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Abstract

Efficient nuclear gene delivery is essential for successful gene therapy. This study developed a novel system that mimics the mechanism
of nuclear entry of adenovirus (Ad) by means of a Multifunctional Envelope-type Nano Device (MEND). In this system, plasmid DNA
(pDNA) was condensed with polycation, followed by encapsulation in a lipid membrane. To target MEND to the nuclear pore complex
(NPC), sugar served as a NPC-mediated nuclear targeting device was modified on the surface of the lipid envelope. This was
accomplished via synthesis of a sugar—cholesterol conjugate. After binding of the MEND to the NPC, the pDNA core was transferred
into the nucleus in conjunction with a breakdown of the lipid envelope. Sugar-modified MEND showed higher transfection efficiency
compared with unmodified MEND, in non-dividing and dividing cells. Confocal microscopy confirmed that nuclear transfer of pDNA
was improved by sugar modification of MEND. Furthermore, destabilization of the lipid envelope significantly enhanced transfection
activity: therefore, nuclear-delivery efficiency was closely related to lipid envelope stability. Moreover, quantitative evaluation of cellular
uptake and nuclear transfer processes by real-time PCR confirmed that the surface sugars affected nuclear transfer, but not cellular
uptake. In summary, a novel system for the nuclear delivery of pDNA was successfully developed by using a sugar-modified MEND and

by optimizing the lipid envelope stability.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nuclear transport of therapeutic genes is a primary
limiting step in intracellular trafficking of gene vectors. In
dividing cells, disappearance of the nuclear membrane
during cell division allows plasmid DNA (pDNA) to be
transported into the nucleus. However, in non-dividing
cells, the nuclear membrane is the ultimate barrier that
limits migration of pDNA into the nucleus. Because non-
dividing cells compose a large part of living organisms,
development of an efficient nuclear gene delivery system is

*Corresponding author. Faculty of Pharmaceutical Sciences, Hokkaido
University, Kita 12 Nishi 6, Kita-Ku, Sapporo, Hokkaido 060-0812,
Japan. Tel.: +81117063735; fax: +81117064879.

E-mail address: akita@pharm.hokudai.ac.jp (H. Akita).

0142-9612/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2007.09.039

an important breakthrough towards realizing successful
gene therapy [1-6].

Many attempts have been made to overcome the nuclear
membrane barrier using functional devices, commencing
with the nuclear localization signal (NLS) derived from
SV40 Large T antigen. Strategies used in these attempts are
classified roughly into two types: (i) direct conjugation of
NLS to DNA [7-11], and (ii) electrostatic interaction
between DNA and cationic amino acids in NLS [12-16].
Although enhancement of transgene expression was
observed in the latter case, these strategies may not be
ideal due to difficulties controlling the topology and
density of NLS. Therefore, for efficient nuclear gene
delivery, more sophisticated strategies are desired.

Some viruses, such as adenovirus (Ad), influenza virus,
herpes virus, SV40, and HIV possess sophisticated


www.elsevier.com/locate/biomaterials
dx.doi.org/10.1016/j.biomaterials.2007.09.039
mailto:akita@pharm.hokudai.ac.jp

710

mechanisms for transporting their genome into the nucleus
of host cells [17]. It is well known that Ad delivers its
genomic DNA to a wide range of cell lines not only in
dividing, but also in non-dividing, cells. Therefore,
adenoviral vectors are widely used as a tool for gene
delivery [18,19]. In addition, the mechanism of Ad nuclear
entry has been thoroughly investigated (Fig. 1A). After Ad
is incorporated into host cells, it travels through the
cytoplasm and binds to the nuclear pore complex (NPC)
with the aid of microtubule machinery. The proximity of
the Ad capsid to the NPC allows hexon binding to histone
H1. The hexon-histone H1 complex then is transported
into the nucleus by histone H1 import factors (i.e. importin
7 and importin f). This triggers a nuclear transfer of Ad
genomic DNA in conjunction with disruption of the viral
capsid [20].

In the present study, a nuclear gene delivery system was
developed based on the novel concept of a “degradable
lipid envelope on the NPC,” which mimics the mechanism
of adenoviral nuclear entry, but uses a non-viral gene
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vector (Fig. 1B). In this study, a Multifunctional Envelope-
type Nano Device (MEND), in which pDNA was
condensed with polycation, followed by encapsulation
with lipid envelope, was used as the vector. MEND is
advantageous because they can be modified with functional
devices on the surface of the lipid envelope [21-23]. In the
present study, MEND modified with octaarginine (RS)
(R8-MEND), was prepared from stearylated R8 (STR-
R8). R8 induces cellular uptake via macropinocytosis. This
pathway is advantageous because it avoids a lysosomal
degradation and releases its cargo into the cytoplasm
[24,25]. Development of a novel nuclear-delivery system
requires the ability to control nuclear targeting and
subsequent destabilization of the lipid envelope (Fig. 1B).
To target MEND to the NPC, NLS must be displayed on
the surface. In this study, sugars were used as the nuclear
targeting ligands.

Acquisition of nuclear transfer ability by sugar mod-
ification was first reported by Duverger et al. [26]. They
reported that sugar-conjugated bovine serum albumin
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Fig. 1. Schematic diagram illustrating the strategy for nuclear entry of Ad and a novel strategy for the efficient nuclear delivery of plasmid DNA. After
binding to NPC by means of NLSs of capsid proteins, Ad releases its genome core into the nucleus in conjunction with disruption of viral structure (A). In
the present study, an efficient nuclear gene delivery system, which mimics the nuclear entry of Ad, was developed based on a novel concept of a

“degradable lipid envelope on the nuclear pore complex” (B).
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(BSA) accumulated in large amounts in the cell nucleus. In
resent decades, the function of sugar molecules as a nuclear
transport signal has been clarified [27-29]. According to
these reports, sugar-dependent nuclear transport was
mediated by its receptors (i.e. lectins) and occurred in an
energy-dependent manner via NPC. Moreover, since this
pathway was not inhibited by an excess of NLS peptides,
the sugar-mediated pathway was quite different from the
NLS-mediated pathway. These reports also revealed sugar-
specificity in nuclear delivery. Nuclear delivery of BSA
modified with glucose, mannose, N-acetylglucosamine
(GIcNAc), and fucose was clearly observed; in contrast,
modification with galactose, lactose, and 6-phospoman-
nose did not enhance nuclear delivery. Therefore, sugar
molecules may be good candidates for nuclear targeting
signals of gene vectors.

To permit sugar-display on the surface of the MEND,
the sugars were conjugated to cholesterol, and the
sugar—cholesterol conjugates then were anchored to the
lipid envelope via the cholesterol moiety. The present study
addresses the utility of the novel nuclear-delivery system by
measuring transgene expression and nuclear transfer of
pDNA in non-dividing (synchronized) cells.

2. Materials and methods
2.1. Materials

pDNA encoding EGFP-luc (6,367) encoding the EGFP-luciferase
fusion protein was purchased from Clontech (Palo Alto, CA, USA). The
pDNA was purified with a Qiagen Endfree plasmid Mega Kit (Qiagen
GmbH, Hilden, Germany). Protamine sulfate salmon mint was purchased
from Calbiochem (Darmstadt, Germany). Cholesterol, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), and 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazole-4-yl) (NBD-
DOPE) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). Stearylated octaarginine (STR-R8) was synthesized as described
previously [30]. Tetramethylrhodamine-labeled dextran (Rho-dex, MW:
70,000) was purchased from Molecular Probes (Eugene, OR, USA).
Hydroxyurea, Hoechst 33342, N-acetylglucosamine (GIcNAc), mannose,
and galactose were purchased from Sigma (St. Louis, MO, USA). Heparin
sodium was obtained from Wako (Osaka, Japan).

2.2. Synthesis of sugar—cholesterol conjugates

2.2.1. Cholest-5-en-3p-ol-p-toluenesulfonate (1)

A solution of cholest-5-en-3f-ol (10 g, 25.86 mmol) and p-toluenesulfo-
nylchloride (10 g, 52.47 mmol) in dry pyridine (100 ml) was stirred for 16 h
at room temperature. After addition of water (25ml) to the reaction, the
mixture was extracted with chloroform (50ml, three times). The organic
phase was dried over anhydrous sodium sulfate and concentrated in vacuo.
The residue was purified by flash SiO, column chromatography with
elution of CHCI;/EtOAc (9:1) to give compound 1 as a white powder
(78% yield). '"H NMR (400 MHz, CDCl;) §/ppm: 7.81 (d, 2H, J = 8.3 Hz),
7.35(d, 2H, J = 8.5Hz), 5.33 (d, 1H, J = 5.3Hz), 4.30-4.41 (m, 1H), 1.62
(s, 3H), 0.98 (s, 3H), 0.91 (d, 3H, J = 7.6 Hz), 0.89 (d, 6H, J = 7Hz), 0.69
(s, 3H).

2.2.2. 11-(cholest-5-en-3f-yloxy)-3,6,9-trioxaundecan-1-ol (2)
Tetracthyleneglycol (2.00g, 10.3mmol) was added to a solution of

compound 1 (1.00 g, 18.0mmol) in 1,4-dioxane (18 ml). The mixture was

refluxed for 4 h. The reaction mixture was concentrated in vacuo, and the

residue was purified by flash SiO, column chromatography with elution of
CHCI3/EtOAc/MeOH (8:1:1) to give compound 2 as a yellow syrup
(80% yield). "H NMR (400 MHz, CDCl5) §/ppm: 5.32 (m, 1H), 3.55-3.75
(m, 16H), 3.12-3.23 (m, 1H), 1.75-2.43 (m, 7H), 0.82-1.72 (m, 33H), 0.68
(s, 3H). MALDI-TOF MS: [M +Na] " 585.17 (obsd), 585.85 (calcd).

2.2.3. 11-( Cholest-5-en-3f-yloxy )-3,6,9-trioxaundecanyl-3,4,5-tri-O-
acetyl-2-N-troc-f-p-glucopyranoside (3)

A mixture of 3.4,5-tri-O-acetyl-1-thiophenyl-2-N-troc-f-p-glucopyra-
noside (240mg, 0.640 mmol), compound 2 (120mg, 0.21 mmol), N-
iodosuccinimide (140mg, 0.640 mmol), and molecular sieve 4A in dry
CH,Cl, (10ml) was stirred for 10min at —20°C, and then trifluor-
omethane sulfonic acid (10 pl) was added. The mixture was stirred for 0.5h
at —20°C and reaction temperature gradually was raised to room
temperature. After the reaction finished, a drop of triethylamine was
added to the mixture. The mixture was diluted with CH,Cl,, filtered, and
washed with saturated Na,SOy4 and brine. The solution was concentrated
under reduced pressure and purified by silica gel chromatography (CHCl3/
EtOAc = 6.5:3.5). Compound 3 was obtained as a white syrup (59%
yield). "H NMR (400 MHz, CDCls) é/ppm: 6.53 (d, 1H, J = 9.1 Hz), 5.32
(m, 1H), 5.22 (m, 1H), 5.10 (m, 1H), 4.65-4.90 (m, 2H), 4.57 (d, 1H,
J=119Hz), 4.13-4.32 (m, 2H), 3.55-3.92 (m, 16H), 3.13-3.18 (m, 1H),
2.73 (d, 3H, J = 17.9Hz), 2.32-2.38 (m, 2H), 2.5-2.23 (m, 2H), 1.94-2.14
(m, 9H), 1.76-1.91 (m, 1H), 0.82-1.72 (m, 33H), 0.66(s, 3H). MALDI-
TOF MS: [M +Na] " 1048.06 (obsd), 1048.51 (calcd).

2.2.4. 11-(Cholest-5-en-3p-yloxy )-3,6,9-trioxaundecanyl-2-N-acetyl-f3-p-
glucopyranoside (4)

Acetic anhydride (3ml, 27.20 mmol), acetic acid (3ml, 47.62mmol),
and activated zinc powder (Zn—Cu, activated by 100 mm CuSO,- 5SH,0,
catalytic amount) were added to a solution of compound 3 (130 mg,
0.120mmol) in THF (5ml). The reaction mixture was stirred for 5Sh at
room temperature. After filtering the zinc powder, the mixture was diluted
with CH,Cl,, washed with water and concentrated in vacuo. The residue
was dissolved in methanol (20 ml); sodium methoxide was added (28%
solution of methanol, 19 pl, 99 nmol), and the mixture was stirred for 1 h at
room temperature. After neutralization with DOWEX (50WX8-200) and
filtration, the mixture was concentrated in vacuo and purified by silica gel
chromatography (CHCl;/EtOAc/MeOH = 7:2:1). Compound 4 was ob-
tained as a white syrup in 19% yield (30mg, 39.1pmol). 'H NMR
(400MHz, MeOH-dg) O/ppm: 535 (d, J=1.1Hz, 1H), 4.48
(d, J=8.5Hz, 1H), 3.82-3.98 (m, 2H), 3.56-3.78 (m, 18H), 3.42
(t, J= 8.3Hz, 1H), 3.19 (m, 1H), 2.34 (m, 1H), 1.70-2.25 (m, 8H), 0.28-1.68
(m, 38H). MALDI-TOF MS: [M +Na]™ 787.69 (obsd), 788.53 (calcd).

2.2.5. 11-( Cholest-5-en-3f-yloxy )-3,6,9-trioxaundecanyl-2,3,4,6-tetra-O-
acetyl-o-p-mannopyranoside (S)

To a solution of 2 (1.0g, 1.7mmol) in dry CH,Cl, (10ml), 1,2,3.4,6-
penta-0O-acetyl-a-p-mannopyranoside (1.0g, 2.20mmol) and boron tri-
fluoride ethyl ether complex (1.2 g, 8.40 mmol) was added and the mixture
was stirred for 16 h at room temperature. After dilution with CHCl;, the
mixture was washed with a saturated solution of NaHCO; and water. The
organic layer was concentrated in vacuo and purified by silica gel
chromatography (CHCI;/EtOAc = 6.5:3.5). Compound 5 was obtained
as a white syrup in 3% yield (40mg, 44.8 umol). '"H NMR (400 MHz,
CDCl) o/ppm: 5.39 (d, J = 2.7Hz, 1H), 5.34 (m, 1H), 5.22 (dd, /= 7.9,
10.4Hz, 1H), 4.95-5.10(m, 1H), 4.57 (d, J=7.9Hz, 1H), 4.16 (m, 1H),
3.40-3.98 (m, 1H), 3.65 (m, 16H), 3.12-3.23 (m, 1H), 2.32-2.48 (m, 2H),
1.90-2.20 (m, 15H), 0.56-1.60 (m, 35H), 0.67 (s, 3H). MALDI-TOF MS:
[M+Na]" 914.26 (obsd), 915.54 (calcd).

2.2.6. 11-(Cholest-5-en-3p-yloxy)-3,6,9-trioxaundecanyl-o-p-
mannopyranoside (6)

To a solution of 5 (40 mg, 44.8 umol) in methanol (20 ml), sodium
methoxide (28% solution of methanol, 10 ul, 52 nmol) was added, and the
mixture was stirred for 1 h at room temperature. After neutralization with
DOWEX (50WX8-200) and filtration, the mixture was concentrated
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in vacuo and purified by silica gel chromatography (CHCI;/EtOAc/
MeOH = 6:3:1). Compound 6 was obtained as a white syrup in 98% yield
(32mg, 44.1umol). '"H NMR (400 MHz, MeOH-d,) d/ppm: 5.30-
5.42 (m, 1H), 5.02-5.09 (m, 1H), 1.79 (m, 1H), 1.73 (m, 1H), 3.52-3.88
(m, 18H), 3.16-3.26 (m, 1H), 2.33-2.52 (m, 1H), 2.11-2.24 (m, 1H),
1.80-2.10 (m, 3H), 0.58-1.55 (m, 33H), 0.64-0.76 (m, 3H). MALDI-TOF
MS: [M +Na] ™ 746.83 (obsd), 747.50 (calcd).

2.2.7. 11-(Cholest-5-en-3-yloxy)-3,6,9-trioxaundecanyl-2,3,4,6-tetra-O-
acetyl-f-p-galactopyranoside (7)

To a solution of 2 (1.00 g, 1.70 mmol) in dry CH,Cl, (10 ml), 1,2,3.4,6-
penta-0O-acetyl-f-p-galactopyranoside (1.00g, 2.20mmol) and boron
trifluoride ethyl ether complex (1.20 g, 8.40 mmol) was added. The mixture
was stirred for 16h at room temperature. After dilution with CHCl;, the
mixture was extracted with a saturated solution of NaHCOj; (100 ml) and
deionized water (100 ml). The organic phases were concentrated in vacuo
and purified by silica gel chromatography (CHCI;/EtOAc = 6.5:3.5).
Compound 7 was obtained as a white syrup in 2% yield (32mg,
35.8umol). '"H NMR (400 MHz, CDCl3) é/ppm: 5.39 (d, J=2.7Hz,
1H), 5.34 (m, 1H), 5.22 (dd, J = 7.9 Hz, 10.4Hz, 1H), 4.95-5.10 (m, 1H),
4.57 (d, J=7.9Hz, 1H), 4.16 (m, 1H), 3.40-3.98 (m, 1H), 3.65 (m, 16H),
3.12-3.23 (m, 1H), 2.32-2.48 (m, 2H), 1.90-2.20 (m, 15H), 0.56-1.60 (m,
35H), 0.67(s, 3H). MALDI-TOF MS: [M+Na]" 914.39 (obsd), 915.54
(calcd).

2.2.8. 11-( Cholest-5-en-33-yloxy )-3,6,9-trioxaundecanyl-f-p-
galactopyranoside (8)

To a solution of 7 (32mg, 35.8 umol) in methanol (20ml), sodium
methoxide (28% solution of methanol, 10 pl, 52 nmol) was added, and the
mixture was stirred for 1 h at room temperature. After neutralization with
DOWEX (50WX8-200) and filtration, the mixture was concentrated in
vacuo and purified by silica gel chromatography (CHCI;/EtOAc/
MeOH = 7:1:2). Compound 8 was obtained as a syrup in 80% yield
(20.8mg, 28.7 umol). '"H NMR (400 MHz, CDCl3) §/ppm: 5.36 (d, J =
5.1Hz, 1H), 4.25 (d, J = 7.3Hz, 1H), 3.95-4.07 (m, 1H), 3.87 (d, J =
3.2Hz, 1H), 3.68-3.70 (m, 6H), 3.57-3.68 (m, 14H), 3.40-3.58 (m, 4H),
3.20 (m, 1H), 2.38 (d, / = 15.2Hz 1H), 2.18 (t, / = 11.3Hz, 1H), 1.80-2.08
(m, 3H), 0.80-1.64 (m, 34H), 0.73 (s, 3H). MALDI-TOF MS: [M + Na] "
746.72 (obsd), 747.50 (caled).

2.3. Cells, cell culture and cell-cycle synchronization

Human cervical carcinoma (HeLa) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, penicillin (100 units/ml), and streptomycin (100 pg/ml). These cells
were cultured under an atmosphere of 5% CO,/air at 37 °C. Cell-cycle
synchronization was performed by incubating the cells with culture
medium containing hydroxyurea (2.5mwm) for 18 h.

2.4. Hela-luciferase stable cell line (HeLa-luc)

HeLa cells were stably transfected with the pGL3 plasmid containing
luciferase reporter gene using Lipofectamine PLUS (Invitrogen, Carlsbad,
CA, USA). Cells were incubated with lipofectamine PLUS/plasmid for
48 h, and then the medium was replaced by fresh medium containing
800 pg/ml G418 disulfate (Nakalai Tesque Inc., Kyoto, Japan). Antibiotic-
resistant colonies were expanded and selected for high luciferase
expression after 2 weeks. When HeLa-luc cells were cultured, the cells
were maintained in culture medium containing 400 pg/ml G418 disulfate.

2.5. Microinjection

The microinjection study was performed as reported previously [12,14].
Briefly, microinjection was carried out by using a semi-automatic injection
system (Eppendorf Transjector 5246) attached to an Eppendorf Micro-
manipulator 5171 (Eppendorf, Hamburg, Germany) mounted on an

inverted microscope (Axiovert 100; Carl Zeiss Co. Ltd., Jena, Germany).
Cells were seeded on a glass-base dish (Iwaki, Osaka, Japan) 2 days before
microinjection. In the case of cell-cycle synchronization, cells were
incubated with hydroxyurea for 18 h before microinjection and all of the
subsequent steps were performed in the presence of 2.5mm hydroxyurea.
pDNA was diluted to 3.32 pmol/ml with a 0.5% Rho-dex/H,O solution as
a microinjection marker, and then microinjected into the cytoplasm and
nuclei of the cells. Nuclear or cytoplasmic injections were performed under
an injection pressure of 50 hPa and a maintenance pressure of 30 hPa, with
an injection time of 0.2 s. Just after microinjection, Rho-dex-positive cells
were counted using a fluorescence microscope (Axioplan 2; Zeiss). At 24h
post-injection, the number of cells expressing EGFP was counted and the
ratio of EGFP-positive cells to Rho-dex-positive cells was calculated.

2.6. Preparation of the MENDs

MENDs were prepared by the lipid hydration method as reported
previously [21]. Briefly, pDNA (0.1 mg/ml) was condensed with protamine
(0.1 mg/ml) in 10mMm HEPES (pH 7.4), at a nitrogen/phosphate (N/P)
ratio of 1.0. A lipid film was prepared in a glass test tube by evaporating a
chloroform solution of lipids, containing DOPE, cholesterol, STR-R8,
and/or sugar-modified cholesterol (total lipid amount: 82.5nmol). The
prepared lipid film then was hydrated with the condensed DNA solution
for 10 min at room temperature; the final lipid concentration was 0.55 mm.
After hydration, to complete the lipid coating of the condensed DNA, the
tube was sonicated for 1 min in a bath-type sonicator (AU-25C; Aiwa Co.,
Tokyo, Japan). The diameter and zeta potential of the MEND were
determined using an electrophoretic light-scattering spectrophotometer
(Zetasizer; Malvern Instruments Ltd., Malvern, WR, UK).

2.7. Transfection and reporter gene assay

Two x 10* cells were seeded on a 24-well plate (Corning incorporated,
Corning, NY, USA) in 0.5ml of culture medium 2 days before
transfection. A solution of MEND in DMEM solution (0.25ml, without
serum and antibiotics), corresponding to 0.4 ug DNA, was incubated with
the cells for 3h. Then, the medium was replaced with fresh medium
containing 10% serum and the cells were incubated for either 3 or 21 h.
Cells were washed with 0.25ml of phosphate-buffered saline (PBS) two
times and lysed with 75 ul of reporter lysis buffer (Promega, Madison, W1,
USA). In the case of cell-cycle synchronization, the culture medium was
changed to fresh medium containing 2.5mwm hydroxyurea, cells were
incubated with hydroxyurea for 18 h before transfection, and all of the
subsequent steps were performed in the presence of 2.5mm hydroxyurea.
Luciferase activity was initiated by the addition of 50 pl of luciferase assay
reagent (Promega) into 20 ul of cell lysate, and was measured by means of
a luminometer (Luminescencer-PSN; ATTO, Japan). The amount of
protein in the cell lysate was determined using a BCA protein assay kit
(PIERCE, Rockford, IL, USA).

2.8. Labeling of the sugar-modified MEND

To examine encapsulation efficiency and intracellular traffic-
king of sugar-modified MEND, pDNA and the lipid envelope of
MEND were labeled. pDNA was labeled with rhodamine by means of
Label IT CX-rhodamine reagent (Mirus Corporation, Madison, WI,
USA). The lipid envelope was labeled with NBD by using NBD-DOPE
(Imol% of total lipids). Labeled MENDs were prepared as described
above.

2.9. Purification of the sugar-modified MEND by sucrose density-
gradient centrifugation

To evaluate encapsulation efficiency of sugar-modified MENDs,
fluorescence-labeled MENDs were layered on a discontinuous sucrose
density gradient (0-60%), and centrifuged at 160,000g for 2h at
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20°C. Aliquots (1 ml) were collected from the top, and the fluorescent
intensities of NBD (Excitation: 460nm, Emission: 534nm) and
CX-rhodamine (Excitation: 576 nm, Emission: 597 nm) in each fraction
were measured. To further confirm fluorescence resonance energy tran-
sfer (FRET), each fraction was solubilized by 1% sodium dodecyl
sulfate (SDS), and the fluorescence intensities were measured. The
pDNA-encapsulated fraction was determined by the fraction showed
FRET, and the encapsulation efficiency was calculated by the amount of
pDNA in the pDNA-encapsulated fractions divided by the total amount
of pDNA.

2.10. Visualization of intracellular trafficking of the sugar-modified
MEND by confocal microscopy

One x 10° cells were seeded on a glass-base dish in 2ml of culture
medium 2 days before transfection. Culture medium was replaced with
fresh medium containing 2.5 mm hydroxyurea and the cells were incubated
with hydroxyurea for 18 h before transfection. All of the subsequent steps
were performed in the presence of 2.5mwm hydroxyurea. A solution of
labeled MEND in DMEM solution (2 ml, without serum and antibiotics),
corresponding to 2 ug of DNA, was incubated with the cells for 3 h. Then,
cell surface MEND-binding was removed by washing three times with 1 ml
of PBS containing heparin (20 U/ml). To stain the cell nuclei, the cells were
incubated with culture medium containing 5pg/ml Hoechst 33342 for
10 min at room temperature. After the cells were washed three times with
Iml of PBS, the culture medium was changed to DMEM/F-12
(Invitrogen, Groningen, Netherlands) and microscopic observation was
performed. Confocal images were obtained using a Zeiss LSM 510 META
inverted fluorescent microscope equipped with a 63 x NA 1.4 Plan-
Apochromat objective (Zeiss).

2.11. Quantificative evaluation of intranuclear pDNA by confocal
images

Quantification of the confocal images to evaluate the nuclear transfer
efficiency was demonstrated using a confocal image-assisted three-
dimensionally integrated quantification (CIDIQ) method [31]. 20 Z-series
images were obtained from top-to-bottom of the cells, and recorded by the
Zeiss LSM510 on a PC. Each 8-bit TIFF image was transferred to Image-
Pro Plus ver.4.0 (Media Cybernetics Inc., Silver Spring, MD, USA) to
quantify the total brightness and pixel area of each r.o.i. For the data
analysis, the pixel areas of each cluster in the cytosol: s;(cyt) and nucleus:
si(nuc) were separately summed in each X-Y plane, and are denoted as
S’z - {cyt) and S’ _ (nuc), respectively. The values of ' _ (cyt) and
S’z - Anuc) in each X-Y plane were further summed through all the
Z-series of images, and are denoted as S(cyt) and S(nuc), respectively.
These values represent the total amount of pDNA in the cytosol and the
nucleus in an individual cell. The fractions of pDNA in the nucleus to the
totally introduced one F(nuc), were calculated as follows:

F(nuc) = S(nuc)/(S(cyt) + S(nuc)).

2.12. Quantification of intracellular and nuclear-associated pDNA
by real-time PCR

One x 10° cells were seeded on a 6-well plate (Corning incorporated,
Corning, NY, USA) in 2 ml of culture medium 2 days before transfection.
Culture medium was replaced with fresh medium containing 2.5 mm
hydroxyurea and the cells were incubated with hydroxyurea for 18h
before transfection. All of the subsequent steps were performed in the
presence of 2.5mm hydroxyurea. A solution of MEND in DMEM
solution (2ml, without serum and antibiotics), corresponding to 2 pug of
DNA, was incubated with the cells for 3h. Then, cell surface MEND-
binding was removed by washing three times with 1 ml of PBS containing
heparin (20 U/ml), the cells were collected by trypsinization (whole cell
fraction). To quantify the nuclear pDNA, the fraction was further purified
as described previously [32,33]. The collected cells were suspended in

375 ul of CellScrub Buffer (Gene Therapy Systems Inc.), and then 125 ul of
cell lysis solution (2% IGEPAL CA630, 40 mm NaCl, 12mm MgCl,, and
40mm Tris—HCI, pH 7.4) was added. The suspension was centrifuged at
9200g for 2min at 4 °C, and the supernatant was removed. This operation
was repeated three times, and the obtained pellet was used as the nuclear
fraction. DNA in the whole cell or nuclear fraction was extracted using a
GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacture’s protocol, and subjected
to real-time PCR with an ABI 7500 real-time system. The reaction mixture
consisted of 5pl of diluted sample DNA solution, 5 pmol of two types of
primers (luc(+): GGTCCTATGATTATGTCCGGTTATG and luc(—):
ATGTAGCCATCCATCCTTGTCAAT, or Beta-actin-FW694: AGA-
GGGAAATCGTGCGTGAC and Beta-actin-RV811: CAATAGTGAT-
GACCTGGCCGT) and 12.5ul of SYBR Green Realtime PCRMaster
Mix (TOYOBO Co., Japan). The DNA was denaturized at 95°C for 15s,
and annealing/extension was performed at 60 °C for 1 min. The denatura-
tion/annealing cycle was repeated 40 times. The amount of pDNA was
normalized by the number of nuclei quantified by the copy number of
p-actin DNA.

2.13. Inhibition study

To examine the effect of excess free sugars on the transfection activity
of sugar-modified MENDs, the transfection experiment was performed in
the presence of free sugars: glcNAc, mannose, and galactose. Excess
sugars (1, 5, and 20mm) were added to the MEND solutions during
preparation of the transfection samples, and transfection was then
performed as described above.

2.14. Statistical analysis

All data are presented as mean +standard deviation. For comparison
of multiple groups, one-way analysis of variance (ANOVA) was
performed. When ANOVA was significant, comparisons between
the groups were performed using Bonferroni’s multiple-comparison
post hoc test. Differences between groups were considered significant at
P<0.05.

3. Results

3.1. Effect of cell-cycle synchronization on transcription and
nuclear transfer

To investigate whether nuclear import of pDNA was
facilitated via NPC, non-dividing cells were used to
evaluate transgene expression. Use of non-dividing cells
minimizes NPC-independent nuclear transport that occurs
when the nuclear membrane is diminished during mitosis.
In the present study, hydroxyurea was used to synchronize
the cell cycle at the G; phase. Greater than 90% of cells
were confirmed by fluorescence-activated cell sorting
(FACS) analysis to be synchronized in the G| phase [34].

Initially, the effect of cell-cycle synchronization on
transcription and nuclear transfer activity was investigated.
Luciferase HelLa (HeLa-luc) cells that were stably ex-
pressed were synchronized, and luciferase expression at
various incubation periods (18, 24, and 42 h) was evaluated
first. Compared with non-synchronized HeLa-luc cells, the
luciferase expression in synchronized HeLa-luc cells was
not affected by the hydroxyurea treatment (Fig. 2A).
In addition, the level of luciferase expression in synchro-
nized HeLa-luc cells was exactly same at the different
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Fig. 2. Effects of cell synchronization on transgene expression. (A) Luciferase stably expressed HeLa cells (HeLa-luc) were incubated with 2.5mm
hydroxyurea for 18, 24, and 42 h, and then luciferase expression was evaluated. (B) Transcription and nuclear transfer efficiencies of exogenous DNA were
evaluated by means of microinjection methods. pEGFP-Luc was microinjected into cytoplasm and nuclei of dividing and non-dividing HeLa cells with
0.5% rhodamine-dextran as an injection marker. At 24 h post-microinjection, the ratio of EGFP-expressing to rhodamine-positive cells was determined.
Data are presented as mean+SD of three independent experiments. ND, not detected.

time-points. Then, pDNA encoding EGFP-luciferase
fusion protein (EGFP-Luc) was microinjected into the
cytoplasm and nuclei of synchronized or non-synchronized
HeLa cells and EGFP expression was evaluated (Fig. 2B).
Based on the results of intranuclear microinjection,
transcription efficiency was not affected by cell-cycle
synchronization. Meanwhile, transgene expression after
cytoplasmic microinjection was greatly inhibited when
mitosis was blocked by hydroxyurea. These results
indicated that hydroxyurea treatment specially blocked
the nuclear-delivery process without affecting the subse-
quent transcription processes. Therefore, synchronized
cells are useful for the evaluation of NPC-dependent
nuclear delivery.

3.2. Physicochemical properties of sugar-modified MENDs

To display and specific sugars (i.e. GlcNAc, mannose,
and galactose) on the surface of the lipid envelope,
cholesterol derivatives were synthesized as described in
Materials and methods (Scheme 1). By the sucrose density
gradient centrifugation, it was confirmed that gradient
encapsulation efficiencies of sugar-modified MEND and
unmodified MEND were approximately 90% regardless of
sugar modification or cholesterol content (Table 2).
Furthermore, stability of the lipid envelope was controlled
by changing the cholesterol content. Physicochemical
properties of the different MENDs were compared using
dynamic light-scattering. Particle sizes ranged from 180 to
220nm and the =zeta potentials were approximately
+40mV (Table 1). Therefore, it was suggested that neither

sugar modification nor cholesterol content affected size or
zeta potential of the lipid envelope (Table 2).

3.3. Gene delivery to dividing and non-dividing cells by
means of sugar-modified MENDs

First, the effect of sugar modification on transfection
activity between dividing and non-dividing cells was
compared. Dividing and non-dividing HeLa cells were
incubated with MENDs and luciferase activity was
measured at 6 h post-transfection (Fig. 3). To control the
stability of the lipid envelope, cholesterol content was fixed
at 50% of total lipid. In addition, previous reports
indicated that the density required for sufficient recogni-
tion of certain sugars by lectin is approximately 10%
[35-37]. Therefore, for sugar modification, 10% of
cholesterol was replaced with sugar-conjugated chole-
sterol. When the total cholesterol content was 50%,
sugar-modified MENDs showed 10- and 20-times higher
transfection efficiencies compared with unmodified
MEND, in dividing and non-dividing cells, respectively
(Fig. 3). However, transgene expression decreased drasti-
cally in the absence of STR-R8 (data not shown). There-
fore, these results suggest that sugars on the surface of the
lipid envelope were involved in nuclear transfer rather than
cellular uptake.

Next, the effect of lipid envelope stability on transfection
efficiency of sugar-modified MEND was evaluated. Sugar
density was fixed at 10% and total cholesterol content was
reduced from 50% to 30% and 10%. Transfection
efficiency was significantly increased with the lower
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Table 1

Physicochemical properties of several MENDs used in the present study

Total cholesterol content (%) Type of cholesterol Size (nm) Zeta potential (mV)

50 Cholesterol 213439 +432+2.4
GlcNAc—cholesterol 213423 +40.2+0.2
Mannose—cholesterol 206424 +43.4+1.8
Galactose—cholesterol 20448 +41.440.3

30 Cholesterol 183428 +44.5+4.1
GlcNAc—cholesterol 180+4 +37.1+1.3
Mannose—cholesterol 19549 +38.9+3.6
Galactose—cholesterol 186+8 +40.2+1.6

10 Cholesterol 194418 +38.2+3.5
GlcNAc—cholesterol 180+ 10 +37.1+1.2
Mannose—cholesterol 188+13 +357+1.5
Galactose—cholesterol 187420 +37.240.3

Data are the mean+SD of three independent experiments. No significant difference was observed among the four types of MENDs.

Table 2

Encapsulation efficiencies of several MENDs used in the present study

Cholesterol content (%) Conventional MEND (%) Sugar-modified MEND (%)
50 85.1 89.4

30 83.7 85.9

10 83.2 81.4
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Fig. 3. Transfection activities of sugar-modified MENDs in dividing and non-dividing cells. (A) HeLa cells and synchronized HeLa cells were incubated
with sugar-modified MEND (DOPE/cholesterol/sugar—cholesterol/STR-R8 = 50:40:10:5) or unmodified MEND (DOPE/cholesterol/STR-R8 = 50:50:5)
for 3h. After subsequent culture for 3h in culture medium, luciferase activity was determined. Data are presented as mean+SD of three independent
experiments. Numbers on the figure indicate increase in luciferase activity of unmodified MEND (cholesterol). “P <0.05 vs control (unmodified MEND) in
HeLa cells. “P<0.05, "P<0.01 vs control (unmodified MEND) in synchronized HeLa cells. (B) Luciferase activity of sugar-modified MEND in
synchronized HeLa cells was determined when sugar density was changed from 0% to 15% (white columns: 0%, striped columns: 5%, grayed bars: 10%,
black bars: 15%). The vertical axis shows luciferase activity expressed as relative light units (RLU) per milligram of protein (mg protein). Data are
presented as mean+SD of three independent experiments. ~~P<0.01 vs control (unmodified MEND).

cholesterol content. These results suggest that Ilipid Then, transfection efficiency of sugar-modified MEND
envelope stability is closely related to transfection activity at different time-points was evaluated (Fig. 5). Three types
(Fig. 4A and B). of cholesterol content (10%, 30%, and 50%) and three
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types of sugar (GlcNAc, mannose, and galactose; choles-
terol content was fixed at 10%) were selected. Significant
enhancement of transfection efficiency by sugar modifica-
tion was sustained for a long period (24 h).

3.4. Effects of excess free sugars on transfection efficiency
of sugar-modified MENDs

To examine whether sugar modification affected cellular
uptake of MEND, transfection efficiencies of sugar-
modified MENDs were evaluated in the presence of excess
sugar (i.e. GIcNAc, mannose, and galactose) (Fig. 6). Since
it is generally accepted that the affinity constant between
sugar and lectin ranges from 10~ to 1077 m [38,39], a sugar
concentration of 1-20mwm is sufficient to saturate lectin
binding. In both dividing and non-dividing cells, for each
type of sugar, transfection efficiencies were not inhibited in
the presence of excess sugar. This suggests that sugar
modification is not involved in cellular uptake. In addition,
transfection efficiency of conventional MEND was not
affected by excess sugar (Supplementary information S1),
and it was suggested that sugars did not affect pDNA
transcription efficiency. This finding confirmed that sugar
modification affected nuclear transfer, but not cellular
uptake.

3.5. Quantitative analysis of cellular uptake and nuclear
transfer of sugar-modified MENDs

To quantitatively evaluate cellular uptake and nuclear
transfer of sugar-modified MENDs, transfected cells were
fractionated and intracellular and nuclear pDNA was
quantified by real-time PCR. Cellular pDNA per cell
was not affected by sugar modification (Fig. 7A), and
nuclear transfer efficiencies of sugar-modified MENDs
were significantly enhanced (Fig. 7B). Therefore, sugar
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modification improved nuclear import of pDNA without
affecting cellular uptake.

3.6. Nuclear import of sugar-modified MENDs

To further confirm improved nuclear import of pDNA
by sugar modification, fluorescence-labeled MENDs were
prepared and intracellular trafficking was visualized by
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Fig. 5. Comparison of transfection activities of sugar-modified MENDs
at various incubation periods. Synchronized HeLa cells were incubated
with sugar-modifitd MEND or unmodifitd MEND for 3h. After
subsequent culture for 3 or 21 h in culture medium, luciferase activity
was determined. The vertical axis shows luciferase activity expressed as
relative light units (RLU) per milligram of protein (mg protein). Data are
presented as mean+SD of three independent experiments. "P<0.05,
#P<0.05 vs total cholesterol: 10% (unmodified MEND) at 6 and 24 h,
respectively.
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Fig. 4. Effect of cholesterol content of the lipid envelope on transfection activity. HeLa cells (A) and synchronized HeLa cells (B) were incubated with
sugar-modified MEND or unmodified MEND for 3h. After subsequent culture for 3h in culture medium, luciferase activity was determined. Sugar
density was constant (10%), and total cholesterol content was reduced from 50% to 30% and 10%. The vertical axis shows luciferase activity expressed as
relative light units (RLU) per milligram of protein (mg protein). Data are presented as mean +SD of three independent experiments. P <0.05, # P <0.01

vs total cholesterol: 50%.
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Fig. 6. Effects of excess free sugars on transfection efficiencies of sugar-modified MENDs. HeLa cells (A—C) and synchronized HeLa cells (D-F) were
incubated with sugar-modified MEND (DOPE/sugar-cholesterol/STR-R8 = 90:10:5) for 3 h in the presence of excess amount of sugars. After subsequent
culture for 3 h in culture medium containing 1-20 mm sugars, luciferase activity was determined. Data are presented as mean+SD of three independent
experiments. No significant difference was observed among the three types of MEND:s.

means of confocal laser scanning microscopy. In unmodi-
fied MEND, pDNA signals were hardly detected in the
nuclei (Fig. 8A). In contrast, pDNA signals detected in the
nuclei were drastically increased in all sugar-modified
MEND (Fig. 8B-D).

Based on the confocal images, furthermore, these
enhanced nuclear pDNA signals were quantified by CIDIQ
(Fig. 8E). In unmodified MEND, pDNA signals were not
detected in 13 of the analyzed 30 cells. In contrast, nuclear
pDNA signals were detected in almost all cells (i.e. 28 or 29
cells to the total cells) in all sugar-modified MEND. In
addition, based on the result of quantification, nuclear
pDNA signals to the incorporated ones (F(nuc)) in all
sugar-modified MENDs were significantly higher than that
in unmodified MEND. These results were consistent with
the high transfection activity shown in Fig. 4. In summary,
enhanced nuclear transfer of pDNA by sugar modification
was further demonstrated.

4. Discussion

In the present study, a novel synthetic non-viral vector,
which mimics the nuclear gene delivery system of Ad, was
developed (Fig. 1B). Ad travels in the cytoplasm in an
encapsidated form, and targets the NPC by virtue of the
NLS function of capsid proteins [40]. For efficient nuclear
targeting, topologic control of NLS is important, as it
allows receptor (i.e. importins) recognition. In Ad, NLSs
are spontancously displayed on the Ad particle via a well-
ordered assembly of capsid proteins around the DNA core.
In the current trials of nuclear delivery via non-viral
vectors, NLS was modified using DNA-condensing agents
[12,41]. However, when pDNA is condensed with NLS-
modified polycations, it is difficult to control the surface
display and density of NLS, because cationic amino acids
interact with pDNA via strong electrostatic forces. A lipid
derivative of a nuclear targeting device was synthesized
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Fig. 7. Quantitative evaluation of cellular uptake and nuclear transfer of sugar-modified MENDs. Synchronized HeLa cells were incubated with sugar-
modified MENDs (DOPE/cholesterol or sugar—cholesterol/STR-R8 = 90:10:5) or various cholesterol-containing MENDs (cholesterol content: 10%,
30%, and 50%) for 3 h. After removal of MEND-binding to the cell surface, cell fractionation, and extraction of DNA, luciferase genes in the whole cells
and cell nuclei were quantified by real-time PCR. Cellular uptake was calculated as the number of the cellular pPDNA normalized by the copy number of /-
actin genome (A), and nuclear transfer efficiencies were calculated as the percent of the copy number of nuclear pDNA divided by that of cellular pPDNA
(B). Data are presented as mean+SD of three independent experiments. P <0.05 vs total cholesterol 10% (unmodified MEND). NS, no significant

difference.

such that the lipid moiety was incorporated into the
envelope structure and the NLS spontaneously oriented
outward towards the MEND surface. Moreover, control of
NLS density was easily achieved by changing the lipid
composition. Sugars were the nuclear targeting device of
interest in this study. Nuclear-lectin-mediated gene delivery
by means of glycosylated polymers, such as lactosylated
polylysine and lactosylated polyethyleneimine recently has
been reported [42-48]. In addition, because sugars are
neutral and highly soluble in water, it is expected that
recognition of surface sugars by lectin is not inhibited by
mutual interactions with the lipid envelope.

Generally, in experiments with dividing cells, nuclear
delivery of pDNA can be achieved when the nuclear
membrane is diminished during mitosis [3,4,6,49,50] There-
fore, the contribution of nuclear transport via NPC to total
nuclear transport cannot be evaluated. In this study, to
exclude the contribution of nuclear transport that occurs as
a result of cell division and thereby evaluate nuclear
transfer ability of the novel vectors, the cell cycle was
synchronized and transgene expression was evaluated
within a short time (6 h). For the synchronization, we used
hydroxyurea-treated cells in the present study. As shown in
Fig. 2A, and in a previous report [31], hydroxyurea had
little effect on the expression of GL3 stably expressed HeLa
cells under the regulation of a CMV promoter. Therefore,
hydroxyurea does not affect the efficiency of the post-
nuclear-delivery processes (i.e. transcription and transla-
tion). This observation is also supported by Fig. 2B,
showing that hydroxyurea treatment did not affect the
transgene expression of marker gene (EGFP) after the
nuclear microinjection of the EGFP-encoding pDNA).

Concerning intracellular trafficking, the effect of the
hydroxyurea on the cellular uptake process was investi-
gated previously [31]. When rhodamine-labeled pDNA was
transfected to the hydroxyurea-treated or non-treated cells
by lipofectaminePLUS, a comparable fluorescence signal
was detected in the cell. This suggests that the cellular
uptake process is not affected by the hydroxyurea
treatment. In contrast, transgene expression efficiency of
EGFP after the cytoplasmic microinjection of EGFP-
encoding pDNA was drastically decreased by the hydro-
xyurea treatment. These results collectively indicated that
hydroxyurea mainly affects the nuclear-delivery process. In
summary, the contribution of non-specific nuclear delivery
of DNA during mitosis is negligible in synchronized cells
and cell-cycle synchronization is useful for evaluating
nuclear transfer via NPC.

Next, the effect of sugar modification on transfection
activity was evaluated. In this study, three types of sugars
(f-GlcNAc, a-mannose, and f-galactose), were used as
nuclear targeting ligands [27,51,52] conjugated with cho-
lesterol. Physicochemical properties of the sugar-modified
MENDs did not differ from those of the unmodified
MEND (Table 1). In contrast, transfection efficiencies of
sugar-modified MENDs were drastically increased com-
pared with unmodified MENDs, in both dividing and
non-dividing cells (Fig. 3A). In addition, encapsulation
efficiencies of sugar-modified MEND and unmodified
MEND were approximately 90% regardless of sugar
modification. Therefore, the difference in transfection
efficiency was not due to the difference in encapsulation
efficiency. These data indicate that sugar modification
improved intracellular trafficking of MEND.
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Fig. 8. Confocal microscopy images of intracellular trafficking of sugar-modified MENDs. (A-D) Synchronized HeLa cells were incubated with
fluorescence-labeled sugar-modified MEND (DOPE/cholesterol or sugar—cholesterol/STR-R8 = 90:10:5) for 3h. Intracellular trafficking of sugar-
modified MEND (B: GlcNAc, C: Mannose, D: Galactose) was analyzed by means of confocal laser scanning microscopy. As a control, cells were
incubated with unmodified MEND (A). Red, green and blue signals indicate pDNA, lipid envelope of the MEND, and nuclei, respectively. Arrows
indicate pDNA signals detected in the nuclei. Bars indicate 10 um. (E) Quantitative evaluation of nuclear transfer of sugar-modified MENDs based on the
confocal images. In each group, 30 individual cells were extracted from three independent experiments, and the nuclear fractions of sugar-modified
MENDs were quantified by CIDIQ method. ~"P<0.01 vs control (unmodified MEND).

In general, sugars have been used as a tool in gene nized by lectins expressed on the cell membrane surface (i.e.
delivery to enhance the efficiency of cellular uptake. For asialoglycoprotein receptor and mannose receptor, respec-
example, galactose and mannose were specifically recog- tively [53-55]), and their applications for gene delivery have
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been reported [42,43,54,56-59]. Transgene expression was
considerably diminished in the absence of STR-RS8 (data
not shown), suggesting that, rather than sugars, RS is
mainly responsible for cellular uptake. This conclusion also
was supported by the fact that excess sugar did not inhibit
transfection activity (Fig. 6), and that cellular uptake was
not enhanced by sugar modification (Fig. 7A).

It is well-accepted that endosomal escape is the second
rate-limiting barrier to elevation of transgene expression.
Indeed, many reports have demonstrated that transfection
activities were enhanced in the presence of chloroquine,
which allows gene vectors to escape endosomes and to
avoid lysosomal degradation [42-44,57—60]. Direct fusion
of the plasma membrane and lipid envelope is one
technique for overcoming the endosomal membrane
barrier [61]. With direct fusion, transgene expression was
improved using an NLS (derived from SV40 large T
antigen). However, transgene expression remained to be
insufficient, presumably because of poor cellular uptake or
cellular toxicity. Therefore, alternative techniques of
cytoplasmic delivery are essential. It was previously
demonstrated that R8-modified liposome, or MEND, were
taken up via macropinocytosis, which is advantageous
during gene delivery, as this pathway avoids lysosomal
degradation and allows for escape from macropinosomes
because of their leaky properties [24,25,62]. Since transfec-
tion activity of R8-modified MEND was not changed by
chloroquine, endosomal escape was not a rate-limiting
barrier in this system (data not shown). In addition, small
interfering RNA (siRNA) packaged in R§-MEND showed
a high silencing-effect of RNA interference due to the
efficient release of siRNA into the cytoplasm [63]. There-
fore, it is plausible that improved transgene expression by
sugar modification resulting from sugar modification
reflected enhanced nuclear transfer efficiency.

In non-dividing cells, transfection activity in sugar-
modified MEND was drastically enhanced (14-58-fold)
compared with unmodified MEND; enhancement was less
prominent in dividing cells (10-25-fold increase), presum-
ably because non-specific nuclear transport during mitosis
contributed to overall transfection activity (Figs. 3 and 4).
In addition, in sugar-modified MEND, successful nuclear
delivery of pDNA was confirmed by confocal Ilaser
scanning microscopy (Fig. 7A). Quantitative evaluation
of nuclear transfer of pDNA by the CIDIQ method [31]
and real-time PCR further supported these results (Figs. 7B
and 8). Therefore, sugar modification improved nuclear
import of pDNA.

It is very important to address whether the enhancement
of the transgene expression was due to the increase of
transfixed cells (i.e. cellular uptake) or the increase of the
protein production per one cell (i.e. post-cellular uptake
processes such as nuclear transfer and intracellular
transcription). We previously reported that R8-modified
MEND was incorporated in almost all of the cells [33]. In
the present study, we also confirmed that cellular uptake of
pDNA was observed in all of the analyzed cells regardless

of the sugar modification (Fig. 7A). Therefore, it is
plausible that enhancement of the transgene expression is
due to the increase of the luciferase production per cell.
This is supported from the point of view of nuclear delivery
(Figs. 7B and 8). To evaluate nuclear transfer efficiency,
nuclear pDNA and total cellular pDNA were quantified by
real-time PCR, and the nuclear distribution of pDNA was
calculated as a nuclear amount of pDNA divided by the
total cellular uptake. Furthermore, to investigate the
nuclear-delivery efficiency in individual cells, confocal
images were further quantified by the CIDIQ method
[31]. Nuclear pDNA signals of sugar-modified MENDs
were significantly higher than that of unmodified MEND
(Fig. 8E). These data collectively indicate that sugar
modification increases nuclear delivery of pDNA in
individual cells, and results in an increase in luciferase
production.

Furthermore, we investigated the sugar-density depen-
dence in the transfection activities (Fig. 3B). Consequently,
transfection activity was saturated when sugars were
modified at a density of 10% for every sugar in HelLa
cells. However, the difference in transfection activity was
drastically improved in GlcNAc modification, whereas the
transfection activity was only moderately improved in
mannose and galactose. These data suggest that sugar
density is an important factor for the nuclear delivery,
whereas optical density was the same for every sugar
(10%), by accident. Based on the results shown in Fig. 3B,
it is plausible that sugar density be optimized in each target
cell, including non-dividing cells for in vivo applications.

In our study, f-galactose-modified MEND showed high
transfection activity and nuclear accumulation. This is
inconsistent with the previous observations showing that
nuclear accumulation of a-galactose-conjugated BSA was
not observed [27]. It may be explained by the differences in
the anomeric form (i.e.  and f) or by a different density of
modification. It is possible that -conformation of galac-
tose may be favorable as a nuclear targeting signal.

Finally, the effect of lipid envelope stability was
evaluated by changing the cholesterol content of the lipid
envelope. Transfection activity was drastically enhanced in
all of the sugar-modified MENDs depending on reduced
cholesterol content (Figs. 4 and 5). It is possible that
cholesterol content may affect the structure of MEND or
various intracellular trafficking processes (i.e. cellular
uptake, nuclear transfer, and intranuclear events). We
addressed the stability of MEND in the medium. pDNA
and lipid envelope were labeled with CX-rhodamine and
NBD, respectively, and the labeled MEND was incubated
with the cells. As a result of confocal study, all of the
pDNA was co-localized with the lipid envelope at 1 h after
the transfection (data not shown), suggesting that MEND
was taken up by the cells as intact particles. Then, cellular
uptake and nuclear transfer were evaluated by real-time
PCR when the cholesterol content was changed. As shown
in Fig. 7A, cellular uptake efficiency was not affected by
cholesterol content. Meanwhile, nuclear transfer was
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apt to increase depending on reduced cholesterol content
(P=0.059: 10% vs 50%) (Fig. 7B), suggesting that
efficient release of the pDNA /polycation core, in relation
to the stability of lipid envelope, is essential for transloca-
tion through the NPC and in subsequent transcription
processes.

In summary, optimization of the topology of sugars and
the stability of the lipid envelope allowed for development
of a novel nuclear-delivery system, which mimicked the
nuclear-delivery strategy of Ad.

5. Conclusions

In the present study, based on an innovate concept for
nuclear gene delivery, we succeeded in developing a
novel system for nuclear delivery of pPDNA—MEND, in
which the vector mimics the viral structure and func-
tions as a nuclear targeting device. In addition, while
constructing the MEND, it was determined that several
sugars, such as GIcNAc, mannose, and galactose facilitate
nuclear transport—but not cellular uptake of pDNA.
Furthermore, the results of this study suggest that
destabilization of the lipid envelope on the nuclear
membrane is closely related to transfection activity and is
crucial to enhancing the efficiency of nuclear pDNA
delivery. These observations suggest that an optimized,
sugar-modified MEND can be a candidate for efficient
gene delivery.
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