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ABSTRACT

Purpose siRNA may be delivered as electrostatic complexes
with cationic lipids (lipoplexes) or polycations (polyplexes).
The purpose of this project was to determine the effect of
cellular internalization mechanism(s) on siRNA-mediated
gene silencing efficiency.

Methods Lipoplexes were formed comprising siRNA and
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methyl-sulfate (DOTAP), cholesterol and dioleoyl phosphati-
dylethanolamine (DOPE), and polyplexes comprised siRINA
with polyethylenimine (PEI). During transfections, specific up-
take mechanisms were inhibited by pharmacological agents
and RNAi-mediated knockdown of proteins involved in vari-
ous endocytosis pathways. Confocal fluorescence microscopy
further elucidated the predominant endocytic pathways of
siRNA delivery via colocalization of vectors with endocytic
vesicle markers.
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Results Inhibition of macropinocytosis (MP), caveolin-
mediated endocytosis (GvME), flotillin-mediated endocytosis
(FME) and knockdown of ARF®6 significantly decreased PEI/
siRNNA-mediated gene silencing. Inhibition of endocytosis
pathways, however, had negligible effect on lipoplex uptake
and gene silencing mediated by lipoplexes. Rather, internali-
zation of lipoplexes and subsequent siRNA-mediated gene
silencing occurred via an energy-independent process.
Conclusions MP, CvME and FME, but not the acidified
clathrin-mediated pathway, lead to effective gene silencing
by PEI/siRNA polyplexes. Lipoplexes, in contrast, deliver
siRINA primarily by direct fusion of the liposomal and cellular
membranes. These results provide a new understanding of the
mechanisms of siRNA delivery materials in HelLa cells and
may aid in design of more effective RNA1 strategies.
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ABBREVIATIONS

ADE ARF6-dependent endocytosis
ARF6 ADP ribosylation factor 6
CME Clathrin-mediated endocytosis

CvME Caveolin-mediated endocytosis

DOPE  Dioleoyl phosphatidylethanolamine

DOTAP  N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium methyl-sulfate

FME Flotillin-mediated endocytosis

MP Macropinocytosis

mBCD  Methyl-B-cyclodextrin

PEI Polyethylenimine

RISC RNA-induced silencing complex

RNA RNA interference

SiRNA  Small interfering RNA
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INTRODUCTION

RNA interference (RNAI) is a ubiquitous post-transcriptional
gene silencing mechanism (1,2) capable of inhibiting expres-
sion of virtually any gene and has been recognized to be of
immense therapeutic potential (3,4). RNAi can be initiated by
cytosolic delivery of 19-21 nucleotide duplexes, small interfer-
ing RNA (siRNA) (4), that guide cleavage of complementary
mRNA by the RNA-induced silencing complex (RISC) (5).
siRNA is a relatively large, polyanionic and fragile molecule
that cannot readily cross cellular membranes. In addition,
RNases present in serum degrade siRNAs in a matter of
minutes (6-8). As a result, RNA1 requires delivery agents to
protect the siRINA, facilitate cellular internalization, and
deliver the nucleic acid cargo to the cytosol (9-11).
Nanoparticles including siRNA delivery vectors commonly
enter cells z2a endocytosis, which involves de novo production of
internal vesicles from the plasma membrane lipid bilayer and
consists of several different mechanisms (12,13). These
mechanisms include macropinocytosis and clathrin-, caveo-
lin-, flotllin-, and ARF6-mediated endocytosis. The fates of
the resulting vesicles are different depending on the proteins
promoting their formation and on their cargo.
Macropinocytosis (MP) is among the earliest discovered
pathways (14) and is characterized by the formation of large
vesicles (0.2-10 um in diameter) (15) called macropinosomes.
This pathway does not discriminate against cargo; any mole-
cules or particles attached to the cell membrane or in the
extracellular fluid near the cell surface may be internalized
by MP. Macropinosomes are more “leaky” compared to other
types of endocytic vesicles (16,17). Clathrin-mediated endocy-
tosis (CME) is a heavily investigated pathway and accounts for
nearly half of all cellular internalization (12). CME is charac-
terized by the formation of a clathrin cage around invagina-
tions at the plasma membrane. The resulting clathrin-coated
vesicles fuse with early endosomes from which cargo can be
recycled to the cell surface or trafficked to late endosomes (pH
5-6) and lysosomes (pH 4-5). Caveolin-mediated endocytosis
(GVME) originates from 50- to 100-nm flask-like structures
containing caveolin-1 on the plasma membrane and is associ-
ated with lipid rafts (12). Caveolin-1 proteins assemble on the
plasma membrane by binding to cholesterol. The resulting
vesicles, termed caveosomes, are in some cases not acidified
and travel to Golgi and/or endoplasmic reticulum, in contrast
to endosomes associated with CME (18,19). Flotillin-mediated
endocytosis (FME) 1s a recently discovered pathway that has
yet to be explored in depth. Flotillin-1 is homologous to
caveolin-1 (12) and is necessary for dynamin-dependent but
caveolin- and clathrin-independent uptake of negatively
charged plasma membrane proteoglycans that are transported
to late endosomes in Hela cells (20,21). The FME pathway
may be responsible for fluid-phase uptake in HeLa cells, since
many flotillin-positive structures were found to be co-localized
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with dextran (a fluid-phase marker) (13,21). ARF6-dependent
endocytosis (ADE) 1s associated with vesicles that contain ADP
ribosylation factor 6 (ARF6) (12), one of the many members of
the ADP ribosylation factor family of GTP-binding proteins
that influence membrane trafficking, actin cytoskeleton struc-
ture, and membrane lipid modification (22). The trafficking of
vesicles formed from ADE is not well-understood, but some
evidence suggests that they fuse with early endosomes and
traffic to lysosomes or recycle to the plasma membrane
(22,23).

Internalization of DNA delivery vectors by some endocy-
tosis pathways results in greater transfection than other endo-
cytosts pathways (24—34). For example, CvME is more effec-
tive than CME for polyethylenimine (PEI)- and
poly(amidoamine) dendrimer-mediated delivery of plasmid
DNA (24,25). The most efficient uptake pathway varies
among cell lines and may be different for various vectors in
a given cell line. Furthermore, because the ultimate destina-
tions of DNA and siRNA are different (nucleus and cytosol,
respectively), one may expect that efficient siRNA delivery
may occur through a different pathway than DNA delivery.
The rational design of siRNA delivery vectors would, there-
fore, benefit from understanding of the predominant uptake
pathways that can lead to efficient RINAi.

Chemical inhibitors can be used to inhibit the various
uptake and intracellular trafficking mechanisms.
Chlorpromazine is commonly used as a CME inhibitor,
preventing the dissociation of the clathrin lattice (17) by
relocating the clathrin and protein adaptor complex AP2 from
the cell surface to intracellular vesicles (35). Amantadine was
found to stabilize clathrin-coated vesicles and block their bud-
ding from the plasma membrane (36), thus inhibiting CME.
Genistein is a tyrosine kinase inhibitor that causes local dis-
ruption of the actin network and can inhibit the recruitment of
dynamin to plasma membranes, both of which are critical
participants in CGvME (17,37). Methyl-B-cyclodextrin
(mBCD) is routinely used to deplete plasma membranes of
cholesterol (17,38) thereby inhibiting GvME. Amiloride is a
specific inhibitor of MP (16) regulating the Na"/H" exchange
process by lowering submembrane pH and preventing the
activation of Racl and Cdc42 proteins (39).

We have characterized the mechanisms of uptake and
RNAIi of two different model vectors in HeLa cells.
Polyethylenimine (PEI) was used as a typical cationic polymer
that binds siRNA to form polyplexes. Lipoplexes were formed
by complexation of siRNNA with liposomes comprising a cat-
tonic lipid, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium methyl-sulfate (DOTAP), and two
“helper” lipids, cholesterol and dioleoyl phosphatidylethanol-
amine (DOPE). The presence of cholesterol in the liposomes
greatly improves the cell binding of lipoplexes (40) and has
been widely used i vivo (41—43), while DOPE facilitates the
release of the encapsulated cargo in response to pH changes
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(42,44). Our findings indicate that PEI/siRNA polyplexes in-
ternalize through multiple pathways but CvME and MP allow
for more effective RNAi than CME. On the other hand, in-
ternalization of and siRNA-mediated gene silencing by
lipoplexes 1s highly dependent on cholesterol content in cells
and largely proceeds through direct fusion of lipoplexes with
the plasma membrane.

MATERIALS AND METHODS
Materials

HeLa-Luc (luciferase-expressing cervical cancer) cells were a
kind gift from Prof. Mark Davis at the California Institute of
Technology. The cells were cultured according to ATCC
protocols in DMEM with 10% (v/v) FBS (Gemini Bio-
Products, West Sacramento, CA) and incubated at 37°C
and 5% COq, The anti-luciferase siRNA duplex (siGL3) and
human Lamin A/C siRNA duplex (siLam) were purchased
from Dharmacon (Lafayette, CO). The siRNA sequences
are presented in Supplementary Table I. siRNA tagged with
Alexalluor 647 (AF647-siRNA) and the siRINAs that target
clathrin heavy chain, caveolin-1, flotillin-1 and ARF6 proteins
were purchased from Qiagen (Germantown, MD). Lipids
were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). Unless otherwise noted, all other reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO). Branched, 25-
kDa PEI was dissolved in DI water at a concentration of
1 mg/ml. The stock was kept at room temperature prior to
being used.

Formation of siRNA Polyplexes and Lipoplexes

To form liposomes, DOTAP, DOPE and cholesterol were
separately dissolved in chloroform at a concentration of
10 mg/ml and mixed in glass tubes in amounts to give the
desired DOTAP:DOPE:cholesterol ratios. The mixtures were
dried under vacuum overnight leading to the formation of a
thin lipid film which was resuspended in PIPES buffer (20 mM
PIPES, 150 mM NaCl) at 0.2 mg/ml using a water-bath
sonicator. The lipid suspensions were extruded through a
100-nm polycarbonate membrane 11 times using a Mini-
Extruder (Avanti Polar Lipids). The lipid suspensions were
kept at 4°C until use. To prepare polyplexes and lipoplexes,
an appropriate amount of the 20 uM stock siRNA solution in
RNase-free water was first added to PIPES buffer. Liposomes
or PEI (at concentrations required to give the final required
vehicle:siRINA ratio) were then added to the siRINA solution.
The final suspension containing the complexes was incubated
at room temperature for 30 min prior to transfections.

siRNA Transfection

HeLa-Luc cells were seeded in 12-well plates at 1 X 10° cells/
well 24 h prior to transfections. The culture media was re-
placed by 1 ml of serum-free media, and 50 pl of the
siRINA-vector suspension was added to each well to achieve
final concentration of 5 nM siRNA. After 4 h, the transfection
media was replaced by culture media. After 20 h, the cells
were washed once with PBS and 100 pl of cell culture lysis
reagent (CCLR) were added to each well. Twenty microliters
of each sample lysate were used to evaluate luciferase expres-
sion using the Promega luciferase assay (Promega, Madison,
WI) and Lumat LB 9507 luminometer (Berthold, Oak Ridge,
TN) according to the manufacturer’s protocol. The total pro-
tein content was evaluated for each lysate sample using the
Pierce BCA assay (Peirce, Rockford, IL) and used to normal-
ize luciferase content of each sample to total cellular protein
expression. Knockdown 1is calculated as 1 — (RLU/mg)/
(RLU/mg)conwo, where (RLU/mg)conuor 18 the luciferase
activity after transfection with the control siLamin siRNA.

Cytotoxicity

Cytotoxicity was determined using the CellTiter-Blue cell vi-
ability assay (Promega, Madison, WI) according to the man-
ufacturer’s instructions. Briefly, HeLLa-Luc cells were seeded at
1 x 10* cells/well in 96-well plates. After 24 h, the media was
aspirated and 100 pl of serum-free media was added. In ad-
dition, inhibitors at various concentrations were added to the
cells and allowed to incubate for 4 h. The drug-containing
media was then replaced with culture media, and the cells
were placed in the incubator for 20 h. The CellTiter-Blue
reagent was then added (20 pl/well), and the cells were incu-
bated for 4 h. The absorbance at 570 nm and 600 nm was
read on a SpectraMAX 340 microplate reader (Molecular
Devices, Sunnyvale, CA). To obtain viability, the absorbance
values at 600 nm were subtracted from the values at 570 nm
and normalized to the untreated cells.

Cellular Internalization

HeLa-Luc cells were seeded 24 h before transfection on 12-
well plates at 1 x 10” cells/well. The vectors were formed as
described earlier using AF647-siGL3. The cells were
transfected in serum-free media for 2 h and washed once with
1 ml of 0.001% SDS in PBS and once with 1 ml of PBS to
remove fluorescently labeled vectors on the surface of the cells.
Following the washing, 200 pl of 0.25% trypsin in PBS solu-
tion were added to each well, and the plates were allowed to
incubate for 5 min. The cell suspensions were mixed by pipet-
ting and added to 300 ul of FBS. The cells were stored on ice
prior to being analyzed. The cells were analyzed on BD
FACSCanto flow cytometer (BD Biosciences, San Jose, CA),
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and the data were analyzed using FCS Express v.3.0 software
(De No Software, Los Angeles, CA). The gate was set based on
the forward and side scattering parameters of living cells, and
at least 2000 cells were measured in each group.

Transfections in the Presence of Chemical Inhibitors

The stock solutions of chlorpromazine (5 mg/mlL), amiloride
(5 mg/mL), amantadine (50 mg/mL) and methyl-f-
cyclodextrin (250 mg/mL) (Roquette, Gurnee, IL) were pre-
pared in water. The stock of genistein was prepared at
50 mg/ml in DMSO. Prior to transfections as described
above, the stock solutions were mixed with culture media to
achieve the desired final concentration. All of the drugs were
added to HeLa-Luc cells at least 30 min before addition of
siRINA vectors as described above.

RNAIi Knockdown of Endocytosis Pathways

To knockdown proteins associated with the various endocyto-
sis pathways, 2 X 10° HeLa-Luc cells/well were seeded in 6-
well plates. After 24 h, the cells were transfected in a serum-
free media using the Lipofectamine RNAIMAX reagent (Life
Technologies, Carlsbad, CA) with final concentration of
20 nM siRNA according to the manufacturer’s protocol.
Briefly, for each experimental group, the required amount
of siRNA and 3.5 pl RNAIMAX were each diluted in
150 pl of OptMEM (Invitrogen), and the RNAIMAX solu-
tions were added dropwise to the siRINA solutions. The com-
plexes were left at room temperature for 15 min and mixed
with DMEM just before transfection. Four hours post-trans-
fection, the media was replaced with the serum-containing
media and the cells were placed in the incubator for 24 h.
Control groups included cells to which no siRINA was added
and cells transfected with 20 nM siLam. The cells were
washed with PBS, trypsinized with 320 pl of trypsin
(Cellgro, Manassas, VA) and equally partitioned into 6 wells
of a 12-well plate. The plates were placed in incubator and
cultured for 20 h. Subsequently, the cells were either used in
further transfections or validated for a successful knockdown
of the targeted proteins by Western blots (Supplementary
Figure 2).

Confocal Laser Scanning Microscopy

HeLa-Luc cells were seeded on microscope cover slips
that were placed in 6-well plates at 1 x 10° cells/well
and allowed to incubate for 48 h. Polyplexes and
lipoplexes were formed with fluorescently labeled siGL3
as described earlier. The cells were transfected with
polyplexes and lipoplexes at final siRNA concentration
of 5 nM in serum-free media for 2 h after which the
media was aspirated and the cells were rinsed three times
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with PBS prior to being fixed with 3.7% formaldehyde in
PBS for 10 min. The cells were permeabilized with 0.25%
Triton X-100 in PBS solution for 10 min, and incubated
at room temperature in 10% FBS in PBS solution to pre-
vent non-specific staining. The cells were then incubated
in the primary antibody solution (Supplementary
Table II) for 1 h, washed three times with PBS and incu-
bated in 5 pg/ml of secondary AlexaFluor 488-labeled
antibody (Invitrogen). Finally, the cells were washed thrice
with PBS, the cover slips were removed from the wells
and mounted on standard microscopy slides containing a
drop of Prolong Gold (Invitrogen) reagent. The slides
were left in the dark overnight and cover-slips were sealed
the following day by nail polish. AlexaFluor 568-labeled
10 kDa dextran (Invitrogen) was used as a marker for
fluid phase uptake. As described above, the transfection
of fluorescently labeled siGL3 was performed on cells cul-
tured on the cover slips, but 20 min before the end of
transfection, dextran was added to wells to yield a final
concentration of 1.5 mg/ml. The media was then aspirat-
ed, the wells were washed three times with PBS, and the
cells were fixed with a 3.7% solution of formaldehyde.
The cover slips were extracted from the wells and
mounted as described above. Micrographs were obtained
using LSM 700 confocal fluorescence microscope (Zeiss,
Oberkochen, Germany). The images were processed using
deconvolution plugin for Image] (45).

Energy Dependency of Uptake and RNAi

To determine if uptake and transfection were due to passive
membrane fusion, the seeding, transfections, luciferase expres-
sion and vector uptake measurements were carried out the
same way as described above. However, during the incuba-
tion post-transfection, one plate was incubated at 4°C while
and other at 37°C (2 h for uptake and 4 h for transfection).
After the incubation period, cells for the uptake study were
prepared for flow cytometry as described above. For transfec-
tions, the cells were washed with PBS, the media was replaced
with serum-containing media and the plates from both groups
were returned to the 37°C incubator.

Vector Sizing

All sizing was done using dynamic light scattering (DLS).
Vectors were prepared in PIPES buffer as described earlier
with the final siRNA concentration three times higher than in
the solution used for transfection at the desired vector/siRINA
ratios. The solutions were placed in transparent cuvettes,
allowed to incubate at room temperature for 15 min and
measured 10 times each using Brookhaven Instruments
Corporation 90 Plus Particle Size Analyzer (Holtsville, NY).
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Statistics

If not otherwise stated, the experiments were performed in
triplicates. The error bars on plots represent standard devia-
tion. Statistical significance was computed using one-way
ANOVA with Tukey means comparison test in conjunction
with equivalent surrogate data technique (46) using
OriginPro8.6 (Northampton, MA). The significance level (a)
was set to 0.05. An asterisk above the presented data (¥) indi-
cate statistical significance compared to the control group

(p<0.05).

RESULTS
Selection of Vector Composition

HeLa-Luc cells were transfected using lipoplexes of various
compositions in order to determine the optimal lipid compo-
sition and lipid/siRNA ratio. Liposomes containing >50 wt%
DOTAP promoted higher knockdown than vectors with
higher content of the helper lipids (cholesterol and DOPE)
(Fig. 1). The knockdown was in the range of 7-25% for 1:1
(w:w) and 30-70% for 10:1 (w:w) of lipid:siRINA. Liposomes
comprising DOTAP:DOPE:cholesterol 11:2:7 (wiw:w) at
10:1 lipid:siRNA (w:w) (N/P 2.6), providing ~75% knock-
down, were used for the remainder of this study. Based on
previous work, the composition of polyplexes was fixed at

10:1 PEL:siRNA (w:w) (N/P 76) (47).
Energy Dependence of Vector Internalization and RNAi

To investigate if internalization of the vectors was energy de-
pendent, transfections were performed at 4 and 37°C
(Table I). Uptake of lipoplexes was unaffected by temperature
while polyplex uptake was reduced 10-fold at 4°C compared
to 37°C. In addition, at the lower temperature, knockdown
was reduced for both vectors, with the effect being dramatic in
the case of the polyplexes (~6-fold reduction). These results
suggest that PEI/siRNA polyplexes are internalized primarily
by energy-dependent endocytic mechanisms in Hela cells.
Internalization of the lipoplexes, in contrast, can occur
through energy-independent mechanisms such as direct fusion
with the plasma membrane. The decrease in lipoplex-
mediated knockdown at 4°C, however, suggests that such an
energy-independent mechanism may be less effective for

siRNA delivery.

Effect of Endocytosis-Inhibiting Drugs on Vector
Internalization

Chemical inhibitors of endocytosis were used to investigate the
uptake pathways of the siRNNA vectors at concentrations
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Fig. 1 Knockdown of luciferase expression in Hela-Luc cells via siRNA
lipoplexes of varied compositions (DOTAP:DOPE:cholesterol, w:w:w) at

(@) I:1 and (b) 10:1 lipid:siRNA (w:w) (n = 3, error bars represent standard
deviation).

T

previously found to provide inhibition of uptake with low cy-
totoxicity (Supplementary Figure 1) (24,25). Uptake of PEIL/
siRNA polyplexes was reduced by ~60% in the presence of
>3 ng/ml chlorpromazine and by ~40% in the presence of
>150 pg/ml amantadine, suggesting CME as a significant
internalization pathway (Fig. 2). Similarly, the uptake of
polyplexes decreased by ~40—70% in the presence of genistein
(Fig. 3) and by ~40% in the presence of amiloride (Fig. 4),
suggesting a role of CvME and MP in their cellular internal-
ization. While the presence of mpCD did not alter polyplex
uptake (Fig. 3), the uptake of lipoplexes was reduced by ~25-
60%o, underscoring the importance of plasma membrane cho-
lesterol in lipoplex uptake (Fig. 3). The presence of amanta-
dine (Fig. 2) reduced the uptake of lipoplexes by ~25% while
the presence of chlorpromazine (Fig. 2) or amiloride (Fig. 4)
did not affect lipoplex internalization. Most significantly, in
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Table I Knockdown of Luciferase
Expression and Uptake in Hela-Luc

Normalized uptake (at 4°C/at 37°C)

Normalized knockdown (at 4°C/at 37°C)

Cells of sIRNA Polyplexes and
Lipoplexes at 4°C Relative to at
37°C(n=3)

PEI/SIRNA polyplexes

Lipoplexes

0.09 =001, % < 1077
1.08 +0.27, p = 0.998

0.16 =0.05,p = 0.047
0.57+0.23,p=0.076

*p values represent the statistical significance of differences in uptake and knockdown at 4°C compared to 37°C

the presence of genistein, an ~20% reduction in uptake of
lipoplexes occurred only at 70 pg/ml (Fig. 3). Hence, it is likely
that both CME and CvME play minor roles in the uptake of
lipoplexes.

Effect of Endocytosis-Inhibiting Drugs on siRNA
Delivery

The effect of endocytosis-inhibiting drugs on the efficacy of
siRNA-mediated gene silencing was investigated in a similar
manner. Knockdown via PEI/siRNA polyplexes was signifi-
cantly reduced to ~8% in the presence of genistein (Fig. 3) and
to ~10% in the presence of amiloride (Fig. 4), while the

presence of amantadine, mBCD and chlorpromazine had lit-
tle effect (Figs. 2 and 3). This suggests that even though the
siRNA polyplexes entered the cells through multiple path-
ways, only those that entered through CvME and MP led to
significant knockdown. The presence of genistein and mpCD
(Fig. 3) reduced the knockdown mediated by lipoplexes to
~25% and <5%, respectively, while chlorpromazine and
amantadine had little effect (Fig. 2). Thus, lipoplex uptake
via GVvME led to significant knockdown, and cholesterol was
essential to the process. The presence of amiloride inhibited
lipoplex-mediated knockdown at 27 and 40 pg/mL, but not at
50 pg/mlL, possibly because more efficient pathways became
increasingly accessible as MP was inhibited (Fig. 4).

1.2 4

1.0

0.8

0.6

0.4

Normalized Uptake

0.2+

1.2

1.0

0.8 -

0.6

Knockdown

0.4

0.2

0.0

Control ' 0.5 ' 1 ' 3 l 5
Chlorpromazine (Mg/mL)

il

Control 80

200

Amantadine (ug/mL)

Fig. 2 Uptake of and knockdown of luciferase expression via polyplexes and lipoplexes in Hela-Luc cells in the presence of chemical inhibitors of CME
(chlorpromazine and amantadine). For each vector, uptake in the presence of drugs was normalized to uptake in the drug-free control. (n = 3, error bars

represent standard deviation; *, p < 0.05 relative to untreated control group).
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Fig. 3 Uptake of and knockdown of luciferase expression via polyplexes and lipoplexes in Hela-Luc cells in the presence of chemical inhibitors of CvME
(genistein and mBCD). For each vector, uptake in the presence of drugs was normalized to uptake in the drug-free control. (n = 3, error bars represent standard

deviation; *, p < 0.05 relative to untreated control group).

Effect of Knockdown of Proteins Associated
with Endocytosis on Vector Uptake and RNAi

To confirm the effects of drug-mediated inhibition of CME,
CvME and MP, and to investigate the roles of pathways for
which small-molecule inhibitors are not available (FME and
ADE), expression of proteins known to be essential in these
endocytosis pathways was knocked down prior to polyplex- or
lipoplex-mediated transfection. The knockdown of these pro-
teins was confirmed by Western blot (Supplementary
Figure 2). The absence of caveolin, flotillin and ARF6 proteins
significantly reduced the uptake of PEI/siRINA polyplexes by
50-60%, while knockdown of clathrin had no effect (Fig. 5a).
However, polyplex-mediated knockdown was significantly re-
duced (to <2%) in cells lacking ARF6 (Fig. 5b). In the absence
of caveolin, lipoplex uptake increased by over 20% (Fig. 5a).
This could be due to structural changes in the plasma mem-
branes or perhaps that pathways other than CGvME facilitated
compensatory uptake. Knockdown of other proteins had no

effect on lipoplex uptake. Most importantly, the absence of
clathrin, caveolin, ARF6 or flotillin did not significantly affect
lipoplex-mediated knockdown (Fig. 5b).

Colocalization of siRNA with Endocytic Vesicle Marker
Proteins

To visualize colocalization of polyplexes and lipoplexes with
specific endocytic vesicle markers, HeLa-Luc cells were
transfected with vectors containing AF647-siRNA, and pro-
teins associated with specific endocytosis pathways were sub-
sequently immunofluorescently stained (Fig. 6,
Supplementary Figures 3—12). When delivered with PEIL, the
siRNA colocalized with caveolin and flotillin, providing evi-
dence of the significance of CvME and FME in intracellular
processing of polyplexes. Minor colocalization of polyplex-
delivered siRINA with ARF6 was also observed. None of the
proteins showed strong co-localization with siRNA in the
lipoplexes. Fluorescent dextran was also co-delivered with
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Fig. 4 Uptake of and knockdown of luciferase expression via polyplexes and Control SiCLT siCav SIFLT SIARF

lipoplexes in Hela-Luc cells in the presence of chemical inhibitor of MP
(amiloride). For each vector, uptake in the presence of drugs was normalized
to uptake in the drug-free control. (n = 3, error bars represent standard de-
viation; *, p < 0.05 relative to untreated control group).

siRNA vectors to determine if the latter enter the cells through
MP. Strong colocalization between dextran and polyplexes
was observed (Supplementary Figure 7). No such co-
localization was observed with lipoplexes, suggesting that they
do not utilize MP as an uptake mechanism (Supplementary

Figure 12).

Vector Size

The size of the vectors can influence endocytosis and their
subsequent processing within the cells (48). The sizes of the
lipid vesicles alone were significantly reduced upon extrusion
to <500 nm (Table II). However, upon mixing with siRINA to
form vectors, the sizes increased significantly to 468 nm. The
sizes of the siRNA polyplexes (~200 nm) were smaller than
siRINA lipoplexes.
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Fig. 5 (a) Normalized uptake and (b) knockdown of luciferase expression in
Hela-Luc cells by siRNA polyplexes and lipoplexes upon siRNA-mediated
knockdown of several membrane trafficking proteins — clathrin (siCLT), cave-
olin (siCav), flotillin (siFLT) and ARF6 (siARF). For each vector, uptake up
membrane trafficking protein knockdown was normalized to uptake in the
untreated control. (n = 3, error bars represent standard deviation; *, p < 0.05
relative to untreated control group).

DISCUSSION

Multiple intracellular barriers have been investigated with re-
gard to their impact on the optimal design of gene delivery
vectors. From extracellular clearance to intracellular degrada-
tion, gene delivery vectors should be designed to optimize
their interactions with their environment at every stage of their
activity from administration to therapeutic expression.
Intracellular trafficking within the endolysosomal pathways
remains the most studied parameter affecting the functions
of these vectors.

Because naked siRNA is highly susceptible to intracellular
degradation (49), designing the appropriate supramolecular
structure that can protect them is important. siRNA delivery
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PEI

Lipid

Caveolin Clathrin

Flotillin

ARF6

Dextran

Fig. 6 Representative confocal micrographs of fluorescently labeled siRNA
(red) with various proteins associated with endocytosis — clathrin, caveolin,
flotillin and ARFé6 — immunologically stained (green). Fluorescent dextran
(green) served as a MP marker. All panels are 50.81 X 50.81 um?.
Colocalization is indicated by white arrowheads.

requires only efficient cellular internalization and entry to the
cytosol. Hence, release from endocytic vesicles that allow for

their uptake and subsequent transport is important. In fact,
recent research has shown that recycling of vesicles containing
siRNA cargo, leading to cargo transport out of the cell rather
than entry into the cytosol, is a major barrier in siRNA deliv-
ery (50). To improve siRNA vector release from vesicles, sev-
eral approaches have been utilized. For example, polymers
and dendrimers have been tagged with histidine-containing
peptides (51,52), to increase their proton buffering capacity,
or with melittin (53), which destabilizes membranes resulting
in efficient release of the vectors into the cytosol without neg-
atively impairing their gene transfection efficiency. Specific
uptake mechanisms have also been targeted to increase deliv-
ery efficiency such as by conjugation of transferrin or cholera
toxin B, which are known to be internalized by CME and
CGvMLE, respectively. Further, targeting MP via the use of
TAT peptide within the vector design element dramatically
improves gene delivery efficiency (17,54), as macropinosomes
are inherently leaky. Ultimately, the aim is to improve the
chemistry and supramolecular form of the vector to match
its biological environment so as to maximize its working po-
tential. Accordingly, both chemical and biological methods
for selective inhibition of endocytosis pathways were used in
this study to determine the uptake mechanisms that play a
significant role in efficient siRNA delivery by PEI and lipo-
somes composed of DOTAP, DOPE and cholesterol to inves-
tigate how vector macromolecular chemistry may be
exploited for efficient siRNA delivery.

Performing transfections at a reduced temperature is wide-
ly used to study the dependence of cellular uptake and activity
of vectors on energy-dependent mechanisms (55,56). Reduced
temperature inhibits active processes including endocytosis,
while passive entry mechanisms such as membrane fusion
are still functional. The decrease in PEI/siRNA polyplex up-
take and the resulting knockdown at 4°C (Table I) is consistent
with previously published work that reported that the uptake
of PEI-based siRNA polyplexes occurs through endocytosis
(4,57). In contrast, the uptake of lipoplexes was unaffected
by low temperatures while RNAi was slightly decreased (not
statistically significant, Table I). We cannot rule out the pos-
sibility that some polyplexes and lipoplexes remained attached
to the cells surface upon increasing the temperature and were
subsequently internalized during the following 20 h. This may
account for the transgene expression observed after transfec-
tion with polyplexes at 4°C. The much higher transgene ex-
pression upon lipoplex-mediated transfection at 4°C, howev-
er, suggests that significantly more lipoplexes were internal-
ized at this reduced temperature. Thus, internalization of
lipoplexes and the majority of the subsequent RNAi likely
occur through passive mechanisms. This result is consistent
will previous observations of fusion of lipoplexes with the plas-
ma membrane (58,59).

Chemical inhibitors are commonly employed by many re-
searchers and, thus, are important for comparison with
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Table Il Sizing of sSIRNA

Lipoplexes and Polyplexes Via DLS Vector

Diameter (nm) (mean = SD) Polydispersity(mean = SD)

(h=3)

Non-extruded DOTAP/Chol liposomes

Extruded DOTAP/Chol liposomes

Non-extruded DOTAP/Chol/siRNA lipoplexes
Extruded DOTAP/Chol/siRNA lipoplexes

PEI/SIRNA polyplexes

288 £ 23 0.332 £0.042
160 = | 0.108=0.015
704 = 59 0.483 £ 0.052
468 = 19 0.401 £0.019
209 = 17 0.257 £ 0.075

previous studies. Cytotoxicity and possible non-specificity
should be considered in interpretation of the results, however
(60). The slight increase in siRNA-mediated gene silencing by
polyplexes in the presence of chlorpromazine (Fig. 2, not sta-
tistically significant) is likely due to increased internalization of
polyplexes via clathrin-independent pathways that are upreg-
ulated and more effective for siRNA delivery. The effect of
chlorpromazine became apparent, however, only at concen-
trations at or above 3 pg/ml, where significant cytotoxicity
was observed (Supplementary Figure 1). Further, knockdown
by polyplexes was not significantly affected by amantadine
(Fig. 2) or by knockdown of clathrin-1 expression (Fig. 5).
The differing effects of the chemical inhibitors and knockdown
of clathrin expression on PEI/siRNA uptake is most likely due
cytotoxicity and/or non-specific effects of the inhibitors. The
lack of change in uptake upon knockdown of clathrin expres-
sion is consistent with the absence of colocalization of the
polyplexes with clathrin in confocal micrographs (Fig. 6).
Taken together, the decrease in uptake siRINA-mediated gene
silencing in the presence of genistein (Fig. 3) and amiloride
(Fig. 4) and upon knockdown of caveolin-1 expression
(Fig. 5), and the strong colocalization of polyplexes with cav-
eolin and dextran (Fig. 6), suggest that effective PEI/siRNA-
mediated gene silencing occurs primarily through GvME and
MP, but not CME.

Knockdown of ARF6 resulted in reduced uptake of
polyplexes and also dramatically reduced RNAi (Fig. 5).
Since ARF6 protein has been implicated in multiple path-
ways, it 18 difficult to determine which pathway was inhibited
(22), more so since ARF6 also did not colocalize with siRNNA
(Fig. 6). ARF®6 is associated with vesicle fusion events involving
exchange of intraluminal contents and membranes, and bud-
ding of vesicles such as recycling endosomes (61,62), which
have recently been implicated as a possible limitation to
siRNA delivery (50). The likelihood of escape of vectors from
early endocytic vesicles likely increases during these budding
and fusion events, during which vesicle membranes are de-
formed. Thus, knockdown of ARF6 may reduce the number
of opportunities for vectors to escape into the cytosol.
Moreover, since uptake was measured 2 h post transfection,
it is also possible that the reduction in the recycling mecha-
nism did not dramatically influence the uptake, but signifi-
cantly affected eventual RNAi that was evaluated 24 h post-
transfection.
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Neither the endocytosis inhibitors nor knockdown of mem-
brane trafficking proteins significantly affected uptake of
lipoplexes or lipoplex-mediated knockdown. No co-
localization between any of the endocytic vesicle marker pro-
teins and lipid-delivered siRINAs was observed. In addition,
fewer punctate aggregates of siRNA were detected in
lipoplexes than in PEI/siRNA polyplexes, even though higher
knockdown was observed with lipoplexes compared to
polyplexes. The larger size of lipoplexes may also prevent
internalization by some endocytic pathways. These data con-
firm the energy independence of lipoplex internalization and
together suggest that lipoplexes enter cells and deliver siRNA
primarily by fusion of liposomes with the cell membrane.

Cholesterol can play a major role in multiple endocytosis
pathways, and altering the distribution and organization of
cholesterol in the plasma membrane may also affect fusion
with lipoplexes. In addition, the depletion of cholesterol from
the plasma membrane might reduce the amount of cholesterol
inside the cells, thereby affecting the fusion events that could
occur within endocytic vesicles. The consistent inverse corre-
lation between the concentration of mpCD and uptake of and
knockdown by lipoplexes is most likely due to a reduction of
fusion events between the lipoplexes and plasma membranes.
It is interesting that mPBCD was the only drug that affected the
lipoplexes to a higher degree than PEI/siRNA polyplexes.
This observation is consistent with previously published data
showing mpCD had a larger effect on uptake of lipoplexes
than on polyplexes (63).

Previous studies have discussed the possibilities of endocy-
tosis pathways that can mediate siRNA delivery that were not
active in pDNA delivery. Lu and co-workers used a commer-
cially available lipid-based siRNA transfection reagent
(DharmaFECT1) in various cell lines and determined that
although 95% of particles enter cells through endocytosis,
the inhibition of CME, CvME, MP and lipid-raft mediated
endocytosis did not lead to reduction in RNA1. The depletion
of cholesterol from the plasma membrane also did not alter
the uptake of the lipoplexes, but the siRNA-mediated gene
silencing was reduced. Low temperatures during transfections
also inhibited knockdown thus indicating that direct fusion
between the lipoplexes and plasma membranes is likely to be
responsible for siRNA delivery by this vector (55). Another
study investigated intracellular trafficking of antisense oligo-
nucleotides that only expressed when delivered to nucleus
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(splice shifting oligonucleotide) using two commercially avail-
able delivery reagents: jetPEI (derivative of linear
polyethylenimine) and Lipofectamine 2000. They concluded
that effective delivery using the lipid-based system occurred
through direct fusion with plasma membrane, and PEI-based
delivery occurred through a dynamin- and caveolin-
independent pathway that is also not CME (63).

The possibility that other endocytic mechanisms are active
in transfections cannot be excluded. The vesicles that are
formed in these different endocytosis processes have different
surfaces, lumina and physico-chemical properties that allow
them to process cargo in various ways. It is evident that the
vesicles preserve the “memory” of their origin using protein or
lipid markers (12,64). Other mechanisms such as the
CLIC/GEEC pathway characterize clathrin- and dynamin-
independent endosomal compartments enriched with GPI-
AP proteins that do not have cytosolic extensions. The vesicles
that are formed in this pathway are tubular in shape, form
special early endosomal compartments and do not travel to

Golgi (13).

CONCLUSION

In HeLa cells, PEI/siRNA polyplexes use energy-dependent
endocytosis mechanisms predominantly relying on MP and
CvME for efficient siRNA delivery while ARF6 is crucial for
efficient intracellular processing of polyplexes. In contrast,
lipoplexes enter cells and deliver siRNA primarily by
cholesterol-dependent fusion with the cell membrane. The
results of this study suggest that for design of polyplexes for
siRNA delivery to these cells, attention should be given to
release of the particles from endosomes, but not based on
the acidification of CME-originated vesicles. Rather, the dis-
ruption of endosomal membranes by other means may be
considered since pathways that do not lead to acidic
endosomes are highly significant for PEI-mediated stRNA de-
livery. Lipoplexes remain promising vectors, since they allow
for release of siRNA directly into the cytosol and evade limi-
tations of intracellular trafficking and endocytic release. In
conclusion, siRNA-mediated gene silencing efficiency de-
pends critically on the mechanism of cellular uptake, and the
mechanisms should be taken into account in design of siRNA
vectors.
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