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Previously, we have reported that decaarginine-conjugated PEG-lipids (R10B) efficiently delivered
plasmid DNA (pDNA) into human cervical carcinoma HeLa cells via macropinocytosis; however, the
mechanism of cellular uptake by R10B was not evaluated in other cell lines. In this study, we investi-
gated the internalization mechanism by R10B/pDNA complex (R10B-lipoplex) in human prostate tumor
PC-3 and human nasopharyngeal tumor KB cells, and compared with that in HeLa cells. Although it was
necessary for R10B-lipoplex to associate with heparan sulfate (HS) on the cell surface in all cell lines, the
R10B-lipoplex was internalized primarily through clathrin-mediated endocytosis in PC-3 and KB cells,
ligoarginine
onviral gene delivery
acropinocytosis
eLa
B
C-3

and macropinosytosis in HeLa cells. In HeLa cells, treatment with the R10B-lipoplex induced the for-
mation of lamellipodia for macropinocytosis, but did not in KB and PC-3 cells. Furthermore, the highest
transfection efficiency by R10B-lipoplex was observed in HeLa cells. These findings indicated that the
R10B-lipoplex induced the formation of lamellipodia in HeLa cells after binding to HS on the cells and
was then internalized by macropinocytosis, which could induce high gene expression because of escap-
ing degradation in lysosomes. Cell physiology might be a critical factor in cellular internalization and
efficient transfection by cell penetration peptide.
. Introduction

Cell-penetrating peptides (CPPs), less than 30 amino acid
esidues in length, such as HIV-1 Tat fragments, are abundant in
rginine residues and the number of arginine residues seems to
e an important essential factor for cellular uptake (Futaki et al.,
001a; Kaplan et al., 2005; Mitchell et al., 2000; Wender et al., 2000;
aro and Shen, 2003). CPPs were originally identified to have the
bility to cross the plasma membrane (Derossi et al., 1994; Futaki
t al., 2001b; Morris et al., 2001; Oehlke et al., 1998; Pooga et al.,
998; Vives et al., 1997); however, it has been recently reported
hat cellular uptake of CPPs was inhibited by the presence of endo-
ytosis inhibitors (Drin et al., 2003; Fischer et al., 2004; Vives,
003). In the process of cellular internalization by CPPs, the first
tep was attachment to the cell surface by electrostatic interac-
ion with heparan sulfate proteoglycans (HSPGs). HSPGs have been

eported to mediate gene transfer into cultured cells by CPPs, such
s HIV-1 Tat (Console et al., 2003; Tyagi et al., 2001; Wadia et al.,
004) and oligoarginine (Fuchs and Raines, 2004; Kawamura et al.,
006; Kosuge et al., 2008; Suzuki et al., 2002). Nakase et al. have

∗ Corresponding author. Tel.: +81 3 5498 5097; fax: +81 3 5498 5097.
E-mail address: yhattori@hoshi.ac.jp (Y. Hattori).
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© 2010 Elsevier B.V. All rights reserved.

shown that the interaction of arginine-rich peptides with HSPGs
activated intracellular signals to induce actin organization and pro-
mote macropinocytosis (Nakase et al., 2007). Macropinocytosis is
one of the major endocytic pathways and accompanies membrane
ruffling. Macropinosomes decrease their pH, but are not delivered
to lysosomes, thus avoiding DNA degradation (Conner and Schmid,
2003), resulting in that transgene internalized by macropinocytosis
could be effectively delivered to the nucleus and induce high gene
expression.

Octaarginine peptide has been reported to be taken up by
macropinocytosis in human cervical carcinoma (HeLa) and chi-
nese hamster ovary (CHO) cells (Nakase et al., 2004, 2007), and
T cells (Wadia et al., 2004). However, some researchers have
reported that CPPs are taken up via clathrin-dependent or caveolae-
dependent endocytosis even in the same cell lines (Richard et al.,
2003, 2005; Potocky et al., 2003; Jones et al., 2005; Ferrari et al.,
2003); Tat peptides were taken up by clathrin-mediated endocy-
tosis in HeLa and CHO cells (Richard et al., 2003, 2005; Potocky
et al., 2003), while Tat peptide and GST-Tat-GFP fusion peptide

were taken up by caveolae-mediated endocytosis into HeLa and
HeLa-derived cell line HL3T1 cells (Jones et al., 2005; Ferrari et al.,
2003). In CPP-modified carriers, octaarginine-modified liposome
was taken up via macropinocytosis into mouse fibroblast NIH3T3
cells (Khalil et al., 2006) and via both clathrin-mediated endocy-
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http://www.sciencedirect.com/science/journal/03785173
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ously described (Furuhata et al., 2009). For phalloidin-TRITC and
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osis and macropinocytosis in Madin-Darby canine kidney MDCK
ells (Fujiwara et al., 2010). Therefore, the exact cellular uptake
echanism of CPPs remains to be elucidated, because the cellular

ptake mechanism of CPPs was dependent on the cell line.
Previously, we synthesized decaariginine-PEG-lipid (R10B),

onjugating decaarginine and 3,5-bis(dodecyloxy)benzamide
BDB) with poly(ethylene glycol) (PEG) spacer (Furuhata et al.,
006a), and demonstrated that the cellular uptake mechanism
f R10B/plasmid DNA complex (R10B-lipoplex) was mainly
acropinocytosis in HeLa cells (Furuhata et al., 2008, 2009); how-

ver, we did not examine the uptake mechanisms of R10B-lipoplex
n other cell lines. In this study, we selected three cell lines, HeLa,
uman prostate tumor PC-3 and human nasopharyngeal tumor
B cells, and investigated the mechanism of cellular uptake and

ransfection efficiency by R10B-lipoplex.

. Materials and methods

.1. Plasmid DNA

Plasmid DNA (pDNA) encoding the luciferase gene under the
ontrol of cytomegalovirus promoter (pCMV-luc) was constructed
s previously described (Igarashi et al., 2006). A protein-free prepa-
ation of pCMV-luc was purified using the EndoFree Plasmid Max
it (Qiagen, Hilden, Germany). Fluorescein isothiocianate (FITC)
nd rhodamine-labeling for pDNA were performed using the proto-
ol of the Label IT TM-FITC labeling kit and Label IT TM-Rhodamine
abeling kit (Mirus, Madison, WI, USA), respectively, as previously
escribed (Furuhata et al., 2009).

.2. Cell culture

HeLa cells were obtained from the European Collection of Cell
ulture (Wiltshire, UK). KB and PC-3 cells were supplied by the
ell Resource Center for Biomedical Research, Tohoku Univer-
ity (Miyagi, Japan). HeLa cells were grown in Eagle’s Minimum
ssential Medium, and KB and PC-3 cells in RPMI-1640 medium,
upplemented with 10% heat-inactivated fetal bovine serum (FBS)
nd kanamycin (100 �g/mL) at 37 ◦C in a 5% CO2 humidified atmo-
phere.

.3. Transfection

R10B was synthesized as previously reported (Furuhata et al.,
006a, 2006b). R10B solution was prepared at 5 mM by simply dis-
ersing R10B in water. One microliter of micelle solution was added
o 2 �g pDNA at a charge ratio (+/−) of 8.5/1 with gentle shaking
nd leaving at room temperature for 10–15 min. For transfection,
he complex (R10B-lipoplex) was diluted with medium (1 mL) to
�M R10B and then gently added to the cells.

.4. Luciferase assay

R10B-lipoplex of pCMV-luc was diluted with serum-free
edium (5 �M at a concentration of R10B), and then gently added

o the cells. After incubation for 3 h at 37 ◦C, the cells were added to
ulture medium (1 mL) containing 10% FBS and then incubated for
nother 21 h. Luciferase expression was measured as counts per sec
cps)/�g protein using the luciferase assay system (Pica gene; Toyo
nk Mfg. Co. Ltd., Tokyo, Japan) and BCA reagent (Pierce, Rockford,
L, USA) as previously reported (Furuhata et al., 2006a).
.5. Measurement of the amount of heparan sulfate in the cells

To measure the amount of HS in the cell, the cells were lysed
ith sampling buffer containing 0.5% Triton X-100 in phosphate-
f Pharmaceutics 404 (2011) 264–270 265

buffered saline (PBS, pH 7.4). After they were centrifuged at
10,000 × g for 10 min, the protein concentration of the supernatant
was quantitated with BCA protein assay reagent as described above.
After 100 �g protein in the supernatants was digested by 1.8 mg/mL
Actinase E (Kaken Pharmaceutical Co., Tokyo, Japan), the amount
of HS was determined as �g HS/�g protein by a Heparan Sulfate
ELISA Kit (Seikagaku Biobusiness Co., Tokyo, Japan).

2.6. Immunostaining for heparan sulfate

The cells were placed in a Lab-Tek Chamber slide glass
(Nalge Nunc, Rochester, NY, USA), which was coated with human
fibronectin on the surface as previously described (Hattori and
Maitani, 2007). For immunostaining, the cells were fixed in 4%
paraformaldehyde for 15 min at room temperature. After protein
blocking with 5% goat serum for the cells, HS on the cell surface was
identified using a rat anti-human heparan sulafate proteoglycan
monoclonal antibody (Acris Antibodies GmbH, Herford, Germany)
with Alexa 555-labeled goat anti-rat IgG (Invitrogen, Carlsbad, CA,
USA) as the secondary antibody. The fluorescence was examined
microscopically using an ECLIPSE TS100 microscope (Nikon, Tokyo,
Japan).

2.7. Cellular uptake

To investigate the effect of HS on the cell surface on cellu-
lar uptake, the cells were digested with 1 unit/mL heparinase-III
in medium at 37 ◦C for 30 min, and then transfected with the
R10B-lipoplex of FITC-labeled pDNA in medium containing 10%
FBS. To investigate the effect of HS in the medium on cellular
uptake, the R10B-lipoplex was incubated with the medium con-
taining 20 �g/mL heparin (Sigma Chemical Co.) for 15 min, and
then incubated with the cells for 1 h. For investigation of the
cellular uptake mechanism by endocytosis inhibitors, the cells
were treated with medium containing 400 mM sucrose, 50 �M
5-(N-Ethyl-N-isopropyl) amiloride (EIPA; Sigma Chemical Co.) or
5 �g/mL filipin (Sigma Chemical Co.) for 30 min. After treatment,
the cells were transfected with the R10B-lipoplex for 1 h in the pres-
ence of each inhibitor. After incubation, the amount of FITC-labeled
pDNA in the cells was determined by examining fluorescence
intensity on a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA) as previously described (Furuhata et al., 2006a,
2006b).

2.8. Confocal laser scanning microscopy

For observation of lamellipodia-like formations, the cells were
incubated with R10B-lipoplex or 400 ng/mL EGF (Wako Pure Chem-
ical Industries, Ltd., Osaka, Japan) for 5 min. After incubation,
the cells were fixed with 4% formaldehyde and then cellular F-
actin was stained with phalloidin-TRITC (Sigma Chemical Co.)
after treatment with 0.1% Triton X-100 in PBS. For investigation
of the cellular uptake mechanism, the cells were co-incubated
for 3 h with R10B/rhodamine-labeled pDNA and 0.5 mg/mL Ore-
gon green 488-labeled dextran (70 kDa, anionic, lysine fixable,
Invitrogen). After incubation, the cells were fixed with 4% formalde-
hyde.

Examinations were performed with a LSM5 EXCITER confocal
laser scanning microscope (Carl Zeiss, Thornwood, NY) as previ-
rhodamine-labeled pDNA, maximal excitation was performed with
a 543-nm internal He–Ne laser, and fluorescence emission was
observed with an LP560. Oregon green 488-labeled dextran was
imaged using an argon laser at 488 nm excitation, and fluorescence
emission was observed with a filter, BP505-530.
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of R10B/rhodamine-labeled pDNA with Oregon green 488-labeled
dextran, a marker of macropinocytosis. In HeLa cells, pDNA by
transfection with R10B was co-localized with dextran (Fig. 4A), but
not in PC-3 and KB cells (Fig. 4B and C), suggesting that the cellu-
lar uptake mechanism of R10B-lipoplex was macropinocytosis in
ig. 1. Assessment of HS in HeLa, PC-3 and KB cells by ELISA (A) and immunostainin
LISA-kit and BCA reagent. Each bar represents the mean ± S.D. of three experiment

.9. Statistical analysis

Significant differences in the mean values were evaluated by
tudent’s unpaired t-test. A p-value of 0.05 or less was considered
ignificant.

. Results

.1. Assessment of heparan sulfate amount in various cells

In the process of cellular internalization by CPPs, the first step
as attachment to the cell surface by electrostatic interaction
ith HSPGs, which are transmembrane proteins conjugated to
egatively charged sulfated glycan chains (heparan sulfate, HS);
herefore, we first evaluated the amount of HS in three cell lines by
LISA and immunostaining (Fig. 1). The amounts of HS in homoge-
eous cell lysate of HeLa, PC-3 and KB cells by ELISA were 2.1 ± 0.2,
4.8 ± 1.3 and 1.6 ± 0.3 �g HS/�g protein, respectively (Fig. 1A). In

mmunostaining by anti-HS antibody, the presence of HS on the
ell surface was strongly observed in PC-3 cells, and moderately in
eLa and KB cells (Fig. 1B), corresponding to the results by ELISA

Fig. 1A). From these findings, PC-3 cells had the highest amount of
S on the cell surface among the cell lines.

.2. Effects of HS on cellular uptake

To investigate the effect of HS on cellular uptake by R10B-
ipoplex, the cells were digested with heparinase-III before
ransfection. The digestion of HS significantly decreased the cel-
ular amount of pDNA after transfection by the R10B-lipoplex to
bout 60% (Fig. 2). Heparin is closely related with heparan sulfate.
he addition of heparin to the medium completely inhibited cel-
ular uptake of the R10B lipoplex (Fig. 2). These results suggested
hat cell surface-expressed HSPGs played an important role in the
ellular association with R10B-lipoplex.
.3. Cellular uptake mechanism of R10B-lipoplex

To determine the uptake mechanism by R10B-lipoplex in
hree cell lines, we examined the effect of endocytosis inhibitors
In A, the amounts of HS were measured as �g HS/�g protein by the Heparan Sulfate
red indicates localization of heparan sulfate on the cell surface. Scale bar = 100 �m.

on the cellular uptake of R10B-lipoplex. EIPA is an inhibitor of
macropinocytosis through the interaction with Na+/H+ exchanger,
filipin of caveolae-mediated endocytosis through cholesterol
depletion, and sucrose of clathrin-mediated endocytosis. EIPA
strongly inhibited cellular uptake by the R10B-lipoplex in HeLa
cells and weakly in KB cells (Fig. 3A); in contrast, sucrose strongly
inhibited in PC-3 and KB cells (Fig. 3B and C), suggesting that the
cellular uptake mechanism of the R10B-lipoplex in KB was mainly
clathrin-mediated endocytosis and partly macropinocytosis, that
in PC-3 cells was clathrin-mediated endocytosis and that in HeLa
was macropinocytosis. Furthermore, to confirm the cellular uptake
by macropinocytosis in HeLa cells, we observed the co-localization
Fig. 2. Effects of HSPGs on cellular uptake of FITC-labeled pDNA by R10B-lipoplex.
R10B-lipoplex was transfected into the cells for 1 h after treatment of the cells with
heparinase-III (1 unit/mL) for 30 min (white bar) or after incubation of the R10B-
lipoplex with heparin (20 �g/mL) for 15 min (black bar). Each bar represents the
mean ± S.D. of three experiments.
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ig. 3. Effect of endocytosis inhibitors on the cellular uptake of R10B-lipoplex in He
nto the cells after treatment with 50 �M EIPA, 5 �g/mL filipin or 400 mM sucrose f
ompared with untreated cells.

eLa cells. The cellular uptake mechanism was not dependent on
he amount of HS.

.4. Induction of actin organization by R10B-lipoplex

Macropinocytosis accompanied the organization of F-actin and
GF induced the organization of F-actin, including lamellipodia-like
ormations (Nakase et al., 2004). To investigate why R10B-lipoplex
as internalized by macropinocytosis in HeLa cells, we observed

ctin organization in the cells after treatment with R10B-lipoplex
y confocal laser scanning microscopy (Fig. 5). EGF was used as a
ositive control for the induction of lamellipodia-like formations
Nakase et al., 2007). In R10B-lipoplex treatment, the induction of
amellipodia-like formations was observed in HeLa cells but not in
C-3 and KB cells. In contrast, the apparent organization of F-actin
fter the treatment with EGF was observed in all cells. These results
uggested that R10B-lipoplex treatment could induce lamellipodia-
ike formations via the organization of F-actin only for HeLa cells.

.5. Gene expression by R10B lipoplexes

Finally, we evaluated the transfection efficiency by R10B-
ipoplex in the cells by assaying luciferase activity. Transfection
ctivity by R10B-lipoplex was the highest in HeLa cells among the

ell lines (Fig. 6). The transfection activity for HeLa cells was about
5-fold and 2500-fold higher than for PC-3 and KB cells, respec-
ively. Although the amount of HS on the cell surface was highest
n PC-3 cells (Fig. 1), the transfection activity in PC-3 cells was lower
han in HeLa cells (Fig. 6).
, PC-3 (B) and KB cells (C). The R10B-lipoplex of FITC-labeled pDNA was transfected
min. Each bar represents the mean ± S.D. of three experiments. *P < 0.05, **P < 0.01,

4. Discussion

In this report, we investigated the cellular uptake mechanism
and transfection activity by R10B-lipoplex in three cell lines, HeLa,
PC-3 and KB cells. In the process of cellular internalization by CPPs,
the first step was attachment to the cell surface by electrostatic
interaction with HSPGs. The cellular uptake of R10B-lipoplex was
inhibited in all the cell lines by heparinase-III treatment with the
cells or heparin pretreatment with R10B-lipoplex (Fig. 2). Although
the amount of HS was highest in PC-3 cells among the cell lines
(Fig. 1), it was not correlated with the cellular uptake and trans-
fection efficiency by R10B (Fig. 6). From these findings, HS was
necessary for cellular association with R10B-lipoplex, but cellular
uptake by R10B-lipoplex was independent of the amount of HS on
the cell surface.

In effective transfection, elucidating the mechanism of R10B-
lipoplex is a prerequisite to understanding and improving
transfection. To investigate the cellular uptake mechanism of R10B-
lipoplex, we examined the effect of endocytosis inhibitors on the
cellular uptake of R10B-lipoplex. In HeLa cells, cellular associa-
tion with the lipoplex decreased by EIPA, but did not decrease by
sucrose (Fig. 3A); in contrast, in PC-3 and KB cells, it was mainly
decreased by sucrose (Fig. 3B and C). These findings suggested
that the internalization of R10B-lipoplex occurred mainly through

macropinocytosis in HeLa cells, and clathrin-mediated endocy-
tosis in PC-3 and KB cells. It has previously been reported that
complex size can affect the mechanism of internalization, with
clathrin-mediated endocytosis limited to particles under 200 nm,
caveolae-mediated endocytosis for particles between 200 and
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ig. 4. Localization of R10B-lipoplex in cells by confocal microscopy. The cells were
h. Red shows the localization of pDNA and green that of dextran. Yellow indicates

00 nm, and macropinocytosis for particles over 1 �m (Conner
nd Schmid, 2003; Medina-Kauwe et al., 2005; Rejman et al.,
004); however, the different pathways observed in our study
annot be explained by size, since all the cells were treated
ith similar-sized R10B-lipoplex (about 250 nm in medium, 0.28

n polydispersity index). It has been reported that the arginate-
hitosan nanoparticle/pDNA complex was internalized through the
lathrin-dependent pathway in 293T and COS7 cells, but through
he caveolin-mediated pathway in CHO cells (Douglas et al., 2008).
oreover, CPPs have been reported to be taken up via macropinocy-
osis (Nakase et al., 2007), clathrin-dependent (Richard et al., 2003,
005; Potocky et al., 2003) and caveolae-dependent endocytosis in
eLa and CHO cells (Jones et al., 2005; Ferrari et al., 2003). Although

he exact cellular uptake mechanism of R10B-lipoplex remains to
ubated with R10B/rhodamine-labeled pDNA and oregon green-labeled dextran for
o-localization of pDNA with dextran. Scale bar = 20 �m.

be elucidated, the cellular uptake mechanism of the lipoplex might
be dependent on the cell line.

Macropinocytosis involves an actin-driven membrane protru-
sion (Conner and Schmid, 2003; Grimmer et al., 2002). Treatment
with R10B-lipoplex induced actin-driven membrane ruffling in
HeLa cells, but did not induce in PC-3 and KB cells (Fig. 5). It has
been reported that the interaction of arginine-rich peptides with
membrane-associated proteoglycans quickly activated the intra-
cellular signals of Rac1 proteins and induced actin organization and

lamellipodia following by macropinocytosis (Nakase et al., 2007;
Schlunck et al., 2004; Nobes and Hall, 1995). It is not clear why
R10B-lioplex could not induce lamellipodia in PC-3 and KB cells, but
treatment with R10B-lipoplex might activate Rac1 protein in HeLa
cells after binding to the cell surface but remain inactive in PC-3
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ig. 5. Observation of lamellipodia formation by treatment with EGF (D–F) and R10
ere treated with 400 ng/mL EGF (D–F) or with R10B-lipoplex (G–I) in serum-free

egions at 2× magnification. Arrows showed lamellipodia induced by EGF or R10B-
nd KB cells. Macropinocytosis has the ability to avoid lysosomal
egradation (Conner and Schmid, 2003; Medina-Kauwe et al., 2005;
eier et al., 2002); therefore, R10B-lipoplex might induce high

ene expression in HeLa cells via macropinocytosis. DNA transfec-

ig. 6. Luciferase activities in HeLa (A), PC-3 (B) and KB cells (C) after transfection by
10B-lipoplex. The cells were incubated for 3 h in serum-free medium after trans-

ection, and then incubated for another 21 h in medium containing 10% FBS. Each
ar represents the mean ± S.D. of three experiments.
plex (G–I) in HeLa (A, D and G), PC-3 (B, E and H) and KB (C, F and I) cells. The cells
m for 5 min and then stained with phalloidin-TRITC. Insets show images of boxed

ex. Scale bar = 20 �m.

tion efficiency with decaarginine-PEG-lipid was determined by cell
line-dependent internalization pathways.

5. Conclusion

In this report, we demonstrated that the internalization of
R10B-lipoplex occurred mainly through macropinocytosis in HeLa
cells, and clathrin-mediated endocytosis in PC-3 and KB cells, not
depending on HSPG amounts in each cell. Furthermore, R10B-
lipoplex induced the highest gene expression in HeLa cells among
their cell lines. Although the exact cellular uptake mechanism of
R10B-lipoplex remains to be elucidated, the cellular uptake mech-
anism of the lipoplex might be dependent on the cell line and affect
transfection activity.
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