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Arginine-rich cell-penetrating peptides (CPPs) are promising carriers for the intracellular delivery of var-
ious bioactive molecules. However, many ambiguities remain about the molecular interplays on cell sur-
faces that ultimately lead to endocytic uptake of CPPs. By treatment of cells with octaarginine (R8),
enhanced clustering of syndecan-4 on plasma membranes and binding of protein kinase Co (PKCa) to
the cytoplasmic domain of syndecan-4 were observed; these events potentially lead to the macropinocy-
tic uptake of R8. The cytoplasmic V domain of syndecan-4 made a significant contribution to the cellular
uptake of R8, whereas the cytoplasmic C1 and C2 domains were not involved in the process.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Arginine-rich cell-penetrating peptides (CPPs) such as the hu-
man immunodeficiency virus type 1 (HIV-1) Tat (48-60) peptide
and oligoarginine peptides are promising carriers for the intracel-
lular delivery of various bioactive molecules. CPPs hold particular
promise for carrying molecules that are otherwise difficult for cells
to internalize, such as proteins, peptides, and nucleic acids [1,2].
Although a detailed understanding of cellular uptake mechanisms
of arginine-rich CPPs should rationally lead to the design of
improved delivery systems, efforts to achieve this have been ham-
pered by the involvement of multiple and complicated pathways in
the internalization of CPPs into cells, which include physiological
cellular uptake (i.e., endocytosis) and direct permeation through
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the plasma membranes [1,2]. Macropinocytosis (accompanied by
actin reorganization, plasma membrane ruffling, and the stimu-
lated engulfment of large volumes of extracellular fluid) [3,4] has
been shown to be an important pathway for the physiological cel-
lular uptake of arginine-rich CPPs [5-9]. We previously reported
that the accumulation of arginine-rich CPPs at proteoglycans on
plasma membranes leads to the activation of Rac1 and induction
of macropinocytosis [8]. The induction of macropinocytosis by
arginine-rich CPPs is significantly suppressed by a deficiency in
glycosaminoglycans (GAGs) in the plasma membrane due to re-
duced CPP accumulation on cell membranes [8]. The formation of
divalent hydrogen bonds and electrostatic interactions between
the arginines and sulfates in GAGs are considered important for
the accumulation of CPPs on plasma membranes [1].

Syndecans are type | transmembrane heparan sulfate proteogly-
cans (HSPGs). Syndecan-4 (Syn-4) is expressed on the surface of
nearly all cell types, whereas syndecan-1 (epithelial and plasma
cells), syndecan-2 (fibroblasts, endothelial cells, smooth muscle
cells, and mesenchymal cells), and syndecan-3 (neuronal cells)
are expressed on the membranes of specific cell types [10-12].
Syn-4 is an integral membrane protein with attached heparan sul-
fate chains, which are linear polysaccharides comprised of glucu-
ronic/iduronic acid and glucosamine residues. The Syn-4 core
protein is composed of an extracellular domain, a transmembrane
region, and a conserved short C-terminal cytoplasmic domain (CD)
[10]. The CD harbors structural features that contribute to signal
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transduction across cell membranes [10], which act by binding to
and activating protein kinase C-alpha (PKCo) [11-13]. In vitro
experiments have suggested that the multimerization of the core
proteins of Syn-4 significantly enhances binding to PKCa; thus,
the clustering of Syn-4 that is induced by ligand interactions
should control signal transduction [14,15]. The importance of
HSPGs for cellular uptake of arginine-rich CPPs has been previously
shown [1,2,8,9,16]. The contribution of Syn-4 and potential
involvement of PKCa in the cellular uptake of representative argi-
nine-rich CPPs, HIV-1 TAT (48-60) and octaarginine (R8), has been
suggested from a study that employed Syn-4 overexpressing cells
and inhibitors of a macropinocytosis and PKCa [16]. However,
the details of the molecular interplays involved in this activation
step of R8 cellular uptake remain unclear.

In the present study, we shed light on the molecular interplays
that accompany the initiation of cellular uptake, especially during
macropinocytic uptake of R8 on the membrane. We found that the
Syn-4 cytoplasmic V domain makes a significant contribution to
the cellular uptake of the R8 peptide. Our results indicate that
the clustering of Syn-4 on plasma membranes after they interact
with R8 and the eventual binding of PKCa to the Syn-4 cytoplasmic
V domain should lead to the cellular uptake of arginine-rich CPPs,
which encompasses macropinocytic uptake. Furthermore, we
found that the C1 and C2 CDs of Syn-4 are not involved in the cel-
lular uptake of R8 peptide.

2. Materials and methods
2.1. Cell culture

Human cervical cancer-derived HeLa cells were purchased from
Riken BRC Cell Bank (Ibaraki, Japan) and cultured in o-minimal
essential medium containing 10% heat-inactivated bovine serum
(o-MEM(+)) (Invitrogen, Eugene, OR). The cells were grown on
100 mm dishes and incubated at 37 °C under 5% CO..

2.2. Confocal microscopy

Hela cells (in glass-bottom dishes) overexpressing Syn-4 and V
domain-lacking Syn-4 (Syn-4AV) were washed with o-MEM(-)
and treated with Alexa488-labeled peptides in o-MEM(-)
(200 pL) for 30 min at 37 °C under 5% CO,. After washing the cells
with 0.5 mg/mL heparin in phosphate-buffered saline (PBS), confo-
cal microscopy was conducted using a FV300 confocal scanning la-
ser microscope (Olympus, Tokyo, Japan) equipped with a x60
objective without fixing the cells.

In the case of examinations for the clustering of Syn-4 deriva-
tives by peptides, the cells (in glass-bottom dishes) were washed
with a-MEM(-) (Fig. 2A and B) and incubated with the medium
for 15 min at 4 °C before peptide treatment (Fig. 2A). Next, the cells
were treated with non-fluorescently labeled peptides in a-MEM(—)
(200 pL) for 30 min at 4 °C (Fig. 2A) or for 15 min at 37 °C (Fig. 2B).
The cells were fixed with 4% paraformaldehyde (200 puL) for 30 min
at 4 °C, then treated with 0.01% Triton X-100 in PBS (200 pL) for
5 min at room temperature. After blocking the cells with 2% fetal
bovine serum in PBS (200 pL) for 1 h at 4 °C, the cells were treated
with anti-syndecan-4 (5G9; Santa Cruz Biotechnology, Santa Cruz,
CA) (5 pg/mL, 200 pL), anti-HA (3F10; Roche Diagnostics, Indianap-
olis, IN) (5 pg/mL, 200 pL), or anti-PKCa (Enzo Life Sciences, Farm-
ingdale, NY) (4 pg/mL, 200 pL) (30 min, room temperature),
followed by treatment with Alexa Fluor 488 goat anti-mouse IgG
or Alexa Fluor 568 goat anti-rat IgG (Invitrogen; each 4 pg/mlL,
200 pL) (30 min, room temperature). After washing the cells with
PBS, confocal microscopy was conducted.

2.3. Flow cytometry

HeLa cells (in 24-well microplates) overexpressing Syn-4, C1
domain-lacking Syn-4 (Syn-4AC1), Syn-4AV, or C2 domain-lacking
Syn-4 (Syn-4AC2) were washed with o-MEM(-), and the cells
were treated with Alexa488-labeled peptides in o-MEM(-)
(200 pL) for 30 min at 37 °C under 5% CO, prior to washing with
0.5 mg/mL heparin in PBS. The cells were then treated with 0.01%
trypsin at 37 °C for 10 min prior to the addition of PBS (200 pL)
and centrifuged at 3000 rpm (800g) for 3 min at 4 °C. After the
supernatant was removed, the cells were washed with PBS
(400 pL) and centrifuged at 3000 rpm for 3 min at 4 °C. After this
washing cycle was repeated, the cells were suspended in PBS
(400 pL) and subjected to fluorescence analysis on a FACSCalibur
(BD Biosciences, Franklin Lakes, NJ) flow cytometer using 488-nm
laser excitation and a 515- to 545-nm emission filter.

2.4. Western blot analysis

Hela cells overexpressing Syn-4, Syn-4AC1, Syn-4AV, or Syn-
4AC2 (6-well microplates) were washed with «-MEM(-) and the
cells were treated with peptides in o-MEM(—) (500 pL) for
30 min at 37 °C under 5% CO,. After peptide treatment, the cells
were scraped into lysis buffer (200 pL) (1% octylphenyl-polyethyl-
ene glycol, 1% digitonin, and 0.5% Triton X-100) supplemented
with protease inhibitor cocktail reagent (Complete, EDTA-free;
Roche Diagnostics GmbH, Mannheim, Germany) as described in
the manufacturer’s protocol. Syn-4 immunoprecipitation was then
conducted using Dynabeads Protein G (Invitrogen) bound to anti-
Syn-4 antibodies, as described in the manufacturer’s protocols.
The boiled antigen samples were separated by 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, then transferred to
polyvinylidene fluoride membranes (GE Healthcare, Waukesha,
WI) and treated with anti-PKCo (Enzo Life Sciences). Secondary
antibodies labeled with horseradish peroxidase (anti-mouse IgG
HRP-linked whole antibody donkey; GE Healthcare) were then
used, and immunoreactive species were detected using the ECL
Plus Western Blotting Detection System (GE Healthcare).

3. Results and discussion
3.1. Effect of Syn-4 expression on the cellular uptake of R8

R8 is a representative CPP [1,2,8] that has been employed in the
delivery of bioactive molecules into various types of cells. We val-
idated the importance of Syn-4 in the cellular uptake of R8 by over-
expressing Syn-4 in HeLa cells transfected with a Syn-4 expression
vector (Syn-4-HeLa). The cellular uptake of fluorescently labeled
R8 (R8-Alexa488) peptides by Syn-4-HeLa was compared to wild-
type (WT) non-transfected HelLa cells (Fig. 1A and B). Cells were
treated with 5 uM R8-Alexa488 for 30 min at 37 °C (Fig. 1A and
B). Punctuated endosome-like signals from R8-Alexa488 peptides
were observed in both Syn-4-HeLa and WT cells (Fig. 1A). However,
Syn-4-HeLa cells displayed a more intense signal than WT cells
treated with R8-Alexa488 peptides. Fluorescence-activated cell
sorting (FACS) analysis also indicated a two-fold increase in pep-
tide internalization by Syn-4-HelLa cells (Fig. 1B).

3.2. Syn-4-dependent induction of macropinocytosis by R8

Macropinocytosis has been shown to be one of the major path-
ways for the cellular uptake of R8 [6-8]. We examined the contri-
bution of Syn-4 to the induction of macropinocytic cellular uptake
of R8 (Fig. 1C). When wildtype HeLa cells were treated with Fluo-
rescein isothiocyanate-dextran (FITC-dex, 70 kDa), a marker of
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Fig. 1. Syn-4 expression significantly increases the cellular uptake of R8 and FITC-dextran. (A and B) Wildtype (WT)- or Syn-4-overexpressing (Syn-4) HeLa cells were treated
with R8-Alexa488 (5 uM) for 30 min at 37 °C, prior to confocal microscopy (A) and FACS analysis (B). Scale bars, 20 um. The data represent the averages (+SD) of three
experiments. (C) WT- or Syn-4 HelLa cells were treated with R8 (5 nM) for 15 min at 37 °C, and were then incubated with FITC-dex (2 mg/mL) for 30 min at 37 °C prior to FACS

analysis. The data represent the averages (+SD) of five experiments.

macropinocytosis, R8 (5 uM) enhanced the internalization of FITC-
dex by 24% when compared to the case where R8 was not added
(Fig. 1C). Conversely, in Syn-4-HeLa cells, R8 strongly stimulated
the cellular uptake of FITC-dex (51% higher than that measured
in wildtype HelLa cells; Fig. 1C). These results suggest that Syn-4
significantly contributes to the R8-mediated induction of
macropinocytosis.

3.3. Induction of Syn-4 clustering on plasma membranes by R8

The effects of R8 on Syn-4 clustering at the plasma membrane
are presented in Fig. 2A. Syn-4-Hela cells were treated with non-
fluorescently labeled R8 (10 uM) for 30 min at 4 °C, and immuno-
staining for Syn-4 was conducted to visualize their locations at
the plasma membrane using anti-hemagglutinin epitope (HA) anti-
bodies to detect the HA-tag sequence fused to Syn-4 (Fig. 3A). Un-
der this experimental condition, a low temperature treatment
(4 °C) effectively prevented the internalization of membrane mol-
ecules by endocytosis. In the presence of R8, comparatively lar-
ger-sized fluorescence signals from Syn-4 on the plasma
membrane were observed when compared with non-peptide-trea-
ted cells (Fig. 2A, Supplementary Fig. S1A). This observation sug-
gests that R8 enhances Syn-4 clustering on plasma membranes
during this short period of 30 min. R8-Alexa488 and Syn-4 co-
localization was also observed at the plasma membrane (Supple-
mentary Fig. S1B). Conversely, tetraarginine (R4), which has a sig-
nificantly lower internalization efficiency into cells than R8 [6-17],
was largely unable to induce Syn-4 clustering on plasma mem-
branes (Supplementary Fig. STA). Likewise, Syn-4 did not enhance
the cellular uptake of R4 (Supplementary Fig. S2). The observations
from our co-localization experiments suggest a strong correlation
between Syn-4 clustering and the cellular uptake of arginine-rich
CPPs.

3.4. R8 enhances the binding of PKCo to Syn-4 in the cytosol

Next, we examined the effects of R8 on the localization of PKCo
inside cells (Fig. 2B). As described in Section 1, PKCo binding to
Syn-4 has previously been found to activate PKCa, leading to signal
transduction [15]. However, the details regarding the correlations
between the extent of Syn-4 clustering, binding of PKCa, and its
activation remained unclear. In the present study, Syn-4-HelLa cells
were treated with or without R8 (10 pM) for 15 min at 37 °C,
and immunostaining for Syn-4 and PKCa was conducted prior to
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Fig. 2. R8 induces the clustering of Syn-4 on plasma membranes, leading to
enhanced binding of PKCa to Syn-4 inside cells. (A) Syn-4-HeLa cells were treated
with or without R8 (10 uM) for 30 min at 4 °C prior to immunostaining for Syn-4
(green) and confocal microscopy. Arrows show representative induced clustering of
Syn-4. (B) Syn-4-HelLa cells were treated with R8 (10 pM) for 15 min at 37 °C, and
immunostaining for Syn-4 (red) and PKCa (green) was conducted prior to confocal
microscopy. Arrows show representative co-localization of Syn-4 and PKCo.. Scale
bar, 10 pm. (C) PKCa binding to Syn-4 was analyzed by Western blotting as
described in Section 2. Wildtype (WT) or Syn-4-HeLa cells were treated with R8
(10 uM) for 30 min at 37°C, then immunoprecipitation (IP) for Syn-4 was
conducted from whole-cell lysates (WCL). (D and E) The knockdown of PKCo
decreases cellular uptake of R8. (D) The expression level of PKCa in wildtype (WT)
or PKCo-knockdown HeLa cells as analyzed by Western blotting. (E) PKCo-
knockdown Hela cells were treated with R8-Alexa488 (5 uM) for 30 min at 37 °C
prior to FACS analysis. The data represent the averages (+SD) of three experiments.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

confocal microscopy. Treatment with R8 significantly induced
Syn-4 clustering on the plasma membrane, as observed in
Fig. 2A, and obvious co-localization of Syn-4 clustering and PKCao
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Fig. 3. The V domain of Syn-4 is crucial for the cellular uptake of R8. (A) Schematic representation of Syn-4 derivatives. (B and C) Syn-4- or Syn-4AV-HeLa cells were treated
with R8-Alexa488 (5 uM) for 30 min at 37 °C prior to confocal microscopy (B). The uptake of R8-Alexa488 (5 M) in HeLa cells expressing Syn-4 derivatives after 30 min at
37 °C was analyzed by FACS (C). Scale bars, 20 pm. The data represent the averages (+SD) of three experiments.

was also detected (Fig. 2B). In the case of no peptide treatment,
uniform staining for Syn-4 at the plasma membrane and diffuse
PKCa staining in the cytosol were observed (data not shown).
Additionally, in the case of R4, peptide treatment under the same
condition did not affect the localization of PKCa inside cells (data
not shown). These results suggest that the clustering of Syn-4 by
R8 effectively recruits PKCa to Syn-4.

Immunoprecipitation was also conducted using anti-Syn-4 anti-
bodies to detect the interaction between Syn-4 and intracellular
molecules as described in Section 2. Western blot analysis showed
that the treatment of Syn-4-HelLa cells with R8 (10 uM) for 30 min
significantly enhanced the binding of PKCa to Syn-4 (Fig. 2C, upper
panel). In whole-cell lysates (WCL), PKCa expression was unaf-
fected by treatment with R8 (Fig. 2C, lower panel), indicating that
the expression level of PKCa was not affected during treatment
with R8. These results strongly suggest that the induced clustering
of Syn-4 after treatment with R8 leads an enhanced intracellular
interaction between PKCa and Syn-4.

3.5. PKCx knockdown influences the internalization efficiency of R8
into cells

To confirm the role of PKCa in the cellular uptake of R8, we ana-
lyzed the effects of PKCo knockdown by short hairpin RNA (shRNA)
treatment on the internalization of the peptide (Fig. 2D and E). In
PKCa-knockdown cells, PKCa expression was reduced to about
50% of the levels in non-shRNA-treated cells (Fig. 2D). When the
PKCa-knockdown cells were treated with R8-Alexa488 (5 uM) for
30 min at 37 °C, the cellular uptake efficiency of the peptide was

decreased by approximately 20% when compared to the control
(non-shRNA-treated) cells (Fig. 2E), suggesting that PKCo and
its associated signal pathways are involved in the cellular uptake
of R8.

3.6. The cytoplasmic V domain of Syn-4 is essential for the cellular
uptake of R8

PKCa binds to the V domain of the Syn-4 cytoplasmic region via
phosphatidylinositol (4,5) bisphosphate (PtdIns[4,5]P,) [18,19],
which leads to PKCo activation [14,18,20]. To examine how cyto-
solic PKCa binding to Syn-4 affects the cellular uptake of R8, we
constructed a plasmid to express a mutated form of Syn-4 in plas-
ma membranes that lacks the V domain (Syn-4AV) (Fig. 3A, Sup-
plementary Fig. S3). Syn-4AV-expressing HeLa cells (Syn-4AV-
HeLa cells) were prepared by transfection of the plasmid as de-
scribed in the Supplementary materials and methods. We also con-
structed plasmids to express the C1 domain lacking Syn-4 (Syn-
4AC1) to prevent the binding of cytoskeletal proteins to Syn-4 in-
side the cell [21], and to express the C2 domain lacking Syn-4 (Syn-
4AC2) in plasma membranes to prevent the binding of proteins
containing a PDZ domain (postsynaptic density 95, disc large,
and zona occludens-1) to Syn-4 (Fig. 3A, Supplementary Fig. S3)
[21]. PDZ proteins are known to be important for the induction
of Racl activation through their binding to Syn-4 (e.g. FGF2)
[22,23]. In the present study, Syn-4, Syn-4AV, Syn-4AC1, and
Syn-4AC2 expression in HeLa cells was shown to be similar by
Western blotting (Supplementary Fig. S3). Immunostaining for
heparan sulfate on the plasma membranes of the cells that had
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Fig. 4. Schematic diagram of Syn-4 clustering and binding to PKCa inside cells induced by arginine-rich peptides.

been treated with each Syn-4-mutant-expressing plasmid showed
similar expression levels (data not shown).

Each mutated Syn-4-expressing HeLa cell line was treated
with R8-Alexa488 (5 M) for 30 min at 37 °C, and the cellular up-
take efficiency of the peptide was analyzed using confocal micros-
copy and FACS (Fig. 3B and C). Deletion of the V domain
significantly reduced cellular uptake of the peptide by 44%
(Syn-4AV-HeLa cells) when compared with Syn-4-Hela cells
(Fig. 3B and C), although R8 enhanced clustering of Syn-4AV on
the plasma membrane (Supplementary Fig. S4). This suggests a
significant contribution of the V domain of Syn-4 to the cellular
uptake of R8. Conversely, deletion of C1 (Syn-4AC1-Hela cells)
and C2 (Syn-4AC2-HeLa cells) domains did not affect the cellular
uptake of R8 (Fig. 3C). Moreover, the internalization efficiency of
R8-Alexa488 (20 uM), which was expected to enhance cytosolic
release of the peptide, was also reduced in Syn-4AV-HelLa cells
(24%) as determined by FACS (Supplementary Fig. S5B). Confocal
microscopic images showed that the signal intensity of R8-
Alexa488 that diffusely localized in the cytosol and the nucleus
was significantly diminished (Supplementary Fig. S5A). Con-
versely, the internalization efficiency of the peptide into Syn-
4AC1- and Syn-4AC2-Hela cells under this experimental condi-
tion was similar to that in Syn-4-Hela cells (Supplementary
Fig. S5B). These results suggest that the V domain of Syn-4 is
important for the cellular uptake and membrane penetration of
R8, and the binding of PKCa to the V domain of Syn-4 is consid-
ered to be important as a first cellular event that prompts cellular
uptake of the peptide. Additionally, an increase in FITC-dex up-
take by Syn-4AV-Hela cells was only 9% of that demonstrated
by Syn-4-HelLa cells when treated with R8 (data not shown), sug-
gesting that the induction of macropinocytosis by R8 through the
binding of PKCa and Syn-4 is important for cellular uptake of the
peptide.

To summarize, our results elucidate the molecular interplays
that take place on plasma membranes and contribute to R8 cellu-
lar uptake. Specifically, we found that the R8-mediated clustering
of Syn-4 leads to PKCa activation, and that the V domain in Syn-4
is critical for this activation (Fig. 4). Although further studies are
necessary to obtain more detailed information on the cytoplasmic
events following PKCa activation, these findings should have an
impact on our understanding of the biological significance of
membrane-associated proteoglycans as well as the internalization
methods of other macromolecules and viruses.
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