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Abstract. Low positive cell screening efficiency severely
hinders the development of transgenic animals. The major
rate-limiting step of positive cell screening is DNA entering the
nucleus, particularly for large DNA molecules. To enhance the
transport of large DNA molecules into the nucleus, particularly
for the production of transgenic animals, nuclear localization
sequence (NLS) peptides and the peptide derivative succinimid
yl-[4-(psoralen-8-yloxy)]-butyrate (SPB)-NLS were synthesized
to mediate transfection in vitro. To investigate the function of
NLS and SPB-NLS in vitro, the expression levels of growth
hormone (GH) mRNA and green fluorescent protein (GFP)
protein were analyzed following transfection mediated by NLS
and SPB-NLS. The results demonstrated that the expression of
GH mRNA was significantly higher in the NLS (increased by
69%) and SPB-NLS (330%) groups than that in the liposome/
pGN group. Similarly, GFP expression was found to be higher in
the SPB-NLS group than that in the liposome group, while the
expression in the NLS group was lower than that in the liposome
group. Further analysis demonstrated that SPB-NLS enhanced
the expression of insulin-like growth factor 1 in hard-to-transfect
goat mammary epithelia cells. The results of the microscopy
analysis revealed that transfected DNA entered the nucleus via
the nuclear pores, facilitated by NLS. Analysis of the cell cycle
demonstrated that the cytotoxic effects of NLS and SPB-NLS
were low. In conclusion, the results of the present study demon-
strate that SPB-NLS acts as a transfection-enhancing agent
and may be used both to enhance nuclear delivery and for the
development of genetically modified animals.

Introduction
The development of transgenic animals is a promising tech-

nology in numerous fields; however, low production efficiency
is a significant limiting factor (1). Rapid and efficient screening
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of positive clones of genetically modified cells may accelerate
the development of transgenic animals. To produce transgenic
animals, exogenous DNA must first enter the cell and then the
nucleus, prior to integrating into the chromosomal DNA. To
achieve safe and efficient delivery of plasmid DNA using a
non-viral gene delivery system, the most important cell barrier
to overcome is the nuclear membrane (2,3). The functional
diameter of the nuclear pore is ~10 nm (4). The efficiency of
nuclear import is considered to be an important kinetic block
that influences transgenic expression efficiency (5). Due to
the low efficiency rate of the integration of plasmid DNA
into chromosomal DNA, focus has been placed on improving
transfection efficiency by enhancing the efficiency of transport
through the nuclear pore (6).

In order to enhance transfection efficiency, one strategy
is to attach a nuclear localization sequence (NLS) peptide to
the plasmid DNA to facilitate nuclear localization and there-
fore improve gene expression efficiency in target tissues (7).
Subramanian et al (8) demonstrated that, by conjugating an NLS
peptide to DNA, there was an increase in reporter gene expres-
sion (8). However, other previous studies that have chemically
conjugated NLS to DNA to guide transport into the nucleus
have found that this does not significantly improve transfection
efficiency, and in certain cases the efficiency was even observed
to decrease due to chemical modification of the DNA, leading
to reduced transcription efficiency in the nucleus (9,10). In an
attempt to solve this problem, bi- (11) and tri-functional (12)
synthetic peptides have been designed to improve gene transfer
efficiency. Succinimidyl-[4-(psoralen-8-yloxy)]-butyrate (SPB),
a DNA intercalating reagent, has been used to non-covalently
modify NLS moieties to enhance transgenic expression effi-
ciency.

The optimal conditions for SPB-NLS peptides to enhance
gene transfer efficiency have yet to be elucidated. Only upon
entering the nucleus is a plasmid able to be expressed. The aim
of the present study was to confirm the function of the NLS
peptide and the peptide derivative SPB-NLS in enhancing the
transfection efficiency of large DNA molecules (plasmids pIN
and pGN). The elucidation of this function may reduce the prob-
lems associated with low screen efficiency in the development
of transgenic animals.

Materials and methods

Materials and reagents. SPB was obtained from Pierce
Biotechnology Inc. (Rockford, IL, USA). Dulbecco's
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Modified Eagle's Medium (DMEM), DMEM/F-12, fetal
bovine serum (FBS) and liposome (Lipofectamine 2000)
were obtained from Invitrogen Life Technologies (Carlsbad,
CA, USA). Radioimmunoprecipitation assay (RIPA) buffer
[0.1% (w/v) SDS, 1% (v/v) Triton X-100, 1% (w/v) sodium
deoxycholate in Tris-buffered saline (TBS; 25 mM Tris/HCI,
pH 7.5 and 150 mM NaCl)], and phosphatase and protease
inhibitors [1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM Na,;VaO, and 25 mM NaF] were obtained from the
Beyotime Institute of Biotechnology (Haimen, China).
Horseradish peroxidase (HRP)-conjugated goat anti-mouse
immunoglobulin G (IgG) and rabbit anti-mouse IgG were
obtained from Bioworld Technology, Inc. (St. Louis Park,
MN, USA). Antibodies specific to green fluorescent protein
(GFP) and monoclonal bovine [3-actin were obtained from
Cell Signaling Technology, Inc. (Danvers, MA, USA). Mouse
monoclonal antibody against insulin-like growth factor 1
(IGF-1) was obtained from Abcam (Cambridge, MA, USA).
Phalloidin-fluorescein isothiocyanate, DAPI and RNaseA
were obtained from Sigma (St. Louis, MO, USA). All other
chemicals and reagents used were of analytical grade. The
present study was approved by the ethics committee of
Nanjing Agriculture University (Nanjing, Jiangsu, China) and
the Jiangsu Provincial Academy of Agricultural Sciences.
The license number was SCXK (Su) 2002-0029.

Plasmid DNA. Plasmid DNA (pAC-GFP-NI) was provided
by the College of Life Sciences, Nanjing Agricultural
University (Nanjing, China). Plasmid DNA pGN and pIN (13)
were constructed in our lab (Key Laboratory of Animal
Physiology and Biochemistry, Nanjing, China). A map of the
vectors and a basic description are shown in Fig. 1. Plasmid
DNA was amplified by Escherichia coli DH5a and puri-
fied using E.Z.N.A® Endo-Free Plasmid Mini Kit I (Omega
Bio-tek®, Norcross, GA, USA). The purity of the plasmids
was determined using electrophoresis on a 1.0% agarose gel,
and the concentration of DNA was determined by measuring
the ultraviolet absorbance at 260 and 280 nm.

Cell line. The human breast cancer cell line Bcap-37 (estrogen
receptor negative, p53 mutated) was obtained from Shanghai
Cell Collection, Chinese Academy of Sciences (Shanghai,
China). The Bcap-37 cell line is difficult to transfect, and was
therefore appropriate for the study of gene transfer efficiency.
Bcap-37 cells were grown in DMEM supplemented with 10%
FBS at 37°C in a humidified atmosphere of 5% CO,.

Mammary epithelial cell isolation and culture. Mammary
gland tissues were obtained from Saanen dairy goats
(Capra hircus). Cells were grown in DMEM/F-12 with 10%
FBS in the presence of penicillin (100 U/ml) and strepto-
mycin (100 mg/ml) under standard culture conditions (5%
CO,, 37°C). Mammary epithelial cell culture was performed
as described previously (14).

Preparation of complex formation and evaluation of optimal
conditions.

SPB conjugation with NLS. To take advantage of cellular import
machinery NLS peptide and peptide derivative SPB-NLS were
synthesized by Sangon Biotech Shanghai Co., Ltd. (Shanghai,
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Figure 1. Vector map of plasmids. (A) Plasmid pIN was constructed by our
laboratory (Key Laboratory of Animal Physiology and Biochemistry, Nanjing,
China) for specific expression of IGF-1 in mammary glands to increase milk
production. Plasmid pIN was constructed using the bone plasmid pBClI,
a 21.6-kb vector designed to facilitate the expression of recombinant pro-
tein in milk of transgenic animals. Plasmid pIN was a 23.6-kb vector that
was too large to be transfected. (B) Plasmid pGN was constructed by our
laboratory for specific expression of GH in mammary glands to increase
milk production. Plasmid pIN was also constructed using the bone plasmid
pBCl. Plasmid pIN was a 23.8-kb vector that was too large to be transfected.
(C) pAcGFPI-N1 encoded GFP from Aequorea coerulescens (excitation
maximum = 475 nm; emission maximum = 505 nm). The coding sequence
of the AcGFP1 gene contained silent base changes, which corresponded to
human condon-usage preferences. IGF-1, insulin-like growth factor 1; GH,
growth hormone; GFP, green fluorescent protein; MCS, multiple cloning site.

China) using the following sequences: CGGPKKKRKVP
(classical NLS) and SPB-PKKKRKYV. Amine-reactive
SPB was used during NLS peptide synthesis to obtain
SPB-terminated NLS conjugates. Purification was performed
using reverse-phase chromatography. High, pure grades of
conjugates were selected with =98% high-performance liquid
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Table I. qPCR primers used to detect plasmid pGN.
Gene Sense primer Antisense primer Product length (bp)
GH gagaagctgaaggacctgga tacgtctecgtettgtgeag 194
Bcap-37 pB-actin gatcattgctectcetgage tgtggacttgggagaggact 385

qPCR, quantitative polymerase chain reaction; GH, growth hormone.

chromatography purity in accordance with the manufacturer's
own quality control.

Preparation of NLS/IDNA and SPB-NLS/DNA complexes. A
total of 2 mg NLS (1.67 gmol; molecular weight, 1,195.53) was
first dissolved in 167 ul dimethyl sulfoxide (DMSO) solution,
and 1,500 ul1 20 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]-
ethanesulfonic acid (HEPES) solution was then added and
agitated for 30 min; the final concentration of NLS solution
was 1 pM. In addition, 2 mg SPB-NLS (1.73 ymol; molecular
weight, 1,153.42) was dissolved in 173 ul DMSO solution, and
1500 u1 20 mM HEPES solution was then added and agitated
for 30 min; the final concentration of SPB-NLS solution
was 1 pM. NLS/DNA and SPB-NLS/DNA complexes were
prepared at various molar ratios by adding different amounts
of NLS or SPB-NLS solution into fixed DNA (plasmid
pGN) solution (1 pg). The molar ratio of the NLS/DNA and
SPB-NLS/DNA complexes ranged between 5x10? and 5x10*.
Mixtures were gently agitated at room temperature for 30 min
to initiate formation.

Gel retardation assay. Different amounts of NLS and
SPB-NLS solutions (molar ratio, between 5x10? and 5x10%)
were combined with DNA solution (1 ug plasmid pGN). The
function of condensing plasmid DNA by NLS or SPB-NLS
was measured using electrophoresis. Gels were prepared
with 1% agarose in Tris-acetate-EDTA buffer with ethidium
bromide. Electrophoresis was performed for 30 min at 150 V.
The volume of samples loaded was 10 pl.

Analysis of the transfection efficiency of NLS and SBP-NLS
Quantitative polymerase chain reaction (qPCR) analysis.
Bcap-37 cells were incubated at 37°C for 48 h prior to trans-
fection. Transfection was performed using plasmid pGN
mediated by NLS and SPB-NLS to evaluate the transfection
efficiency. Primers used are listed in Table I. NLS/DNA and
SPB-NLS/DNA complexes were prepared as mentioned above.
Liposome solution was added to complexes and incubated for
a further 20 min at room temperature prior to transfection.
Medium was changed to complete medium 6 h after trans-
fection. Growth hormone (GH) gene expression level was
analyzed using qPCR at 48 h. All transfection experiments
were performed in triplicate.

Fluorescence microscopy and flow cytometric analysis.
The plasmid pAC-GFP-N1 (expressing GFP as a reporter
gene) was transfected into Bcap-37 cells with the aid of NLS
or SPB-NLS to evaluate their bioactivity. Approximately
10,000 cells/population were plated on 12-well dishes
(Costar®; Corning, Inc., Corning, NY, USA) and incubated
at 37°C for 24 h prior to transfection. Transfection was
performed in accordance with the aforementioned method.

Following transfection, cells were incubated for 48 h at 37°C
and then washed twice with phosphate-buffered saline (PBS).
Images were captured by standard fluorescence microscopy
(Olympus, Tokyo, Japan).

Preliminary results from the fluorescence micros-
copy revealed high levels of GFP expression in the
SPB-NLS-mediated group. Therefore, the relative increase
in expression was calculated using flow cytometry, since
this method allows the rapid analysis a large number of
cells. Transfection of Bcap-37 cells was performed in accor-
dance with the aforementioned method using the plasmid
pAC-GFP-NI1. Cells were harvested 48 h after transfection,
washed three times with PBS and then suspended in 500 u1 cold
PBS and examined using a BD FACSCalibur™ flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA) equipped with an
argon laser (488 nm).

Western blot analysis. Bcap-37 cells were transfected with
plasmid pAC-GFP-N1 to further investigate the function of
SPB-NLS. Transfection was performed in accordance with
the aforementioned method. Cells were harvested 24 and 48 h
after transfection and lysed using RIPA buffer containing
phosphatase and protease inhibitors (1 mM PMSF) on ice
for 30 min. Cell lysates were then centrifuged at 14,000 x g
for 10 min at 4°C and the concentration of the proteins in
the supernatant was determined using a bicinchoninic acid
protein assay kit (Pierce Biotechnology Inc.). The proteins
were separated using 4-15% SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were probed using
an anti-GFP primary antibody (1:2,500), followed by a goat
anti-mouse IgG-HRP secondary antibody. Protein expression
was detected using an enhanced chemiluminescence detection
system (Amersham Pharmacia Biotech, Inc., Amersham, UK).
B-actin was used as a loading control. All bands from the
western blotting were analyzed using Quantity One software
(Bio-Rad, Hercules, CA, USA) to verify their relative expres-
sion.

Confocal microscopy to investigate plasmid DNA localiza-
tion. To investigate whether NLS and SPB-NLS enhanced
plasmid transfection to the nucleus, plasmid pGN was labeled
using a Cy™3 labeling kit (Mirus Bio LLC, Madison, W1,
USA). Transfection was performed in accordance with the
aforementioned method. Bcap-37 cells were divided into five
groups [blank, liposome, NLS, SPB-NLS and wheat-germ
agglutinin (WGA)/SPB-NLS]. WGA was used to specifically
block the nuclear pores. Cells were washed three times with
PBS 2 h after transfection and then fixed using 4% paraformal-
dehyde for 30 min. Cells were then washed three times with
PBS and dyed with DAPI for 5 min, prior to being washed a
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further three times and analyzed using a confocal microscope
(CarlZeiss LSM 710, Carl Zeiss, Oberkochen, Germany).
Excitation and emission wavelengths were 539 nm for Cy3
and 460 nm for DAPI, respectively.

Cell cycle analysis of cytotoxicity. To evaluate cell cytotox-
icity of peptide NLS and peptide derivative SPB-NLS, the
cell cycle of different transfection groups was analyzed.
Transfection was performed in accordance with the afore-
mentioned method. Cells were harvested and washed three
times with PBS 48 h after transfection. Cells were then treated
with 5 yg/ml RNaseA for 10 min at room temperature, and
stained with 5 pg/ml propidium iodide, a DNA-binding dye,
for 2 h at room temperature. Flow cytometry was then used
to analyze the cell cycle.

Validation of the function of SPB-NLS in goat mammary
epithelial cells (GMEC:s).

Induction of GMECs and cell transfection. GMECs were
seeded in six-well dishes (Costar), and grown to 50-60%
confluence. Prior to experiment, cells were cultured in
induction media for one week to promote the synthesis of
milk protein and fat. The induction media contained 1%
Insulin-Transferrin-Selenium Supplement (Invitrogen
Life Technologies), 5 mg/ml progesterone (ProSpec, East
Brunswick, NJ, USA), 10-7 mol/l hydrocortisone (R&D
Systems, Minneapolis, MN, USA), 10 ng/ml ovine epithe-
lial growth factor (ProSpec) and 5 mg/ml bovine estradiol
(Sigma-Aldrich).

Transfection was performed using plasmid pIN, mediated
by SPB-NLS. Cells were divided into three groups: a control
group (non-transfection), a transfection group (transfected
with plasmid pIN) and an SPB-NLS group (transfected
with pIN mediated by SPB-NLS). The culture medium was
changed to DMEM/F-12 containing 10% FBS 6 h after
transfection. Cells were collected after 48 h for subsequent
analysis.

Western blot analysis of IGF-1 protein expression.
GMECs were lysed with RIPA buffer containing phospha-
tase and protease inhibitors (1 mM PMSF) on ice for 30 min.
Cell lysates were centrifuged at 14,000 x g for 10 min at 4°C.
The proteins in the supernatant were separated using 4-15%
SDS-PAGE, and transferred onto nitrocellulose membranes.
Membranes were blocked with TBS and Tween 20 buffer
containing 5% goat serum at room temperature for 2 h.
Membranes were subsequently incubated with mouse
anti-human IGF-1 monoclonal antibody at 4°C for 18 h and
then rabbit anti-mouse IgG-HRP secondary antibody. Protein
expression was detected using an enhanced chemilumines-
cence detection system (Amersham Pharmacia Biotech,
Inc.), using B-actin as a loading control. All bands from the
western blotting were analyzed using Quantity One software
(Bio-Rad) to verify their relative expression.

Statistical analysis. The transfection efficiency and cell
cytotoxicity were analyzed using one-way analysis of vari-
ance followed by a Least Significant Difference post hoc test.
P<0.05 was considered to indicate a statistically significant
difference. All results are expressed as the mean + standard
error of the mean.
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Figure 2. Gel retardation assay. Electrophoresis of different concentrations of
(A) NLS and (B) SPB-NLS binding to plasmid pGN. (A) Lane 1, naked DNA;
lanes 2-7, varying molar ratios of NLS/pGN (5x10%, 2x10%, 1x10%, 5x10°, 1x10°
and 5x10%); M1, Marker A DNA/HindIll; M2, Marker DNA/Trans2K Plus.
(B) Lane 1, naked DNA; lanes 2-7, varying molar ratios of SPB-NLS/pGN
(5x10%, 2x10%, 1x10%, 5x10%, 1x10° and 5x10%); M1, Marker A DNA/HindIlI;
M2, Marker DNA/Trans2K Plus. NLS, nuclear localization sequence;
SBP-NLS, succinimidyl-[4-(psoralen-8-yloxy)]-butyrate-NLS.

Results

Gel retardation assay. A prerequisite for transfec-
tion-enhancing agents is their ability to bind nucleic acids. In
order to determine the optimal conditions for complex forma-
tion between plasmid DNA (pGN, 1 ug) and NLS peptide or
peptide derivative SPB-NLS, different molar ratios (between
5x10% and 5x10*) of NLS and SPB-NLS were used. The migra-
tion of the complexes was detected using a gel retardation
assay (Fig. 2). Compared with naked plasmid DNA (pGN,
lane 1), the NLS/DNA and SPB-NLS/DNA showed varying
degrees of retardation (lanes 2-7). The results from the gel
electrophoresis demonstrated that the complexes (NLS/DNA
and SPB-NLS/DNA) were strongly retarded at molar ratios of
5x10* and 2x10%, respectively, whilst the complexes at molar
ratios of 5x10% and 1x10° exhibited no or little retardation. At
a molar ratio 5x10° the complexes showed optimal retarded
mobility. Additionally, NLS and SPB-NLS at a molar ratio of
5x10° did not affect the mobility of plasmid DNA. Therefore, a
molar ratio of 5x10° was used in subsequent experiments.

Analysis of the transfection efficiency of NLS and SPB-NLS
qPCR analysis. Transfection efficiency of NLS and SPB-NLS
was analyzed with plasmid pGN. The results from the qPCR
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Table II. Relative GH mRNA expression levels in different groups.
Treatment
Control Liposome + Liposome + Liposome +
Parameter Blank (liposome) pGN NLS + pGN SPB-NLS + pGN
Relative GH 1.039+0.349 2.182+0.329 11.006+1.909 18.644+1.534* 47.648+4.620°
mRNA expression

GH, growth hormone; NLS, nuclear localization sequence; SBP-NLS, succinimidyl-[4-(psoralen-8-yloxy)]-butyrate-NLS. *P<0.05, vs. lipo-

some + pGN; "P<0.01, vs. liposome + pGN.
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Figure 3. Analysis of transfection efficiency. (A) Fluorescence microscopy results of transfection efficiency in blank, control, liposome, NLS and SPB-NLS
groups. (B) Flow cytometry results of transfection efficiency in the blank, liposome, NLS and SPB-NLS groups. (C) Western blot analysis of GFP expression
levels. Lane 1, blank group; lane 2, negative control (cells transfected with plasmid pGN); lane 3, liposome group (cells transfected with plasmid pAC-GFP-N1
by liposome); lane 4, liposome/NLS group (cells transfected with plasmid pAC-GFP-N1 by liposome and NLS); lane 5, liposome/SPB-NLS group (cells
transfected with plasmid pAC-GFP-NI by liposome and SPB-NLS). The data are presented as the mean + the standard error of the mean of triplicate wells
from three independent experiments. ‘P<0.05 vs. liposome group. GFP, green fluorescent protein; NLS, nuclear localization sequence; SBP-NLS, succinimidy
1-[4-(psoralen-8-yloxy)]-butyrate-NLS; FITC, fluorescein isothiocyanate; SSC-H, side scatter pulse height; UL, upper left; UR, upper right.

showed that the expression levels of GH mRNA were signifi-
cantly higher in the liposome/pGN group (11.006+1.909) than
those in the blank (1.039+0.349) and control (2.182+0.329)
groups. GH mRNA expression was also significantly
higher in the NLS-mediated group (18.644+1.534) and
the SPB-NLS-mediated group (47.648+4.620). The
SPB-NLS-mediated group exhibited peak levels of GH
mRNA. The expression levels of GH mRNA in the NLS and
SPB-NLS groups were 69% and 330% greater than those in
the liposome/pGN group, respectively (Table II).

Fluorescence microscopy and flow cytometry. Achieving
high transgenic expression efficiency was the ultimate aim
of the present study. An in vitro gene transfer assay was
performed with plasmid pAC-GFP-NI, and fluorescence
microscopy was used to evaluate the transfection efficiency of
NLS and SPB-NLS. Untreated cells served as the blank group
and cells transfected with plasmid pGN served as the negative
control group. The results from the fluorescence microscopy
showed that there was no GFP expression in the blank and
negative groups. Compared with the blank group, only small
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NLS
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Figure 4. Confocal microscopy detection of plasmid DNA (white). Plasmid was detected using a Cy™ 3 labeling kit and nuclei were stained using DAPI (grey).
Stained cells were examined using confocal microscopy (magnification, x630). (A) Blank group; (B) control group (liposome/Cy3-pGN group); (C) lipo-
some/NLS/Cy3-pGN group; (D) liposome/SPB-NLS/Cy3-pGN group; (E) WGA/liposome/SPB-NLS/Cy3-pGN group (WGA-blocked group). NLS, nuclear
localization sequence; SBP-NLS, succinimidyl-[4-(psoralen-8-yloxy)]-butyrate-NLS; WGA, wheat-germ agglutinin.

areas of fluorescence were observed in the NLS group, similar
to those in the group treated with liposome/pAC-GFP-NI.
However, large areas of fluorescence were observed in the
SPB-NLS group, indicating that GFP was highly expressed in
the SPB-NLS group (Fig. 3A).

Further analysis using flow cytometry demonstrated that
the percentage of cells expressing GFP in the blank, negative
(liposome) and control (liposome/pGN) groups was 0.91, 1.32
and 0.87%, respectively. The percentage of cells expressing
GFP in the positive group (liposome/pAC-GFP-N1) was
8.55%. The percentage of positive cells was greater in the
SPB-NLS group (11.32%) than that in the positive group.
However, the percentage of positive cells in the NLS group
(2.14%) was lower than that in the positive group (Fig. 3B).
Data analysis demonstrated that the number of cells positively
expressing GFP in the SPB-NLS group was increased by
32.4%, but decreased by 75% in the NLS group, compared
with the positive group. These results are consistent with the
results from the fluorescence microscopy analysis.

Western blot analysis. The results from the fluorescence
microscopy and flow cytometry demonstrated that SPB-NLS
has an important role in promoting gene transfer. To confirm
these results, the expression of GFP in the SPB-NLS and
NLS groups was investigated. The results of the western blot
analysis demonstrated a significant increase in GFP expres-
sion in the SPB-NLS group (relative band density, 1.70+0.13,
24 h; 1.53+0.16, 48 h) compared with that in the liposome
group (relative band density, 1.00+0.001, 24 h; 1.00+0.001,
48 h) (P<0.05; Fig. 3C). By contrast, the expression of GFP
in the NLS group (relative band density, 0.89+0.048, 24 h;

0.84+0.16, 48 h) was slightly lower than that in the liposome
group (Fig. 3C).

Confocal microscopy to identify the delivery of plasmid DNA.
Since nuclear import efficiency greatly influences transgenic
expression efficiency, it was investigated whether NLS and
SPB-NLS facilitated nuclear entry of plasmid DNA. Confocal
microscopy analysis demonstrated that no plasmid DNA (red)
was present in the nucleus in the control group (Fig. 4A).
Merged images with Cy3 and DAPI staining revealed that a
small number of red plasmids were present in the perinuclear
area in the liposome/pGN group (Fig. 4B). In the NLS group,
there was an increase in the number of plasmids in the cell,
indicating that NLS enhanced plasmid transport into the cyto-
plasm. However, in the NLS group few or no plasmids entered
the nucleus (Fig. 4C). By contrast, in the SPB-NLS group there
was an increase in the number of plasmids in the nucleus,
demonstrating that SPB-NLS enhanced entry of plasmid DNA
into the nucleus (Fig. 4D). To confirm whether SPB-NLS
was interacting with the nuclear pore complex (NPC), WGA
was used to specifically block the nuclear pores. When cells
were treated with WGA, few plasmids were observed in the
cytoplasm and none were observed in the nucleus. Therefore,
peptide derivative SPB-NLS increases transfection efficiency
by interacting with the NPC (Fig. 4E).

Cells cytotoxicity analysis. An optimized gene delivery system
should be able to improve transfection efficiency without any
toxic effects. The cell cycle is a good indicator of cell viability.
Flow cytometric analysis revealed marked differences in the
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Table III. Cell cycle analysis of cytotoxicity.
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Treatment G1 (%) S (%) G2 (%) Apoptosis (%)
Blank 61.41+0.42 31.58+0.89 7.01+0.47 1.11£0.29
Liposome/pGN 56.79+0.87 38.93+2.30 4.29+1.43 2.21+0.59
Liposome/SPB-NLS/pGN 57.19+0.13 38.70+1.04 4.12+091 1.74+0.29

SBP-NLS, succinimidyl-[4-(psoralen-8-yloxy)]-butyrate-nuclear localization sequence.
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Figure 5. Western blot analysis of IGF-1 expression in GMECs. IGF-1 expres-
sion levels were assessed in GMECs using western blot analysis. Plasmid
pIN was transfected into GMECs to evaluate the transfection efficiency of
SPB-NLS. (A) Results from the western blot anaylis. Lanes 1 and 2, blank
group; lanes 3 and 4, liposome group (cells transfected with plasmid pIN by
liposome); lanes 5 and 6, SPB-NLS group (cells transfected with plasmid
pIN by liposome and SPB-NLS. (B) Relative band density of the liposome
and the SPB-NLS groups from the results of the western blot analysis. The
results are presented as the mean + the standard error of the mean of double
wells from three independent experiments. "P<0.05 vs. liposome group.
IGF-1, insulin-like growth factor 1; GMECs, goat mammary epithelial cells;
SBP-NLS, succinimidyl-[4-(psoralen-8-yloxy)]-butyrate-nuclear localiza-
tion sequence.

cell cycle between the blank and liposome/pGN groups in the
G1 and S phases (Table III). Data analysis demonstrated that
liposome affected the Gl1, S and G2 phases, indicating that
liposome treatment may have a slight cytotoxic effect on cells.
The apoptosis percentages of the SPB NLS and NLS groups
revealed similarities with the liposome group, indicating that
SPB NLS and NLS may also have a slight toxic effect.

Analysis of SPB-NLS function in GMECs. Previous experi-
ments demonstrated that SPB-NLS improved the transfection
efficiency in the Bcap-37 cell line. To investigate whether
SPB-NLS may be used to alleviate problems in the develop-
ment of transgenic animals, plasmid pIN was transfected into
GMEC:s to evaluate the transfection efficiency. Transfection

of pIN into GMECs was confirmed using immunohistochem-
istry and PCR (data not shown). IGF-1 protein was found to
be expressed in all plasmid pIN-transfected groups. In addi-
tion, the SPB-NLS group (relative band density, 1.826+0.191)
exhibited greater IGF-1 protein expression than the liposome
group (relative band density, 1.376+0.204) (Fig. 5). These
results further indicated that SPB-NLS enhances transfection
of large DNA molecules (plasmid pIN).

Discussion

The present study aimed to investigate methods to improve
gene transfer efficiency and to characterize the mechanism
of plasmid import into transfected cells in order to improve
DNA delivery in vivo. The study also aimed to develop a
convenient delivery system for functional gene transfer and
efficient screening for the development of transgenic animals.
All macromolecules enter or exit the nucleus through the
NPC (15). Similarly, plasmid DNA is transported into the
nuclei of non-dividing cells via the NPC. DNA fragments
>1 kb are unable to enter the nuclei, whilst those <1 kb readily
pass through the NPC (16,17). In contrast to what has previ-
ously been demonstrated in intact cells, plasmids <15 kb are
transported into the nuclei upon cell division (18). It is well
established that the NLS has an important role in DNA trans-
port into the nucleus. In this study it was investigated whether
large DNA molecules (such as plasmids pIN, 23 kb, and pGN,
23 kb) were able to pass in and out of the nucleus with the aid
of NLS/SPB-NLS to allow continued expression.

The interaction between the transfection complex,
NLS/SPB-NLS, and DNA was first evaluated. Two peptides
were designed to condense DNA and enhance delivery into
the nucleus. Previous studies have found that NLS peptides do
not markedly enhance plasmid DNA nuclear entry efficiency
and that chemical modifications of DNA even reduce the tran-
scription efficiency or stability in the nucleus (10). Consistent
with this, the results from the present study demonstrated
that NLS peptide downregulated gene expression efficiency:
Fluorescence microscopy and western blot analysis showed
that the NLS group expressed less GFP than the liposome/pGN
group (10). The low expression efficiency in the NLS group
may have been due to a lack of binding. Enhancing the binding
of DNA with NLS was therefore the first challenge. A previous
study by Lechardeur and Lukacs (2) found that single- and
double-stranded plasmids were degraded with an apparent
half-life of between 50 and 90 min. Several different methods
have been used to attach NLS to plasmid DNA, including ionic
interaction (19), covalent attachment (7) and peptide nucleic



2566

acid clamp (20), and have been shown to significantly improve
nuclear transport efficiency. However, increased transport into
the nucleus does not necessarily correlate with increased levels
of protein expression (21). Ciolina et al (22) demonstrated
that microinjected DNA with covalently attached NLS raised
transfection efficiency by <160% compared with unmodi-
fied DNA (22); however, expression decreased by 60% with
plasmid bearing 43 NLS peptides. The results from the present
study showed that the expression levels of GH mRNA in the
NLS group were increased by 69% compared with those in
the liposome/pGN group, but the percentage of positive cells
(2.14%) and the GFP protein expression levels (relative band
density, 0.89+0.048, 24 h; 0.84+0.16, 48 h) were lower than
those in the liposome/pGN group. In combination these results
suggest that covalent binding of NLS to DNA leads to tran-
scriptional inactivation, possibly due to over-tight binding (10).
Therefore, non-covalent modification of DNA may be an alter-
native (23). It has been suggested that SPB has the potential to
non-covalently modify target molecules without affecting gene
expression (24). In the present study it was demonstrated using
flow cytometry and western blot analysis that GFP expression
was elevated in the SPB-NLS group, indicating that SPB-NLS
has high biological activity.

qPCR was performed to quantitatively evaluate the trans-
fection efficiency of NLS and SPB-NLS. The results revealed
that SPB-NLS notably improved gene transfer efficiency. The
mRNA expression levels of GH in the NLS and SPB-NLS
groups were higher than those in the liposome/pGN group,
which is consistent with the results by Jain and Gewirtz (25).
The results from the present study demonstrate that the NLS
group had higher mRNA expression levels of GH than the lipo-
some/pGN group, indicating that NLS has an important role
in gene transfer. The exact mechanism of SPB-NLS-mediated
gene delivery has yet to be elucidated; however, the results of
the present study show that the addition of NLS and SPB-NLS
may affect gene transcription efficiency. Further investigation
is required, however, to understand the mechanism by which
SPB-NLS affects transfection.

In order to assess the effect of NLS and SPB-NLS on
gene expression, GFP expression levels were analyzed using
fluorescence microscopy, flow cytometry and western blotting.
Flow cytometry quantitatively estimates gene expression and
accurately determines fluorescent intensity. Similar results
were found using the different methods. It was found that GFP
expression was significantly increased in the SPB-NLS group
but decreased in the NLS group compared with that in the
liposome/pGN group. Similarly, high GH mRNA transcrip-
tion efficiency along with low GFP expression efficiency was
observed in the NLS group. This phenomenon may have been
a result of the content of the DNA transferred into the nucleus
and due to the plasmid DNA being prevented from being
degraded by nucleases.

Lipid-mediated transfection requires endocytosis.
Unprotected DNA in the cytoplasm is degraded by resident
cytosolic nucleases (26). Much of the transferred DNA is
retained in endosomes, escapes to the cytoplasm and enters
into the nucleus at low rates, which limits the efficiency of
liposome-mediated gene transfer (27). The results of the
present study demonstrated that in the liposome/pGN group
plasmids were located around the nuclear membrane; however,
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in the SPB-NLS group, plasmid DNA was observed in the
nucleus. Since the nuclear envelope is an important barrier
in transfection, the mechanism underlying the interaction of
SPB-NLS with the nuclear envelope was investigated. The
position of labeled plasmid DNA was analyzed using confocal
microscopy (28). The results revealed that the labeled
plasmids were delivered to the nucleus in the SPB-NLS
group. In the liposome/pGN group, however, the plasmids
remained around the nuclear envelope. To determine whether
SPB-NLS was interacting with the NPC, WGA was used.
WGA cross-links with phenylalanine-rich repeat motifs in
the NPC, specifically inhibiting the exchange of material
between the nucleus and the cytoplasm. Following WGA
treatment, no labeled plasmid was observed in the nucleus,
further demonstrating that SPB-NLS affects the formation of
the NPC by interacting with nuclear envelope. Contradictory
to our study, a previous report suggested that a random-walk
diffusion of DNA molecules was likely to be inefficient and
slow (29). However, naked DNA does not remain free in the
nucleus as histones rapidly assemble transferred DNA into
chromatin-like structures, thus providing a mechanism for
pulling and condensing the filamentous molecule into the
nucleus.

Unless plasmid DNA enters the nucleus, no gene inte-
gration or replication of any plasmid DNA occurs. NLS
mediates the trafficking from the cytoplasm into the nucleus.
In the present study it was found that SPB-NLS significantly
enhanced gene transfer and expression efficiency. Although
high transfection efficiency was demonstrated, the mecha-
nism by which SPB-NLS enhances transfection has yet to be
fully elucidated. In conclusion, in this study it was shown that
SPB-NLS, as a transfection-enhancing agent, may improve
the transport of large molecular DNA into the nucleus and
provides a ‘fixed target’ in nuclear trafficking. In the future
this may provide a safe and alternative strategy for rapid and
efficient screening of transgenic positive clones.
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