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Abstract

To improve gene delivery efficiency of PEGylated poly(amidoamine) dendrimers in livers and
muscles, the roles of syndecan-4 receptor and caveolin-1 protein in the endocytosis of PEGylated
generation 5 (G5-PEG) or 7 (G7-PEG) dendrimers and plasmid DNA polyplexes were explored in
C2C12 and HepG2 cells. Expression levels of syndecan-4 for both cell lines were downregulated
by transfection of the cells with syndecan-4 specific sSiRNA. Caveolin-1 was upregulated by
infecting the cells with adenovirus vector expressed caveolin-1 (Ad-CAV-1). The impact of
syndecan-4 and caveolin-1 on endocytosis of G5-PEG/DNA or G7-PEG/DNA polyplexes was
then measured by flow cytometry. Our results demonstrate that downregulation of syndecan-4 and
upregulation of caveolin-1 significantly improved internalization of PEG-PAMAM dendrimer
polyplexes in HepG2 cells; however, in C2C12 cells, downregulation of syndecan-4 decreased the
internalization of the polyplexes while upregulation of caveolin-1 had no effect on internalization.
Gene expression results for G5-PEG/pGFP on the two cell lines exhibited the same trends for
syndecan-4 and caveolin-1 as was observed for endocytosis of the polyplexes. This study gives a
clue how to take strategies by up- or down-regulation of the expressions of Syndecan-4 and
Caveolin-1 to improve in vivo gene delivery efficiency of the PEG-PAMAM dendrimers in
clinical transgenic therapy.
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1. Introduction

Poly(amidoamine) (PAMAM) dendrimers are synthetic hano-scale polymers with well-
defined structure, high degree of intermolecular uniformity, low degree of polydispersity,
and multiple terminal functional groups. The sum of these properties makes cationic
PAMAM dendrimer exceptionally promising for gene transfection, and these materials have
proven to be as effective as cationic liposomes or other cationic polymers [1, 2] for in vitro
delivery and even more effective for in vivo DNA [3] or siRNA [4, 5] delivery. For these
reasons, PAMAM dendrimer-based polyplexes also serve as a good model system for
exploring binding and uptake mechanisms of polyplexes into cells [6].

Modification of cationic polymer with PEG at an appropriate ratio can give higher
transfaction and expression efficiency [7], and lower immune-recognition response and
cytotoxicity [8] than unmodified polymer. With 10 mole% PEG substitution, expression
efficiency of PLL increased by 30 folds in HepG2 cells, although it decreased when the PEG
modification ratio was increased to 25 mole% [7]. Appropriate PEG modification increases
the water solubility of polymer/DNA polyplexes; however, PEG modification can serve to
inhibit polyplex interaction with the cell membrane, thereby blocking the transfection
process. Even most of polycations are much less effective than virus vectors in terms of in
Vivo gene expression, our previous studies demonstrated that G5 and G6 PAMAM
dendrimers with 10 mole% PEG modification were more efficient for both in vitroand in
vivo gene expression (pDNA) [3] and gene silencing (SiRNA) [5] as compared to
unmodified dendrimers, jet-PEI and Lipofectamine 2000.

Mechanisms of cellular internalization for cationic polyplexes have been intensely studied
with clathrin-dependent, caveolae-dependent, and pinocytosis mechanisms reported [9].
Direct fusion with the cell membrane and/or fluid phase endocytosis may also contribute to
the internalization process suggesting many factors are involved in the process of gene
delivery into cells.

Caveolae/lipid raft mediated endocytosis (LRME) process is a type of cholesterol and
dynamin dependent receptor mediated pathway [10]. Caveolae structures in cells include
cholesterol, sphingolipids, and a class of membrane proteins named caveolins, especially
caveolin-1 (CAV-1) [11]. Rejman, et al. demonstrated using inhibitors that PEI/DNA
polyplexes were taken up partially by caveolae-mediated LRME, allowing them to escape
the lysosomal compartment fate of the clathin-mediated pathway, and thus giving efficient
gene expression [12]. By way of contrast, our previous studies illustrated that GM1/CAV-1
LRME mechanism was not followed for G5 and G7 PAMAM polyplexes [6]. These
experiments controlled GM1 levels by choice of cell line, incubation with GM1, and
inhibition with ganglioside inhibitor PPMP. Caveolin-1 levels were adjusted by viral-based
upregulation of CAV-1.
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Syndecans [13] are heparan sulphate proteoglycans consisting of a type | transmembrane
core protein modified by heparan sulphate and sometimes chondroitin sulphate chains [14].
They have been reported to be involved in the endocytosis of PLL/DNA and PEI/DNA
polyplexes [15]. In addition, studies by Behr, et al. [16] indicated that binding to adhesion
receptors such as integrins and syndecans connected to actin networks appeared to be a
general means for particle engulfment, including cationic PEI. Syndecan-4 (Syn-4) is
expressed in virtually every cell type [17] and has become the most extensively studied
member of the syndecan family.

Previous works suggest that both CAV-1 and Syn-4 could be critical in the uptake of the
polyplexes. To date, no studies have tested these two factors for PEG-PAMAM dendrimer
based polyplexes. Therefore, in this study, we explored the importance of CAV-1 and Syn-4
in the internalization of G5-PEG and G7-PEG polyplexes formed with plasmid DNA
(PDNA).

C2C12 (mouse myoblast) and HepG2 (human hepatocellular carcinoma) cells were chosen
as model cell lines because this study was designed to guide future in vivo studies of gene
therapy for lipid metabolism disorders. C2C12 and HepG2 cells are related to the muscular
delivery of lipoprotein lipase (LPL) gene and hepatic delivery of ApoE gene for treatment of
hyperlipidemia in LPL-/- and ApoE—/- mice, respectively. LPL, a rate-limiting enzyme in
hydrolysis of triglycerides in chylomicrons (CMs) and very low density lipoprotein (VLDL)
in plasma, is expressed abundantly in muscle tissue. ApoE is the ligand for low density
lipoprotein receptor (LDLR) as well as the ligand for receptor of CM and VLDL in
hepatocytes. Both ApoE and LPL play crucial roles in atherosclerosis and lipid metabolic
disorders [18, 19].

2. Materials and Methods

2.1. Materials

Generation 5 and 7 PAMAM dendrimers were purchased from Dendritech Inc. (Midland,
MI, USA). Plasmid DNA encoding luciferase gene was proliferated and purified by our lab.
Labellt tracker Cy5 intracellular nucleic acid localization kit was purchased from Mirus Bio
Corporation (Madison, WI, USA). Lipofectamine 2000 was purchased from Invitrogen
(Carlsbad, CA, USA). Syn-4 siRNA and control siRNA were purchased from Santa Cruz
(Santa Cruz, CA, USA). Ad-CAV-1 and vector Ad-Null were obtained from Vector Biolabs
(Philadelphia, PA, USA). C2C12 and HepG2 cell lines were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Rabbit anti-Syn-4 polyclonal
antibody (H-140), rabbit anti-CAV-1 polyclonal antibody (N-20), goat anti-GAPDH
polyclonal antibody (A-14), mouse anti-p-actin monoclonal antibody (C4), and the relevant
secondary antibodies were purchased from Santa Cruz (Santa Cruz, CA, USA). All other
chemicals were purchased from Sigma-Aldrich (agent at Beijing, China).

2.2. PEGylation of Dendrimers

G5 and G7 dendrimers were purified before use according to published procedures [20].
Terminal amine groups of the two dendrimers were modified by PEG 5000 at a ratio of 8%
(molar ratio of PEG to surface amine per dendrimer) according to a procedure published
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previously [3]. The products of the PEG-PAMAM dendrimers were purified by dialysis and
obtained by lyophilization. The final products were analyzed by 'H NMR, HPLC, GPC, and
potentiometric titration. (Characteristic data for PEG-PAMAM dendrimers are shown in
Figure S1)

2.3. Plasmid Amplification and Cy5 Labeled Plasmid

Luciferase and GFP genes were proliferated in Escherichia coli DH5-2a and then purified
using QIAGEN plasmid purification kits. The resulting plasmid was identified by restriction
enzymes, and DNA concentration was determined by UV spectrophotometry. A Labellt
tracker Cy5 kit was used to label the Luciferase plasmid.

2.4. Preparation and Characterization of Polyplexes

To form polyplexes, equal volumes of plasmid solution (with 1 pg of DNA) and G5-PEG or
G7-PEG solution were mixed in phosphate buffer solution (PBS) at an N/P ratio of 10. The
resulting mixture was incubated for 30 min at room temperature to form polyplexes. Particle
size of polyplexes was determined by dynamic light scattering. To determine condensability
of pDNA after forming polyplexes with PEG-PAMAM dendrimer, agarose gel
electrophoresis was performed.

2.5. Cell Culture and Cytotoxicity Assays

C2C12 and HepG2 cells were grown continuously to a monolayer in complete medium
(DMEM containing 10% FBS, 100 U/mL penicillin and 100 pg/mL streptomycin) at 37°C
and 5% CO,. With COST7 cells as a control cell line, cytotoxicity of PEG-PAMAM
dendrimers was evaluated by MTT assay [3].

2.6. Effects of Syn-4 Knockdown on Endocytosis and Gene Expression of the Polyplexes

Cells were seeded onto 6-well plates at a density of 2x10° per well in complete medium and
allowed to grow until 50-60% confluence. Then, Syn-4 specific SiRNA and control siRNA
were transfected by lipofectamine 2000 according to a standard protocol recommended by
the manufacturer. Western blot was used to detect the protein expression of Syn-4 (rabbit-
anti-syndecan-4 polyclonal antibody 1:200). After 48h knock-down of Syn-4 expression, the
cells were incubated with the PEG-PAMAM/DNA-Cy5 for 6h or G5-PEG/pGFP polyplexes
for 48h. Cell-associated fluorescence intensity of Cy5 from the internalized polyplexes or
GFP expressed in transfected cells was analyzed by flow cytometry. Results were compared
with those from control siRNA treated cells from parallel experiments. Three repeats were
conducted for each experiment (n=3).

2.7. Effects of Upregulation of CAV-1 on Endocytosis and Gene Expression of Polyplexes

Cells were seeded on 6-well plates at a density of 3x10° per well, and infected by Ad-
CAV-1 (titer: 1.2x1010 pfu/mL) or Ad-null (titer: 1x1010 pfu/mL) at MOI 30 (300 for
C2C12 cells) in 1 mL of fresh DMEM at 37 °C for 90 min. Then, 1 mL complete medium
was supplied into each well, and the cells were incubated for 48h. Western blot was used to
detect the protein expressions of CAV-1 (rabbit-anti-Caveolin-1 polyclonal antibody
1:1000).
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The cells were then incubated with polyplexes according to the same procedure as described
in 2.6. Cell-associated fluorescence intensity of Cy5 from the internalized polyplexes or
GFP expressed in transfected cells was determined by flow cytometry, and results were
compared with those from Ad-null treated cells from parallel experiments. Three repeats
were conducted for each experiment (n=3).

2.8. Statistical analysis

All experiments were repeated three times and data were analyzed by unpaired one-tailed t-
tests. P < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Average Size, Gel Retardation Assay and Cytotoxicity of Polyplexes

Many factors are involved in the selection of polyplex uptake pathways, including polyplex
content, i.e. the nature of the polymer and oligonucleotide, and the cell type. It was reported
that clathrin-coated pits were involved in the internalization of particles with a diameter
<200 nm and that caveolae-mediated, cholesterol dependant internalization became favored
for particles with a size >200 nm [21]. Fig. 1A shows that particle size of the PEG-PAMAM
dendrimer/pDNA polyplexes formed at N/P ratio of 10 is within a range of 200-250 nm and
are likely to be internalized by cholesterol-dependent caveolae-mediated endocytosis.

When cationic dendrimers are used for gene delivery, the positively charged terminal amine
groups bind to phosphate groups of DNA, and eventually condense DNA into polyplexes. In
order to determine condensability of pDNA when mixed with PEG-PAMAM dendrimer, a
gel retardation assay was performed. As shown in Fig. 1B, the mobility of plasmid DNA
was fully retarded by both G5-PEG and G7-PEG when the N/P ratio was more than 5,
indicating that the DNA was tightly combined with the dendrimer. In the following
endocytosis experiments, an N/P ratio of 10 was used to form the polyplexes to ensure
overall positive charge and effective interaction of the polyplexes with negatively charged
cell membrane [22].

Fig. 1C shows that the viability of both C2C12 and HepG2 cells as determined by MTT
assay is above 80% after incubation for 6h with the PEG-PAMAM dendrimer polyplexes
(N/P = 10) at the same concentration used for the transfection and expression studies.
Cytotoxicity of dendrimer mainly derives from its high net positive charge following
protonation at physiological pH condition [8]; however, cytotoxicity decreases after
polyplex formation because the negative charge on DNA partially neutralizes the positive
charge and the particles are also screened by the PEG.

3.2. Effects of Syn-4 on Polyplex Endocytosis

Western blot results showed that Syn-4 expression was downregulated by fifty percent as
compared to control after transfection with Syn-4 siRNA in C2C12 or HepG2 cells (Fig 2A
and 3A). The maximum effect was observed at 48h. According to the literature, the half-life
of Syn-4 mRNA is 16h [23] and changes in protein expression occurr 24-48h after RNA
interference. Control siRNA had no significant effect on Syn-4 expression for the two cell
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lines indicating that the decrease of Syn-4 expression was caused by its specific SIRNA.
Upon Syn-4 downregulation, the fluorescence intensity of Cy5 from internalized polyplexes
increased 1.5 folds for both G5-PEG and G7-PEG polyplexes in HepG2 cells (Fig. 3B,
p<0.01 and p<0.001, respectively), while it decreased by half for G5-PEG polyplexes and by
one third for G7-PEG polyplexes in C2C12 cells (Fig. 2B, p<0.001), as compared to control
SiRNA treated cells (n=3).

It is generally accepted that electrostatic interaction between cationic gene delivery carriers
and negatively charged cell surfaces [24—-26] drives the initial interaction and internalization
of polyplexes. Negative charges on cell membrane mainly arise from proteoglycans [27, 28],
particularly heparan sulfate proteoglycans (HSPGs) in which transmembrane proteins like
syndecans are considered as major binding sites for cationic polymers [15, 16, 29]. Our
results indicate that Syn-4, the most broadly expressed member in the syndecan family (Fig.
S2), plays a quite different role in endocytosis of PEG-PAMAM dendrimer based
polyplexes for HepG2 and C2C12 cells. Downregulation of Syn-4 increases uptake of PEG-
PAMAM dendrimer polyplexes in HepG2 but decreases uptake in C2C12 cells. This data
emphasizes that cell type influences pathway selection of polymer/DNA polyplexes and
demonstrates that surface properties as well as endocytic activity of different cell types
influence polyplex internalization pathways [30-34].

3.3. Effect of CAV-1 on Endocytosis of Polyplexes

Western blot results illustrate that expression of CAV-1 in both C2C12 cells (Fig. 4A) and
HepG2 cells (Fig. 5A) was upregulated at 48h after infection by Ad-CAV-1. In addition, the
initial expression of CAV-1 in C2C12 cells was higher than that in HepG2 cells (Fig. S3).
There was almost no expression of CAV-1 in HepG2 cells and this is consistent with our
previous results [6]. The C2C12 cell was not very sensitive to the adenovirus vector and a
10-fold higher dose of Ad-CAV-1 was required upregulate CAV-1 expression in C2C12
cells as compared to HepG2 cells. This results is not surprising as genetic manipulation of
cultured muscle cells, especially undifferentiated muscle cell lines (myoblasts) or primary
muscle stem cells (myosatellites), is notoriously difficult [35]. Fortunately, even at a high
dose of Ad-CAV-1 up to MOI 400, significant cytotoxicity was not observed in C2C12
cells, which maintained normal morphology.

Compared with Ad-null treated cells, the fluorescence intensity of HepG2 cells increased 2-
fold and 1.5-fold, respectively, after treatment with G5-PEG and G7-PEG (Fig. 5B, p<0.01).
In previous studies, we had demonstrated that the CAV-1 pathway was not followed for G5
and G7 based polyplexes in HepG2 cells [6]. Remarkably, we observe that when employing
PEGylated G5 and G7 polyplexes upregulation of CAV-1 by Ad-CAV-1 improves
internalization. These results indicate that the impact of PEG goes beyond solubilization and
protection of polyplexes from non-specific protein absorption and can have an important
impact on the mechanism of internalization. In previous reports, it has been noted that
PEGylation could alter the overall size of polyplexes, and for this reason and others, cause
changes in uptake mechanism and/or gene expression efficiency [9]. For cationic lipid-based
and poly-L-lysine polyplexes[36], it is also noted that the PEG changes the internal structure
of the polyplex thus having potential impact on both cellular uptake and oligonucleotide
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release. It has also been noted that PEGylation can reduce acute inflammatory responses,
which may help to minimize the impact of nucleases on gene expression efficiency [20, 37].

Fig. 4B shows that overexpression of CAV-1 in C2C12 cells results in an increase (p<0.05)
of internalization for G5-PEG polyplexes; however, a similar increase is not observed for
G7-PEG polyplexes. Despite the increase in internalization of G5-PEG polyplexes upon
upregulation of CAV-1 expression in C2C12, the gene expression efficiency of the
polyplexes did not change (Fig. 6A), suggesting that the caveolae mediated endocytosis
pathway is not an important gene transfection/expression pathway in C2C12 cells. By way
of contrast, both uptake and gene expression increase for G5-PEG polyplex upon
upregulation of CAV-1 in HepG2 cells suggesting the pathway is important for this cell line
for the PEGylated materials.

3.4. Effects of Syn-4 and CAV-1 on Gene Expression Efficiency of G5-PEG Based

Polyplexes

The gene transfection and expression process are affected by many factors. Endocytosis of
polyplexes into cells is just the first step of a complicated process of that ultimately results
in gene expression. To explore the influence of polyplex endocytosis mechanisms on gene
expression, the impacts of Syn-4 and CAV-1 were explored using GFP as the expression
gene. GFP expression efficiency of G5-PEG polyplexes decreased by half (Fig. 6A, p<0.01)
upon downregulation of Syn-4; however, overexpression of CAV-1 resulted in no change
for C2C12 cells. As for HepG2 cells, both downregulation of Syn-4 and overexpression of
CAV-1 increased GFP expression efficiency of G5-PEG polyplexes (Fig. 6B, p<0.01).
These changes in gene expression efficiency were consistent with the changes observed in
G5-PEG polyplex internalization.

These studies have important implications for in vivo transgenic therapy of lipid metabolism
disorders. Downregulation of Syn-4 and upregulation of CAV-1 may improve gene delivery
efficacy of PEG-PAMAM dendrimers to ApoE gene in liver, and upregulation of Syn-4 will
benefit gene delivery efficacy of PEG-PAMAM dendrimers to LPL gene in muscular
tissues. Research on additional mechanisms involved in the endocytosis of the PEG-
PAMAM based polyplexes is underway.

4. Conclusion

Syn-4 and CAV-1 play different roles in endocytosis of PEG-PAMAM/pDNA polyplexes in
different cell lines. Both Syn-4 and CAV-1 were involved in the internalization process of
the PEG-PAMAM polyplexes in HepG2 cells, and downregulation of Syn-4 and
upregulation of CAV-1 might improve gene transfection and expression efficacy of PEG-
PAMAM dendrimers. For C2C12 cells, uptake of the PEG-PAMAM polyplexes was
affected by Syn-4 but not CAV-1, and upregulation of Syn-4 would contribute to gene
delivery.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

G5-PEG PEGylated generation 5 poly(amidoamine) dendrimers
G7-PEG PEGylated generation 7 poly(amidoamine) dendrimers
Syn-4 siRNA syndecan-4 specific SiRNA
Ad-CAV-1 adenovirus vector expressed caveolin-1
Ad-null the empty adenovirus vector
PLL Poly L Lysine
PEI Polyethyeneimine
LPL lipoprotein lipase
CM chylomicrons
VLDL very low density lipoprotein
LDLR low density lipoprotein receptor
ApoE apolipoprotein E
1 HNMR nuclear magnetic resonance spectroscopy
HPLC high-performance liquid chromatography
GPC gel permeation chromatography
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Fig. 1.

Cr?aracterization polyplexes formed by G5-PEG or G7-PEG with plasmid DNA and
cytotoxicity of PEG-PAMAM dendrimers with COS7, C2C12, and HepG2 cells. (A)
Average size of PEG-PAMAM dendrimer/pDNA polyplexes. (B) Retardation assay of PEG-
PAMAM dendrimer to DNA mobility. From left to right: DNA ladder, Luciferase pDNA
alone, G5-PEG/pDNA polyplexes, G7-PEG/pDNA polyplexes, and H,O. The polyplexes
were formed at different N/P ratios of 1, 5, and 10, respectively. (C) Cell viability was
determined by MTT assay after incubating the cells for 6 h with the dendrimers at the
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concentration used in the transfection/expression experiments (at N/P ratio of 10 with 1 pg
pDNA).
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Fig. 2.

Ef?‘ect of Syn-4 siRNA treatment on endocytosis of the polyplexes in C2C12 cells. (A)
Western blot indicating that expression of Syn-4 was significantly knocked down after 48h.
(n=3, **p<0.01, compared with the con-siRNA treated group). (B) Fluorescence intensity of
the polyplexes in C2C12 cells measured by flow cytometer before and after Syn-4 siRNA
treatment. (n = 3, *** p < 0.001, compared with the con-siRNA treated group).
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Fig. 3.
Effect of Syn-4 siRNA treatment on endocytosis of the polyplexes in HepG2 cells. (A)

Western blot indicating that expression of Syn-4 was significantly knocked down after 48h
(n=3, **p<0.01, compared with the con-siRNA treated group). (B) Fluorescence intensity of
the polyplexes in HepG2 cells measured by flow cytometer before and after Syn-4 siRNA
treatment. The polyplexes were formed by Cy5 labeled pDNA and PEG-PAMAM
dendrimers. (n = 3, ** p<0.01, *** p < 0.001, compared with the con-siRNA treated group).

Eur J Pharm Biopharm. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Shenetal.

Page 16
A

Control Ad-CAV-1 48h

MOI 200 300 400

Caveolin-1
B-actin
B c2c12
2500+ 3 Ad-null
2 * Il Ad-Caveolin-1
2 20004
3
£
5 15001
Q
&
2 1000-
]
(]
S 500
3
L
) G5-PEG G7-PEG

Fig. 4.

Ef?‘ect of CAV-1 on endocytosis of the polyplexes in C2C12 cells. (A) Western blot
indicating upregulation of CAV-1 expression 48h after infection by Ad-CAV-1 at MOI 300
and 400. MOI 300 was used as a dose of Ad-CAV-1 to infect the cells in the following
endocytosis experiments. (B) Fluorescence intensity of polyplex transfected C2C12 cells
measured by flow cytometer after treatment with Ad-null or Ad-CAV-1. (n = 3, * p<0.05,
compared with the Ad-null treated group).
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Fig. 5.
Effect of CAV-1 on endocytosis of the polyplexes in HepG2 cells. (A) Western blot blot

indicating upregulation of CAV-1 expression 48h after infection by Ad-CAV-1 at MIO 30.
(B) Fluorescence intensity of polyplex transfected HepG2 cells measured by flow cytometer
after treatment with Ad-null or Ad-CAV-1. (n = 3, ** p<0.01, compared with the Ad-null
treated group).
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Fig. 6.

Ef?‘ects of Syn-4 and CAV-1 on the gene transfection and expression efficiency of G5-PEG
based polyplexes. The gene transfection and expression efficiency were measured by
fluorescence of GFP protein expressed in (A) C2C12 and (B) HepG2 cells after Syn-4
downregulation or CAV-1 overexpression. (n=3, ** p<0.01, compared with the con-siRNA
treated groups; ## p<0.01, compared with the Ad-null treated group).
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