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Abstract

There is mounting interest in developing antisense and siRNA oligonucleotides into therapeutic
entities; however, this potential has been limited by poor access of oligonucleotides to their
pharmacological targets within cells. Transfection reagents, such as cationic lipids and polymers,
are commonly utilized to improve functional delivery of nucleic acids including oligonucleotides.
Cellular entry of large plasmid DNA molecules with the assistance of these polycationic carriers is
mediated by some form of endocytosis; however, the mechanism for delivery of small
oligonucleotide molecules has not been well established. In this study, splice-shifting
oligonucleotides have been formulated into cationic lipoplexes and polyplexes, and their
internalization mechanisms have been examined by using pharmacological and genetic inhibitors
of endocytosis. The results showed that intercellular distribution of the oligonucleotides to the
nucleus governs their pharmacological response. A mechanistic study revealed that
oligonucleotides delivered by lipoplexes enter the cells partially by membrane fusion and this
mechanism accounts for the functional induction of the target gene. In contrast, polyplexes are
internalized by unconventional endocytosis pathways that do not require dynamin or caveolin.
These studies may help rationally design novel delivery systems with superior transfection
efficiency but lower toxicity.
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Introduction

There is great potential for antisense and siRNA oligonucleotides to become mainstream
therapeutic entities thanks to their high specificity and wide therapeutic target space as
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compared to small molecules. However, the pharmacological targets within cells are poorly
accessible to oligonucleotides that are hydrophilic and often charged macromolecules [1, 2].
In order to reach these intracellular targets, therapeutic oligonucleotides must cross
numerous biological barriers following administration, of which transport across the plasma
membrane and then trafficking to the intracellular site of action have been generally
considered as the rate-limiting steps [1-3]. One strategy to overcome these biological
barriers and allow successful delivery is to formulate oligonucleotides into nanoparticles
with cationic lipids and polymers. This strategy has achieved significant success in cellular
and animal studies [4-7] and generated promising results in Phase I clinical studies in which
therapeutic sSiRNAs were delivered to tumors by a liposomal formulation [8]. Recently,
polymer-based nanoparticles coated with transferrin were shown to deliver siRNAs to solid
tumors in humans and cause gene specific RNAI activity [9]; this is the first SIRNA clinical
trial that used a polymer-based delivery system.

To design even superior delivery systems for therapeutic oligonucleotides, it is necessary to
understand how the cationic carriers assist internalization and trafficking of the
oligonucleotides. On the other hand, toxicity is often associated with these types of carriers
[10], and this can only be avoided by understanding the mechanisms that cause it. Using
pharmacological inhibitors of endocytosis, the internalization mechanisms of plasmid DNA
that is formulated with cationic lipids or polymers have been examined [11-13]. The results
demonstrated that uptake of DOTAP/DNA lipoplexes is due to clathrin-mediated
endocytosis, which is also responsible for the functional transfection [11, 12]. On the other
hand, PEI/DNA polyplexes enter the cells via a combination of clathrin-mediated
endocytosis and the caveolar pathway; however, only the latter pathway leads to effective
endosomal escape and thereafter functional transfection [11-13]. Another study further
demonstrated that plasmid DNAs formulated with different cationic lipids may undergo
different endocytotic pathways [14]. The plasmid DNA complexed with DMRIE-C follows
the caveolar pathway, while that formulated with Lipofectamine LTX is internalized by
clathrin-mediated endocytosis [14]. Genetic inhibition of dynamin, which mediates pinching
off the vesicles from the plasma membrane, reduces cellular uptake of both DNA lipoplexes
dramatically [14]. Interestingly, a recent study has revealed a different mechanism for
cellular entry of siRNAs delivered by lipoplexes [15]. The majority of siRNAs that are
formulated in lipoplexes entered the cells by endocytosis, however, this pathway fails to
produce functional knockdown, whereas the minor portion of the siRNAs, which are
internalized possibly via membrane fusion, generates the target gene suppression [15]. This
study highlighted that oligonucleotides may utilize a cellular entry mechanism that is
different from that for larger DNA molecules, even when they are delivered with the same
carrier system.

In the current study we have examined internalization mechanisms of antisense
oligonucleotides formulated into cationic lipoplexes and polyplexes using pharmacological
and genetic inhibitors of endocytosis. A ‘splice-shifting oligonucleotide (SSO)’, which is
designed to correct splicing of an aberrant intron inserted into an eGFP reporter gene, has
been formulated with a cationic lipid Lipofectamine 2000® (L2K) or a cationic polymer
jetPEI™ (PEI). Both are commonly used transfection reagents for plasmid DNA and
oligonucleotides. Successful delivery of SSOs to the cell nucleus would lead to up-
regulation of eGFP expression, providing a positive read-out for functional delivery. This
study showed that the SSOs delivered by lipoplexes enter the cells largely by membrane
fusion and this mechanism also account for the functional induction of the target gene. On
the other hand, PEI/SSO polyplexes are internalized by unconventional endocytosis
pathways that do not require dynamin or caveolin functions. Preliminary study also
demonstrated the different temperature dependence of functional oligonucleotide delivery
via lipoplexes and polyplexes.
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Materials and Methods

Synthesis and chemical characterization of SSOs

The SSO (5-GTTATTCTTTAGAATGGTGC-3') is 2'-O-Me oligonucleotide with
phosphorothioate linkage. The SSO and its 3’-Tamra conjugate were prepared as previously
reported [16]. In brief, oligonucleotides were synthesized using phosphoramidites of the
ultraMILD-protected bases on CPG supports (Glen Research, Sterling, VA, USA) using a
AB 3400 DNA synthesizer (Applied Biosystems, Foster City, CA, USA). After cleavage
from the CPG support and deprotection, the oligonucleotides were purified by reverse-phase
HPLC on a Varian HPLC system (ProStar/Dynamax, Walnut Creek, CA) and identified
using MALDI-TOF mass spectroscopy on a VVoyager Applied Biosystem instrument (Foster
City, CA).

Cell lines, plasmids, and transfection

The Hela S3 cells, containing an aberrant intron inserted into the eGFP coding sequence,
were a kind gift from Dr R. Kole (University of North Carolina) [17]. This stably transfected
cell line was referred to as Hela/eGFP654 and was cultured in F12K medium (Invitrogen,
Carlshad, CA, USA) containing 10% FBS (Sigma, St. Louis, MO) and 500 pg/mlGeneticin
(Invitrogen). Human melanoma cells A375SM were cultured in DMEM (Invitrogen) plus
10% FBS. To construct A375SM cells expressing eGFP654, the eGFP654 cassette was cut
from the plasmid pEGFP654 [17] at the BamH | and Not I site and inserted into
pcDNA3.1(+)/hygro (Invitrogen) resulting in the plasmid pcDNA3.1/hygro/eGFP654.
Stable transfectants were obtained by transfecting A375SM cells with pcDNA3.1/hygro/
eGFP654 plasmid using an Amaxa Nucleoporation system as per manufacturer's
instructions. Selection was carried out in culture media containing 200 pg/ml hygromycin B
(Roche) for 2 weeks. Individual clones were picked and screened for luciferase induction by
the SSO complexed with L2K. The single cell clone with the highest expression induced by
SSO was referred to as A375/eGFP654 and used in further studies.

The plasmids encoding eGFP-dynamin dominant negative (DN), RFP-dynamin DN, and
RFP-caveolin DN were kindly provided by Dr. JoAnn Trejo (University of California at San
Diego, USA), Dr. Jennifer Lippincott-Schwartz (National Institutes of Health, USA), and
Dr. David Marks (Mayo Clinic and Foundation, USA), respectively. Plasmids expressing
mutant dynamin or caveolin were transfected into the Hela/eGFP654 cells using an Amaxa
Nucleoporation system as per manufacturer's instructions. Briefly, one million Hela/
eGFP654 cells were nucleofected using the Cell Line Nucleofector Kit V, program 1-013,
and 2 ug of plasmids. The following day cells were treated with the oligonucleotide
formulated with transfection reagents, and uptake and functional induction of the
oligonucleotide were analyzed by flow cytometry, whereas their intracellular distribution
was observed by confocal microscopy.

Oligonucleotide transfection

Hela/eGFP654 or A375/eGFP654 cells were seeded on 24-well plates at 5 x 10% cells per
well in various experiments. The following day, cells were treated with the SSO complexed
with either a cationic lipid L2K (Invitrogen) or a cationic polymer PEI (Polyplus, HIkirch,
France) as per manufacturers’ instructions. The amounts of the transfection reagents and the
oligonucleotide were optimized to achieve considerable transfection efficiency (> 30%). To
achieve optimal transfection with the SSO lipoplexes, 1 pl of L2K was diluted into 50 pl of
Opti-MEM 1 (Invitrogen). After 5-minute incubation at room temperature, the diluted L2K
solution was then mixed gently with an equal volume of Opti-MEM 1 containing 30 pmoles
of the SSO followed by 20-minute incubation at room temperature. The lipid/SSO complex
was then added to each well containing 500 pl Opti-MEM 1. The resultant 0.6 ml dose
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solution containing 50 nM SSOs was incubated with cells for 4 hours at 37°C. The cells
were subsequently washed with PBS, and then fresh culture media were added. Cells were
cultured for another 24 hours before measuring the eGFP expression with flow cytometry.

The optimal transfection with the SSO polyplexes was achieved when the N/P ratio was
6.25. To prepare the polyplexes, 1 ul of PEI was diluted into 50 pl of 150 mM NaCl solution
and was then mixed by vortex with an equal volume of NaCl solution containing 60 pmoles
of the SSO. After 20-minute incubation at room temperature, the PEI/SSO polyplexes were
then added to each well containing 500 pl Opti-MEM | medium, which made up the 0.6 ml
dose solution containing 100 nM SSO. Following the 4-hour treatment at 37 °C, the cells
were subsequently washed with PBS and then replenished with fresh media for another 24-
hour culture. The functional delivery was examined by measuring the eGFP expression with
flow cytometry.

Pharmacological inhibitors were used to identify possible endocytotic pathways and the
following concentrations were selected based on the previous studies [16, 18, 19]:
chlorpromazine, 25 uM; methyl-p-cyclodextrin (methyl-B-CD), 1 mM; amiloride, 100 uM;
cytochalasin D, 2 uM. The cells were pretreated with the inhibitors for 30 minutes at 37 °C
and then transfected with lipoplexes or polyplexes for 4 hours at 37 °C in the presence of the
inhibitors. The cells were washed with PBS and cultured in fresh media in the absence of the
inhibitors for another 24 hours prior to measuring eGFP expression with flow cytometry. In
the experiment of temperature-dependent transfection, the cells were incubated at specified
temperatures for 1 hour and then transfected with the oligonucleotide formulations at the
same temperatures for 4 hours. The cells were washed, replenished with fresh media, and
incubated for 24 hours at 37 °C prior to functional assay. In the experiment of cellular
uptake, the cells were treated for 2 hours at 37 °C in the presence of the inhibitors, and then
were trypsinized before evaluating the uptake with flow cytometry.

Particle size and zeta potential measurement

The average particle size of the lipoplexes in OPTI-MEM 1 and the polyplexes in 150 mM
NaCl solution was determined using a Coulter N5 Plus Sub-Micron Particle Sizer (Beckman
Coulter, Miami, FL, USA) at a fixed angle of 90° and a temperature of 25°C. Light
scattering intensity was maintained within the required range of the instrument (5 x 10% to 1
x 109 counts/second) in all the measurements. Each sample was analyzed in triplicate. The
same complexes were placed in the dip cell of Zetasizer Nano Z (Malvern Instruments,
Westborough, MA, USA) to determine the zeta potential. Each sample was analyzed in
quintuplicate.

Flow cytometry and confocal fluorescence microscopy

Total cellular uptake of the Tamra-labeled SSO and eGFP expression induced by the SSO
were measured by flow cytometry using a LSR 11 cell analyzer (Becton-Dickenson, San
Jose, CA, USA). After treatment with oligonucleotide formulations, the cells were
trypsinized and analyzed by flow cytometry, with a 488 nm laser coupled with a 525/50
filter for eGFP and a 561 nm laser coupled with a 582/15 emission filter for both Tamra and
RFP. In two-color flow cytometry, the cells containing a single fluorophore were used as
control to set up compensation.

Intracellular distribution of the oligonucleotide in living cells was examined using a Zeiss
510 Meta Inverted Laser Scanning Confocal Microscope with 63x-oil immersion objectives
(Carl Zeiss Microlmaging, Thornwood, NY, USA). After transfection of plasmids
expressing eGFP tag, Hela/eGFP654 cells were plated in 35 mm glass bottom microwell
dishes (MatTek, Ashland, MA), and then transfected with the oligonucleotide formulations.
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The cellular uptake of the SSO-Tamra was observed by confocal microscopy after 2-hour
transfection, whereas the cellular accumulation of the SSO-Tamra and the eGFP induction
was visualized after 4-hour transfection plus 24-hour culture.

Data Analysis

Data are expressed as mean + SD from three measurements unless otherwise noted.
Statistical significance was evaluated using ANOVA followed by Dunnet’s test. The data
were analyzed with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).

Results

Characterization of SSO complexes

Average particle size and zeta potential values for the lipoplexes and polyplexes were
summarized in Table 1. The average particle size of the lipoplexes was larger than the
polyplexes. The SSO polyplexes showed positive Zeta potential, while the lipoplexes were
negatively charged, which was consistent with the fact that plasmid DNA lipoplexes with
the same lipid are negatively charged under optimum transfection condition [20].

Functional delivery of SSO depends on its nuclear entry

In order to examine the correlation between cellular uptake of the SSO complexes and their
pharmacological responses, two-color flow cytometry was used to simultaneously measure
uptake of Tamra labeled SSOs formulated with L2K or PEI (the abscissa) and the functional
induction of eGFP reporter (the ordinate). The population of Hela/eGFP654 cells without
any treatment (the control cells) only appeared in Q3 in the flow graph (data not shown). In
Fig. 1A, the cell populations in Q2 and Q4 had higher Tamra fluorescence, indicating that
SSO-Tamra was taken up by these cells; however, only the cells in Q2 expressed higher
eGFP levels, indicating successful delivery of SSOs to their site of action in the nucleus.

Transfection with the SSOs formulated into lipoplexes or polyplexes led to functional eGFP
induction due to correct splicing of an aberrant intron inserted into this reporter gene (Fig.
1A). The SSOs at 50 nM complexed with 1 pl of L2K produced 35% transfection efficiency
(the percentage of the cells in Q2 versus the whole cell population) and the transfected cells
(the cells in Q2 in Fig. 1A) showed 17-fold higher eGFP expression compared untransfected
cells (those in Q4 in Fig. 1A). The SSOs at 100 nM complexed with 1 pl PEI (N/P = 6.25)
produced similar transfection efficiency (30%), and the transfected cells had 16-fold higher
eGFP expression than untransfected cells (Fig. 1A). The results in Fig. 1A indicated that
functional induction requires high accumulation of SSOs in the cells, since the cells with
higher eGFP expression in Q2 also had higher accumulation of SSO-Tamra. On the other
hand, in both L2K and PEI transfections, some cells in Q4 showed high SSO-Tamra
accumulation; however it did not lead to eGFP induction, indicating that factors other than
total uptake play important roles in governing effectiveness of the oligonucleotides.
Compared to L2K lipoplexes, transfection with PEI/SSO polyplexes showed better
correlation between cellular uptake and functional response, as more cells with high uptake
of SSOs showed functional induction in polyplexes transfection (Fig. 1A).

In Fig. 1B, after transfection and following culture, Hela/eGFP654 cells were observed with
confocal microscopy for the intracellular distribution of SSO-Tamra (shown in red) and
functional eGFP expression (shown in green). The results, from both L2K and PEI
transfection, demonstrated a strict correlation of nuclear entry of the oligonucleotide and
functional eGFP induction (Fig. 1B). The cells with the SSO-Tamra in the nucleus (labeled
with white arrows) showed strong eGFP expression, whereas the cells with the SSO-Tamra
in the cytosol (labeled with blue arrows) failed to induce eGFP expression (Fig. 1B),
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indicating that the ability of oligonucleotides to traffic to the nucleus, the site of splicing
correction, determines their effectiveness as therapeutic oligonucleotides.

Pharmacological inhibition of functional lipoplex delivery

Four pharmacological inhibitors were used in the study to examine the possible endocytosis
pathways: chlorpromazine, an inhibitor of the clathrin pathway; methyl-B-CD, an inhibitor
of the lipid raft mediated pathway by removing cholesterol from the plasma membrane;
amiloride, an inhibitor of macropinocytosis; and cytochalasin D, an actin inhibitor.
Treatment of methyl-p-CD reduced initial uptake of SSOs in lipoplexes in Hela/eGFP654
cells by 73% (Fig. 2A), which led to abolishment of the functional eGFP induction (over
93% reduction in both expression level and transfection efficiency) (Fig. 2B). The SSOs
were still accumulated in the vesicles in cytoplasm under methyl-p-CD inhibition, however,
they failed to produce any functional eGFP induction (Fig. 2D). The stronger effect on
induction than on uptake can be explained by the notion that methyl-p-CD only abolishes
the functional uptake leading to nuclear entry of the SSOs as observed in the images in Fig.
2D. In order to rule out the possibility that methyl-B-CD interrupted the formation of L2K/
SSO lipoplexes when it is present in the transfection solution, the cells were treated with
methyl-B-CD for 1 hour before the dosing of the lipoplexes. In Fig. 2C, pretreatment of
methyl-B-CD also reduced the functional eGFP induction by 80% even when it was not
present together with the lipoplexes in the transfection step, indicating that the reduction of
functional delivery by methyl-B-CD was due to its direct interaction with the plasma
membrane.

Chlorpromazine and cytochalasin D also reduced the uptake of lipoplex slightly (Fig. 2A);
however, the reduction did not cause reduction in functional eGFP induction (Fig. 2B),
indicating that the endocytosis pathways partially contribute to the total uptake of the
lipoplexes, however, the SSOs in these pathways fail to reach the nucleus. This notion was
supported by the observation in Fig. 2D showing that chlorpromazine did not reduce the
nuclear entry of the oligonucleotide.

Pharmacological inhibition of polyplex delivery

The four pharmacological inhibitors were also used to examine the entry pathways of the
PEI/SSO polyplexes. Initial uptake of polyplex was reduced moderately by chlorpromazine
(27%) and methyl-p-CD (21%) (Fig. 3A), which produced moderate reduction in the
functional eGFP induction (32% and 28% reduction in transfection efficiency, respectively)
(Fig. 3B). Cytochalasin D did not affect the initial uptake of the polyplex, but reduced the
transfection efficiency by 26%.

Functional delivery of SSOs by lipoplexes and polyplexes does not depend on dynamin

function

Since pharmacological inhibitors often have multiple effects we decided to further
investigate the internalization pathways of the complexes by using more specific molecular
inhibitors. Dynamin is a small GTPase that plays a key role in pinching off membrane
vesicles and both clathrin-dependent endocytotic and caveolar pathways depend on the
action of dynamin [21]. The potential role of dynamin in uptake of the complexes was
examined by transfecting Hela/eGFP654 cells with plasmids coding for a chimeric protein
comprised of a DN form of dynamin linked to eGFP. These cells were then treated with
transferrin labeled with Alexa-594 or the complexes and observed for the extent of uptake of
the fluorescent molecules. As seen in Fig. 4A, expression of high levels of DN-dynamin-
eGFP almost completely blocked the accumulation of transferrin in intracellular vesicles,
indicating that the function of dynamin was blocked in the transfected cells. However, the
expression of DN-dynamin-eGFP failed to block the uptake of SSOs in lipoplexes or
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polyplexes as observed in the confocal images (Fig. 4A). In both cases, the SSO entered the
nucleus of the cells expressing mutant dynamin, which could produce functional induction.

In order to directly assess the role of dynamin in effectiveness of the SSO delivered by
lipoplexes and polyplexes, DN dynamin linked to RFP was expressed in Hela/eGFP654
cells. These cells were then treated with the lipoplexes or the polyplexes of the SSOs
(without Tamra dye), and examined by two-color flow cytometry for expression of mutant
dynamin (the abscissa) and functional expression of eGFP (the ordinate). After plasmid
transfection, Hela/eGFP654 cells showed heterogeneous expression of mutant dynamin
reflected by the pattern of RFP expression in flow. In Fig. 4B, the population of cells in Q2
and Q4 expressed DN-dynamin-RFP, while the population in Q1 and Q3 did not. Induction
of eGFP by L2K/SSO or PEI/SSO complexes was similar between the mutant dynamin
transfected and untransfected cells (Fig. 4B), confirming that functional delivery of SSOs by
lipoplexes or polyplexes does not require dynamin function.

Caveolin is not required in functional delivery of SSO via L2K or PEI complexes

Caveolin is a scaffolding protein within caveolae membranes and plays a key role in the
caveolar endocytosis pathway [22]. To examine whether caveolin plays a role in functional
delivery of SSOs via by lipoplexes and polyplexes, DN caveolin linked to RFP was
expressed into Hela/eGFP654 cells. These cells were then treated with the lipoplexes or the
polyplexes of the SSO, and examined by flow cytometry for expression of mutant caveolin
(the abscissa) and functional expression of eGFP (the ordinate). After plasmid transfection,
Hela/eGFP654 cells showed heterogeneous expression of mutant caveolin reflected by the
pattern of RFP expression in flow. In Fig. 5B, eGFP induction by L2K/SSO or PEI/SSO
complexes was similar between the mutant caveolin transfected and untransfected cells,
indicating that functional delivery of SSO by lipoplexes or polyplexes does not involve
caveolin function.

Temperature-dependent delivery of SSO via L2K or PEI complexes

The effect of temperature on functional delivery of the SSO lipoplexes or polyplexes was
examined by transfecting Hela/eGFP654 cells at 4, 25, 30, or 37°C. Functional eGFP
induction by PEI/SSO was greatly reduced at 4°C (less than 4% of the expression level
compared to that at 37°C), and the induction increased gradually until it reached a maximum
at 37°C (Fig. 6A). In contrast, L2K/SSO lipoplexes produced relatively high induction at
4°C (the expression level was over 40% of that at 37°C), and the highest induction was
achieved at 30°C, which was 1.7-fold higher than that at 37°C (Fig. 6A). Confocal imaging
was performed to examine the intracellular distribution of the SSOs after the treatment of
L2K/SSO-Tamra for 2 hours at these temperatures. The images in Fig. 6B showed that at
25°C and 30°C, the SSO-Tamra delivered by L2K entered the nucleus in large amount
within 2 hours.

Pharmacological inhibition of functional delivery in A375/eGFP654 cells

In order to test whether the novel internalization modes for non-viral delivery of SSOs are
general mechanisms, A375/eGFP654 cells were treated with the same formulations of the
SSO lipoplexes and polyplexes. Both SSO complexes produced abundant transfection in
A375/eGFP654 cells, and the transfection efficiency were 39% and 27% for the SSO
lipoplexes and polyplexes, respectively, which were similar to those obtained in Hela/
eGFP654 cells. The effects of pharmacological inhibitors on functional delivery of the SSOs
in A375/eGFP654 cells were similar to those in Hela/eGFP654 cells (Fig. 7). For example,
treatment of methyl-B-CD nearly abolished the functional eGFP induction by lipoplexes in
both cell lines. However, treatment of chlorpromazine or cytochalasin D produced moderate
reduction in functional eGFP induction in A375/eGFP654 cells (Fig. 7), indicating that the
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clathrin pathway partially contribute to the functional delivery of SSO lipoplexes in A375/
eGFP654 cells, but not in Hela/eGFP654 cells.

Discussion

This study began with elucidating how cellular uptake and intracellular distribution
determine the pharmacological responses of oligonucleotides delivered via lipoplexes or
polyplexes. In both delivery modes, high uptake is a prerequisite for the robust induction of
the reporter gene, as indicated in Fig. 1A. However, uptake is not the only factor that
governs the effectiveness of the oligonucleotides. Effective trafficking to the site of action,
the nucleus in this case, is a more critical determinant, as observed in Fig. 1B. A previous
study on lipoplex-based siRNA delivery showed that only 5% of siRNAs that are delivered
into cells by lipoplexes are responsible for the gene knockdown [15]. In contrast, the amount
of the SSOs in the nucleus accounts for the greater part of the total intracellular
oligonucleotides after both L2K/SSO and PEI/SSO transfections, as observed from the
confocal images in Fig. 1B. This might indicate that cationic carriers may be superior
delivery systems for single-strand antisense oligonucleotides compared to the siRNAs in
terms of effective trafficking to intracellular action sites.

It is important to define the internalization pathways that lead to efficient functional delivery
of oligonucleotides assisted by the cationic carriers. Lipoplexes of the oligonucleotides enter
the cells via a combination of endocytotic and non-endocytotic pathways, and the latter
process may occur through direct membrane fusion in the plasma membrane regions with
high content of cholesterol. Clathrin and actin inhibitors did not affect the functional
delivery of lipoplexes of the SSOs greatly, whereas methyl-p-CD, capable of removing
cholesterol from the plasma membrane, blocked the nuclear entry of the SSOs, and
abolished reporter induction (Fig. 2). Although cholesterol depletion can also disrupt
caveolae-dependent endocytosis [23], genetic inhibition of caveolin and dynamin, both of
which are required in caveolar pathway [24], failed to reduce the effectiveness of SSOs’
lipoplexes (Figs. 4 and 5), which rules out the involvement of this pathway in functional
delivery of SSOs via lipoplexes. Furthermore, lipoplex-based delivery of SSOs showed the
best transfection at 30 °C instead of 37 °C (Fig. 6A), indicating this delivery may not be an
active process such as endocytosis. In conclusion, the results in the current study support the
concept that a membrane fusion mechanism is responsible for the functional delivery of
antisense oligonucleotides via lipoplexes [15].

The study also demonstrated that the SSO polyplexes undergo an internalization pathway
that is different from that for the lipoplexes. Methyl-B-CD only reduced the uptake and
effectiveness of PEI/SSO polyplexes moderately, so did the clathrin and actin inhibitors
(Fig. 3). Genetic inhibition of dynamin or caveolin failed to diminish the effectiveness of
SSO polyplexes (Figs. 4 and 5). Furthermore, functional delivery increased gradually with
temperature until reaching a maximum at 37 °C (Fig. 6), which is consistent with an active
endocytosis process. Collectively, SSO polyplexes may arrive at the site of action via a
combination of multiple noncaveolar and clathrin-independent pathways. This is the first
study that demonstrated that cationic lipoplexes and polyplexes utilize different mechanisms
to deliver oligonucleotides to their sites of action within cells. In both delivery modes,
endocytosis contributes to the total cellular uptake of oligonucleotides, but only leads to
functional delivery in PEI-mediated delivery. This may result from the effective endosomal
release of the oligonucleotides in PEI polyplexes via the “proton sponge” effect [25], and
this property may also lead to the superior correlation between cellular uptake and functional
response for the delivery via PEI polyplexes (Fig. 1A). The internalization pathway of the
PEI/SSO polyplexes is also different from that of the PEI/DNA polyplexes, which largely
depends on the caveolar pathway [11-13]. The SSO polyplexes have a mean particle size of
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336 nm, whereas PEI/DNA polyplexes are much larger with a particle size of about 1000
nm [13]. Therefore, the disparity may be due to the different sizes of the PEI polyplexes.

The finding that effectiveness of the SSO lipoplexes depends on direct membrane fusion
rather than endocytosis suggests that internalization of nucleic acids complexed into
lipoplexes largely depends on the sizes of the cargo molecules. Early studies have indicated
that lipoplexes of plasmid DNA undergo some form of endocytosis, though the reports have
disagreed on the exact endocytosis pathways [11, 12, 14]. More recently, correlation
between membrane permeability and biological transfection of DNA lipoplexes and
polyplexes was examined by using two-color flow cytometry [26]. It has been found that
cell membrane porosity caused by polycationic carriers does not enhance functional delivery
of DNA and is actually an undesired side effect that limits transfection efficiency [26]. On
the other hand, a study on lipoplex-based siRNA delivery supported a non-endocytotic
mechanism for functional delivery of smaller oligonucleotide molecules [15]; this is further
supported by the current study. This disparity may result from the fact that the size of the
pores created in membrane fusion is only big enough for smaller oligonucleotides to pass.
Biophysical methods are needed to examine the physical processes of the membrane fusion
involving functional delivery of oligonucleotides.

Direct membrane fusion as an internalization mechanism may benefit the functional delivery
of oligonucleotides because this may avoid the endosomal release step, the rate-limiting step
for many gene and siRNA delivery strategies [27]. Whether the oligonucleotides are still
coupled with delivery reagents after internalization is still unknown. However, extensive
nuclear staining after treatment of SSO lipoplexes was observed within an hour (data not
shown) and nuclear entry of whole lipoplexes is unlikely because of the size-limited entry
through nuclear pores [28]. This evidence favors the notion that the oligonucleotides are free
of the lipids after cellular uptake. On the other hand, nuclear entry of the SSOs delivered by
PEI polyplexes was much slower compared to L2K/SSO (data not show), which possibly
indicated that PEI/SSO entry is mediated by endocytosis which requires an extra step of
endosomal release. In spite of the slow onset, a large part of the oligonucleotides delivered
by PEI was released from the endosome and accumulated in the nucleus after 24-hour
culture as observed in Fig. 1B, possibly via the “proton sponge” effect [25].

In conclusion, this study showed polycationic carriers are suitable delivery systems for
cellular delivery of antisense oligonucleotides. The mechanistic study revealed that the
SSOs delivered by lipoplexes enter the cells largely by membrane fusion and this
mechanism also account for the functional induction of the target gene, whereas PEI/SSO
polyplexes are internalized by unconventional endocytosis pathways that do not require
dynamin and caveolin functions. These mechanisms may help rationally design novel
delivery systems and also help understand the toxicity associated with these delivery
systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SSO splice-shifting oligonucleotide
eGFP enhanced green fluorescence protein
RFP red fluorescence protein
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Fig. 1.

Relationship between cellular uptake and functional induction of SSOs in Hela/eGFP654
cells. After 4-hour transfection followed by 24-hour culture, the accumulation of SSO-
Tamra (the abscissa) and induction of eGFP (the ordinate) in Hela/eGFP654 cells were
analyzed with flow cytometry (A), and the cellular distribution of SSO-Tamra (red) and
induction of eGFP (green) were observed with a confocal microscope (B).
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Fig. 2.
Effects of pharmacological inhibitors on uptake (A), functional induction (B and C), and
cellular distribution (D) of SSOs delivered to Hela/eGFP654 cells by L2K lipoplexes. C.
After pre-incubation with methyl-B-CD for 1 hour, Hela/eGFP654 cells were treated with
L2K/SSO-Tamra lipoplexes in the presence (Co-treated) or the absence (Pre-treated) of the
inhibitor for 4 hours, the eGFP induction was measured by flow cytometry after 24 hours. In
A-C, the results are normalized based on cells receiving no inhibitor (Control) as 100% and
represent means and standard deviations of triplicate determinations.
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Effects of pharmacological inhibitors on uptake (A) and functional induction (B) in Hela/
eGFP654 by PEI polyplexes. Results are normalized on cells receiving no inhibitor

(Control) as 100% and represent means and standard deviations of triplicate determinations.

*** < 0.001, ** p<0.01 and * p < 0.05 compared with control.

J Control Release. Author manuscript; available in PMC 2012 July 15.

*%k

S

-100

g
(lo43u09 J0 %)

Aouaia13 uopIsysuel |



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Ming et al.

Page 15

A. Uptake
DynDN-GFP

L2K

eGFP

= . , ' NN S———
' 0

e T TS 0 !

T T
03

N-RFP'

0 0 ar

DynDN-RFP

Fig. 4.

Effects of DN dynamin on cellular uptake (A) and functional induction (B) by SSO
lipoplexes or polyplexes. A. Hela/eGFP654 cells were transfected with DN-dynamin-eGFP,
and then were treated with transferrin-Alexa-594, the lipoplexes or the polyplexes of SSO-
Tamra, and observed by confocal microscopy. B. Hela/eGFP654 cells were transfected with
DN-dynamin-RFP. These cells were then treated with the lipoplexes or the polyplexes of the
SSOs, and examined by two-color flow cytometry for expression of mutant dynamin (the
abscissa) and functional expression of eGFP (the ordinate).
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Effects of DN caveolin on functional induction of SSO lipoplexes or polyplexes. Hela/
eGFP654 cells were transfected with DN-caveolin-RFP, and were then treated with the
lipoplexes or the polyplexes of the SSOs, and examined by two-color flow cytometry for
expression of mutant caveolin (the abscissa) and functional expression of eGFP (the

ordinate).
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Effects of temperature on functional induction of the SSO lipoplexes and polyplexes. A.
Hela/eGFP654 cells were transfected at the indicted temperatures, and the induction was
measured with flow cytometry. Results are normalized based on cells treated at 37 °C as
100% and represent means and standard deviations of triplicate determinations. B. After
transfected for 2 hours at specified temperatures, Hela/eGFP654 cells were washed and
observed by confocal microscopy for the extent and subcellular distribution of the
fluorescent molecules.
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Fig. 7.

Effects of pharmacological inhibitors on functional induction by L2K lipoplexes (A) and
PEI polyplexes (B) in A375/eGFP654 cells. Results are normalized based on cells receiving
no inhibitor (Control group) as 100% and represent means and standard deviations of
triplicate determinations. *** p < 0.001, ** p < 0.01 and * p < 0.05 compared with control.
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Table 1

Characterization of lipoplexes and polyplexes. Results are expressed as mean + SD (n = 3-5)

Particle Size (nm)  Zeta Potential (mV)

Lipoplexes 869.6 + 83.0 —28.8 £+ 2.4
Polyplexes 335.6+5.9 258+15
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