside for chemical modification on AMOs. In
this study, we investigated the modification pattern of
AMOs by 2-OMe-4-thioribonucleoside in terms of
potency and duration of activity in two kinds of target
miRNA (miR-21 and miR-122) in vitro. Moreover, system-
ically administrated AMOs to mouse liver using a
liposomal delivery system, a multifunctional envelope-
type nano device (MEND) with a pH-sensitive cationic
lipid, YSKO05 (YSKO5-MEND) (30), showed efficient in-
hibition of miR-122 activity at a low dose in vivo,
implicating potential use of 2'-OMe-4'-

MATERIALS AND METHODS
Oligonucleotides

The chemically modified AMOs used in this study were
synthesized on an Applied Biosystem 3400 DNA synthe-
sizer according to our previous report (21). Thus, support
bound chemically modified AMOs were synthesized using
the corresponding phosphoramidite units at a 1.0 pmol
scale following the standard procedure described for

oligoribonucleotides. Each of the phosphoramidite units
was used at a concentration of 0.1 M in dry acetonitrile,
and the coupling time was extended to 10min for each
step. AMOs with phosphorothioate (PS) backbone were
achieved by oxidation with 3H-1,2-benzodithiol-3-one-
1,1-dioxide (Beaucage reagent) during ON synthesis.
After completion of the synthesis, the CPG support was
treated with concentrated NH,OH or NH,OH/EtOH (3:1)
at 55°C for 16 h. In the case of CPG supports containing
either 2'-F or 2'-F-4'-thioribonucleoside modification,
these were treated with methanolic ammonia (saturated
at 0°C) at room temperature for 24 h. Then, the support
was filtered off. The filtrate was concentrated and the ON
protected by a DMTr group at the 5'-end was chromato-
graphed on a C-18 silica gel column with a linear gradient
of acetonitrile (from S to 40%) in 0.1 N TEAA buffer (pH
7.0). The fractions containing the full-length ON were
combined and concentrated. The residue was treated
with aqueous acetic acid (70%) for 20 min at room tem-
perature. The solution was concentrated and the residue
was purified on reversed-phase high performance liquid
chromatography, using a J'sphere ODS-M80 column
(4.6 x 150 mm, YMC) with a linear gradient of acetonitrile
(from 10 to 40%) in 0.1 N TEAA buffer (pH 7.0). The
structures of each RNA were confirmed by measure-
ment of MALDI-TOF/MASS spectrometry on Ultraflex
TOF/TOF (Buruker Daltonics). The analytical data
of synthetic AMOs are summarized in Supplementary
Table S1.

T, measurement

Thermally induced transitions were monitored at 260 nm
on a Beckman DU 650 spectrophotometer. Samples were
prepared as follows: AMO and target miRNA (3 uM each)
were mixed in a phosphate buffer (10 mM, pH 7.0) con-
taining 0.1 mM EDTA and I mM NaCl, heated at 90°C
for Smin, cooled gradually to room temperature and used
in thermal denaturation studies. The sample temperature
was increased 0.5°C/min.

Cell culture

HeLa cells and Huh-7 cells were cultured at 37°C under
5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific), 100 unitsml™
penicillin, 100pgmli™" streptomycin, respectively. Celis
were regularly passaged to maintain exponential growth.

Construction of miRNA reporter plasmids and luciferase
reporter assay

The miRNA reporter plasmids were generated by cloning
the synthetic 5-phosphorylated ONs corresponding to
tandem perfect-match target sited for human miR-21 or
miR-122 into the 3’UTR of firefly luciferase gene (luc2)
in the pmirGLO Vector (Promega). HeLa cells or Huh-7
cells were plated into 96-well plates, at 10000 cells/well in
DMEM supplemented with 10% FBS, 100 unitsml™
penicillin, 100 pgml™"  streptmycin.  After 24h  of
plating, reporter plasmid and AMOs were co-transfected
into the cells in triplicate using Lipofectamine™ 2000
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