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Abstract

Despite the importance of siRNA delivery systems, understanding of their intracellular fate
remains elusive. We recently developed a multi-component siRNA nanocomplex to deliver sSiRNA
to hepatic stellate cells (HSCs). The objective of this study is to study post internalization
trafficking of this SiRNA nanocomplex and its multiple components like siRNA, protamine, and
streptavidin, in HSCs. After internalization, the nanocomplex entrapped in early endosomes
undergoes three possible routes including endosomal escape, exocytosis, and entrapment in
lysosomes. Significant amount of siRNA dissociates form the nanocomplex to exert silencing
activity. After escaping from endosomes, protamine dissociates from the nanocomplex and stays
inside the cytoplasm. Golgi complex plays an important role in exocytosis of the nanocomplex.
We also demonstrate that exocytosis is one of the major reasons accounting for the transient
silencing activity of nonviral siRNA delivery. Incorporation of exocytosis inhibitors in nonviral
SiRNA delivery systems may extend the silencing activity of siRNA.

Graphical Abstract

Although endocytosis of nanocarriers has been extensively studied, intracellular trafficking and
exocytosis of nanocarriers have always been elusive and ignored. Previously, we developed a
multi-component streptavidin-based siRNA nanocomplex to deliver the PCBP2 siRNA into rat
hepatic stellate cells (HSCs). The study aims to utilize confocal microscopy and flowcytometry to
precisely study the intracellular trafficking of each of the major components, including the siRNA,
protamine, and streptavidin of the nanocomplex. Our studies particularly indicate the importance
of exocytosis in nonviral siRNA delivery systems. We demonstrate that exocytosis is one of the
major reasons for the transient silencing activity of nonviral siRNA delivery. Therefore, further
study and understanding of the exocytosis of nanocarriers may provide new insights for improving
nanoscale drug delivery systems.
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Background

Over the past decade, RNA interference (RNAI) has emerged as a powerful therapeutic
modality to knockdown genes associated with various diseases that are un-targetable by
small molecule drugs.l‘3 Despite tremendous progress and interest in this field, the
therapeutic promise of RNAI in humans has been limited due to the absence of effective
delivery systems.4v > To exert its therapeutic action, SiRNA needs to overcome a number of
biological barriers before it can enter cell cytoplasm.e‘8 Non-viral delivery systems, such as
bio-conjugates, liposomes, cationic peptides/polymers, and several other types of
nanoparticles have been extensively investigated because of their safety.g‘11

Most recently, we developed a streptavidin-based nanocomplex for the delivery of the
PCBP2 siRNA and named it as SSCP (siRNA, Streptavidin, Cholesterol and Protamine)
nanocomplex.lzv 13 However, the precise mechanism underlying the SSCP mediated siRNA
delivery is not fully understood. We previously observed that cellular uptake of the SSCP in
hepatic stellate cells (HSCs) depends on the presence of positively charged protamine and
cholesterol, which facilitates LDLR (Low Density Lipoprotein)-mediated endocytosis. In
addition, a cleavable disulfide bond between siRNA and biotin is essential for its silencing
activity. It has been proven that disassembly of multi-component siRNA nanocomplex inside
cells is critical to facilitate the assembly of SiRNA into RNAI machinery.14 We therefore
raised several questions, such as what are the respective fates of the different components of
the SSCP nanocomplex inside the cells. Once internalized, how efficiently the SiRNA is
released from the nanocomplex? Whether the nanocomplex is able to escape from
endosomes? Answering these important queries could provide vital clues for further
improvement of the streptavidin-based siRNA nanocomplex for liver fibrosis.

The importance of delivery in the therapeutic application of SiRNA has long been realized,
but analysis of the intracellular fate of SIRNA delivery systems still remains elusive.
Recently, the role of exocytosis on siRNA delivery has been explored.lS’ 16 Internalized
SiRNA nanoparticles could be exocytosed by non-secretory exosomes, and there are a
number of possible recycling routes for sSiRNA namoparticles.l(;J Several strategies such as
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elemental analysis have been utilized to study the intriguing phenomenon of endocytosis and

exocytosis of nanoparticles.ﬂ' 18 By contrast, fluorescence microscopy and fluorescence

tracking are the most accepted methods that can provide both qualitative and quantitative
.16

analysis

In this study, we utilized confocal microscopy and flowcytometry to precisely study the
intracellular trafficking of the major components, including the siRNA, protamine, and
streptavidin of the siRNA nanocomplex in HSC-T6 cells. Each of the components were
labeled with a different fluorescent dye. Exocytosis of the siRNA nanocomplex was also
studied.

Streptavidin and BCA protein assay kit were obtained from Pierce (Rockford, IL).
Protamine sulfate (salmon X grade) was purchased from Sigma-Aldrich (St. Louis, MO).
Alexa Fluor® 350 succinimidyl esters (NHS esters) and Streptavidin-Alexa Fluor 350
conjugate was purchased from Life Technologies (Grand Island, NY). Cell culture medium,
Lipofectamine-2000, PCBP2 siRNA (sense sequence 5'-
GUCAGUGUGGCUCUCUUAU-3), negative control siRNA, and Alexa Fluor 647-siRNA
were purchased from Invitrogen (Carlsbad, CA). Sephadex G-15 was obtained from GE
healthcare life sciences (Pittsburgh, PA). Biotin siRNA was purchased from Gene Pharma
(Shanghai, China). Alexa Fluor 647 was conjugated to the 5’ end of the siRNA antisense
strand, while biotin was conjugated to the 3’ end of the siRNA sense strand. RAB5 antibody
(rabbit 1gG), goat anti-rabbit IgG (H+L) secondary antibody (Alexa Fluor® 488 conjugate)
and BODIPY® FL Cs-Ceramide complexed to BSA were purchased from Thermo Fisher
Scientific (Waltham, MA).

Fluorescent Labeling of Protamine

Protamine was labeled with Alexa Fluor 350 dye using succinimidyl ester (NHS) chemistry
according to manufacturer’s instruction. Briefly, protamine was diluted in 0.1 M sodium
bicarbonate (pH ~8) and reacted with the dye in a mole ratio of 1:3 (protein:dye). The
labeled protamine was purified by Sephadex G-15 column using PBS as the elution buffer.
The concentration of protamine was determined using a BCA assay because protamine lacks
the aromatic amino acids like tyrosine, phenylalanine and tryptophan that can absorb UV
light at 280 nm*°. Labeling efficacy was calculated using the formula:

[ As46] * Dilution Factor
¢ x Protein Conc. (M)

Moles dye per mole protein=

Where, & = 19,000 cm™1 M~1 (approximate molar extinction coefficient of Alexa Fluor 350
at 346 nm).
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Preparation of Streptavidin-Based siRNA Nanocomplex

The multi-component SSCP nanocomplex was prepared as we reported.12 Briefly, biotin
SiRNA containing a disulfide linker in the 3’ end of the sense strand and Alexa Fluor 647 in
the 5’ end of the antisense strand was mixed with streptavidin and biotin-cholesterol in a
2:1:2 molar ratio. The complex was incubated at room temperature for 10 min and then
condensed with protamine to form the SSCP nanocomplex. Particle size and zeta potential of
the nanocomplex were measured using a Malven Zetasizer Nano ZS. For intracellular
trafficking study, Alexa Fluor 350-labeled streptavidin and protamine were used along with
the Alexa Fluor 647-labeled siRNA.

Cell Culture and SSCP Uptake Study

The rat hepatic stellate cell line (HSC-T6) was kindly provided by Dr. Scott L. Friedman
(Mount Sinai School of Medicine, New York University). HSC-T6 cells were cultured in
DMEM supplemented with 10% FBS, 100 units/mL penicillin streptomycin at 37 °C in a
humidified atmosphere containing 5% CO». The cells were seeded in Nunc Lab-Tek Il
Chambered Cover glasses (Fisher Scientific; Pittsburgh, PA) at a density of 1x104 cells/well
as described previously.lv 13,20 The SSCP nanocomplex was added to each well along with
OptiMEM at a final concentration of 100 nM siRNA. The cells were then incubated for
different time periods to evaluate cellular uptake. On the completion, the cells were fixed
with 10% formalin buffer and examined under a confocal microscope (Leica TCS SP5). To
investigate endosome entrapment of the SSCP nanocomplex, the cells were washed with
DPBS and incubated with 150 nM lysotracker red in Opti-MEM for 15 min. Images were
taken at 40X with 3.0 zoom and 6.0 zoom.

Assessment of Cellular Uptake Using Flow Cytometry

HSC-T6 cells were seeded in 24-well plates at a density of 25,000 cells per well 12 h before
transfection. The cells were transfected with the SSCP nanocomplex or Lipofectamine-2000
containing Alexa Fluor 647-labeled siRNA for different time periods as described above.
The cells were then washed with DPBS, trypsinized, and subjected to fluorescence analysis
using a BD FACS Il Flow Cytometer (Bectone Dickinson Instruments, Franklin Lakes, NJ).

Exocytosis and Cellular Recycling of the SSCP Nanocomplex

Alexa Fluor 647-labeled siRNA was utilized to prepare the SSCP complex. In this study, the
final sSiRNA concentration was maintained at 50 nM because the major purpose of this study
was to monitor the siRNA recycling and exocytosis and excessive labeled siRNA might give
false positives.15 Five thousand HSC-T6 cells per well were seeded in 96 well plates and
transfected with the SSCP nanocomplex diluted in OptiMEM. In one group, the medium
was collected at 3, 6, 12, and 24 h post-transfection to evaluate exocytosis. In another group,
the cells were transfected with the SSCP nanocomplex for 6 h, followed by replacement
with fresh medium. The fresh medium was then collected at 1, 3, 6, 18, 21, and 24 h to
determine the fluorescence of exocytosed siRNA. Fluorescence of the collect media was
measured using a multimode fluorescence detector.

To further investigate the nature of exocytosed siRNA in the medium, we developed a
method to determine whether the exocytosed siRNA is still entrapped inside the
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nanocomplex or simply in a free form. Briefly, the harvested media containing exocytosed
SiRNA were treated with heparin to release siRNA from the nanocomplex. By comparing the
fluorescence intensity before and after the heparin treatment, we can determine the fraction
of free siRNA in the exocytosed samples. Briefly, we incubated the nanocomplex prepared
in OptiMEM with various heparin concentrations (10, 20 and 40 uM) to understand the
extent of fluorescence quenching by complexation and OptiMEM. After optimizing the
concentration and incubation time of heparin, we again performed exocytosis study by
treating the HSC-T6 cells as described above and collected medium at various time points
after 6 h incubation with the SSCP. Followed by replacement of fresh medium and
subsequent collection of medium at different time points, we incubated collected medium
with or without heparin for 30 min to analyze the nature of sSiRNA exocytosed. Exocytosis
was also evaluated in the presence of two exocytosis inhibitors, Exol and Brefeldin Al

Early Cellular Trafficking of the SSCP Nanocomplex

Results

HSC-T6 cells were transfected with the SSCP nanocomplex containing Alexa Fluor 647-
siRNA for 1h. One group of the cells were immediately washed and fixed with 10%
formalin, followed by staining with the early endosome marker (Rab5 antibody). For the
second group of the cells, the transfection medium was replaced with fresh culture medium
and incubate for another 1 h before fixation with 10% formalin and staining with Rab5
antibody. Alexa Fluor® 488 conjugate secondary antibody was added to visualize early
endosomes under confocal microscope.

Since Trans-Golgi Network (TGN) plays a vital role in the recycling of nanoparticles, we
also stained the Golgi complexes using BODIPY-FL C5 ceramide as per manufacturer’s
protocol. Pearson’s correlation coefficient for co-localization of SiRNA with early
endosomes or Golgi was calculated by using image J software and JACOP plugin.

Preparation of the SSCP Nanocomplex Containing Alexa Fluor Labeled Components

To monitor cellular uptake, intracellular trafficking, endosomal entrapment and release of
free siRNA into the cytosol, we prepared the SSCP nanocomplex containing the PCBP2
SiRNA labeled with Alexa Fluor 647. The Alexa Fluor dyes were selected because of their
pH independence and excellent photo—stability.14 As we reported before, the SIRNA,
streptavidin, and cholesterol were mixed in a molar ratio of 2:1:2, followed by condensation
with protamine (N/P 10:1) to form the SSCP siRNA nanocomplex.12 The nanocomplex has
a uniform mean size of 230 nm with a PDI smaller than 0.15. Zeta potential of the
nanocomplex is approximately 23 mV. Fluorescent-labeled streptavidin and protamine were
used for the SSCP nanocomplex preparation to evaluate cellular uptake and intracellular
trafficking.

Cellular Uptake of the SSCP Nanocomplex

Successful delivery of siRNA using the streptavidin-biotin technology has motivated us to
further investigate the intracellular fate of the different components in the nanocomplex,
which will provide important insight to further improve the efficacy of the system. In our
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previous study, we hypothesized that the SSCP nanocomplexes, once internalized, can
escape from endosomes due to the presence of multiple arginines in protamine.22 After
endosomal escape, the SSC (siRNA, Streptavidin and Cholesterol) complex releases sSiRNA
in the cytoplasm upon cleavage of the disulfide linker between siRNA and biotin. The free
siRNA is then incorporated in the RISC pathway and exert its silencing activity.

Confocal microscopy and flowcytometry were utilized to investigate uptake of the SSCP
nanocomplex. First, HSC-T6 cells were transfected with the SSCP nanocomplex containing
Alexa Fluor 647-labeled siRNA for 0.5, 1, 3, 6 and 24 h. As shown in Figure 1A, the SSCP
nanocomplex rapidly enters the cells and reaches its highest uptake at 6 h post-transfection.
Nearly all the cells were transfected with the SSCP nanocomplex at 6 h. LysoTracker® was
used to evaluate lysosome entrapment of the siRNA. LysoTracker® is a highly specific, one-
step staining dye for acidic organelles and widely employed to track Iysosomes.23 As the
merged images illustrated (Figure 1A), only a very small amount of the sSiRNAs were
entrapped in late-endosomes/lysosomes between 0.5 and 6 h post-transfection. Moreover,
majority of the siRNAs were localized in the cytoplasm and few translocated into the
nucleus at 3 and 6 h post-transfection. However, there was a significant decrease in cellular
uptake at 24 h post-transfection where siRNAs were mainly located in the cytoplasm as
clustered aggregates at the perinuclear space localized with lysosomes. Pearson correlation
coefficients for the co-localization of siRNA and lysosomes are 0.265, 0.432 and 0.683 at 3
h, 6 h and 24 h respectively, indicating time-dependent accumulation of siRNA in
lysosomes.

Using the same method, we studied cellular uptake of the siRNA using Lipofectamine-2000
(Figure 1B). The resulting confocal images indicate a slow but continuous increase in
cellular uptake up to 24 h post-transfection, and only a small fraction of them were
entrapped in lysosomes. Compared to Lipofectamine-2000, the SSCP nanocomplex exhibits
a faster and more uniform uptake of sSiRNA in HSC-T6 cells.

We next compared transfection efficacy of the SSCP nanocomplex and Lipofectamine-2000
in HSC-T6 cells using flowcytometry. As shown in Figure 2A&B, nearly all cells were
transfected with the SSCP nanocomplex at 3 and 6 h post-transfection, indicating a fast and
efficient cellular uptake of the SSCP. On the contrary, the transfection efficacy of
Lipofectamine-2000 was lower at early time-points but higher at 24 h post-transfection as
compared to SSCP (Figure 2B). The fluorescence intensity results at 3 and 6 h post-
transfection (Figure 2C) reveal that the SSCP nanocomplex is able to deliver siRNAs into
the cells at a much faster rate than Lipofectamine-2000. However, the fluorescence intensity
in SSCP treated cells decreases at 24 h post-transfection. These results are consistent with
our confocal images (Figures 1A&B) where a decrease in fluorescence intensity was
observed at 24 h post-transfection. The differences in the uptake kinetics of
Lipofectamine-2000 and SSCP could be due to their different chemical nature.

Subcellular Distribution of Different Components of the SSCP Nanocomplex

Confocal microscopy was used to further investigate subcellular distribution of different
components (streptavidin, siRNA, and protamine) of the SSCP. HSC-T6 cells were
transfected with the SSCP nanocomplex containing Alexa Fluor 647-labeled siRNA (far-red)
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and Alexa Fluor 350-labeled protamine (blue) for 1, 3, 6 and 24 h. As Figure 3A illustrates,
a small percentage of the siRNAs in the cytoplasm are co-localized with protamine
(indicated with yellow arrows) at early time points, while majority of the siRNA are co-
localized with protamine in lysosomes at 24 h post-transfection (indicated with white
arrows). We observed that fraction of the siRNA can be delivered into the nucleus without
protamine co-localization (Figure 3A). This result indicates that protamine only acts as cell
penetrating peptide in internalization. It dissociates from the SSCP inside the cells and
slowly translocate to perinuclear space and other parts in the cytoplasm, while a small
amount of the siRNAs transit into the nucleus.

We next evaluated subcellular trafficking of streptavidin in HSC-T6 cells. Alexa Fluor 350-
labeled streptavidin (blue) was used in the SSCP nanocomplex along with Alexa Fluor 647-
labeled siRNA (red). As shown in Figure 3B, streptavidin is localized with siRNA in the cell
cytoplasm at all time points. However, streptavidin shows variable co-localization with
lysosomes. Streptavidin distributes in the cytoplasm at early time points (1 and 3 h) with
negligible co-localization with lysosomes, but co-localization increases (indicated with
yellow arrows) at 6 and 24 h post-transfection. The merged images of streptavidin and
siRNA (Figure 3B) illustrate that majority of SiRNAs are in the cytoplasm and few of the
siRNAs are co-localized with streptavidin inside lysosomes, suggesting incomplete release
of SSCP from endosomes at extended time points or reuptake of nanocomplex by lysosomes
(indicated by yellow arrows).

Exocytosis and Cellular Recycling of the SSCP Nanocomplex

Confocal microscopy and flow cytometry results (Figures 1-4) suggest that SSCP can
rapidly and efficiently deliver siRNA into the HSC-T6 cells at early time points, but cellular
uptake of the siRNA is reduced at 24 h post-transfection. This is accordance with other
reports showing transit silencing activity of synthetic siRNA. Degradation and dilution of
internalized siRNAs during cell division are generally believed the major reasons for the
transit activity. Recently, the role of exocytosis on siRNA delivery has been explored.lsv !
We hypothesized that the transit activity of synthetic SiRNAs could be partially due to
exocytosis. Exocytosis of SSCP containing Alexa Fluor 647-labeled siRNA was therefore
evaluated in HSC-T6 cells. As depicted in Figure 4A, fluorescence intensity of the medium
constantly decreases till 6 h post-transfection, indicating a rapid uptake of the nanocomplex
into the cells where the rate of endocytosis exceeds exocytosis. However, fluorescence
intensity of the medium starts increasing after 6 h, suggesting that exocytosis of the SSCP
nanocomplex dominates the endocytosis/exocytosis kinetics.

6

To further investigate whether exocytosed siRNAs are still complexed with the carrier, we
treated the medium with heparin to dissociate encapsulated siRNAs. We first studied the
fluorescence quench effects of nanocomplex and cell culture medium (OptiMEM) on the
fluorescence intensity of Alexa Fluor 647-labled siRNA. As Figure 4B shows, formation of
SSCP nanocomplex reduces fluorescence intensity of the siRNA. Similar quench effect was
also observed in the addition of OptiMEM medium (data not shown). Incubation of SSCP
with 40 UM heparin dissociate siRNAs from the nanocomplex and reverses the quench effect
of the nanocomplex and OptiMEM. Figure 4B also shows that incubation of SSCP with 40
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UM heparin for 30 min can completely dissociate sSiRNAs form the nanocomplex. After
transfection with the SSCP nanocomplex for 6 h, HSC-T6 cells were washed and incubated
with fresh medium. The media were then collected at different time intervals, and the
fluorescence intensity was detected after incubation with 40 pM heparin for 30 min (Figure
4C). Without heparin treatment, fluorescence intensity of the medium increases with time
and reaches the highest value at 18 h post-incubation. The heparin treated samples exhibit
the same trend of the fluorescence intensity. However, heparin treatment significantly
increases the fluorescence intensity of all exocytosed samples, indicating that significant
amount of the exocytosed siRNA are still complexed with the SSCP nanocomplex. This
result suggests a significant amount of intracellular sSiRNAs are exocytosed, leading to the
low concentration of the siRNA in the cells at 24 h post-transfection. We next investigated
whether exocytosis of SSCP is mediated the Golgi recycling pathway. Two Golgi recycling
inhibitors, Exo-1 and Brefeldin A,21 were used in this study. As Figure 4D illustrates,
exocytosis of the sSiRNA nanocomplex is dramatically inhibited by the treatment of Exol or
Brefeldin A, suggesting the important role of Golgi recycling pathway in the the exocytosis
of the siRNA nanocomplex.

SSCP Mediated Gene Silencing

Figure 5 illustrates gene silencing activity of the SSCP in HSC-T6 cells. Silencing activity of
PCBP2 siRNA is compared with a scrambled siRNA (negative control, NC) using the same
nanocomplex. SSCP rapidly induces approximately 75% silencing of the PCBP2 gene at 6
hr post-transfection. The silencing activity reaches the highest level (80%) at 12 hr post-
transfection and then decreases with time (Figure 5). This trend is in accordance with
cellular uptake results (Figure 2) and our previous findings, which exhibit a similar time-
dependent silencing activity using Lipofectamime.lv 24 There could be four possible reasons
of this decreased silencing activity: i) saturation of cellular uptake and silencing machinery;
ii) sSiRNAs entrapped in late endosomes undergo degradation in lysosomes; iii) cellular
recyclingsof nanocomplex; and iv) cell division as the classic example of transient silencing
activity

Although only a small amount of siRNA/streptavidin complexes are entrapped in lysosomes
at extended time intervals, release of the entrapped siRNA can improve the silencing activity
because even a small amount of siRNA in the cytoplasm can exhibit activity.26 We therefore
studied the effect of endosome disrupting agents like chloroquine on the silencing activity of
SSCP. We transfected the cells with the SSCP nanocomplex in the presence of chloroquine
at 100 uM. As shown in Figure 6A, chloroquine treatment increases silencing activity of the
nanocomplex, suggesting that lysosomal entrapment is one of the reasons accounting for low
silencing activity at 24 and 48 h post-transfection. Chloroquine acts by swelling endosomes
and lysosomes and neutralizing their pH. In Figure 6B, confocal images reveal that after
chloroquine treatment siRNA intensity increases in the cytoplasm with numerous swollen
lysosomes (indicated by arrow).

Early Cellular Trafficking of the SSCP Nanocomplex

We also examined how the SSCP nanocomplex traffics inside the cells after one-hour
transfection. Both early endosomes and Golgi complex were stained to examine how the
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siRNAs traffic in these organelles. As Figure 7A illustrates, one hour after the transfection, a
significant amount of the siRNAs are entrapped inside early endosomes (indicated with
white arrows). However, after two hours, nearly all the siRNAs escapes from early
endosomes. Pearson’s correlation coefficient for co-localization of SiRNA with early
endosome was 0.187 and 0.045 at 1 h and 2 h respectively. Figure 7B illustrates co-
localization of the siRNAs with Golgi complex inside the cells. One hour after the
transfection, negligible siRNAs are localized in the Golgi complex. By contrast, more
siRNAs are co-localized with the Golgi complex 2 h post-transfection (indicated with white
arrows), suggesting that a fraction of the siRNAs translocate into the Golgi complex for
recycling as time elapses. Pearson’s coefficient for co-localization of siRNA with Golgi
complex was 0.044 and 0.185 at 1 h and 2 h respectively.

Discussion

Despite the tremendous interest in using siRNA as therapeutics, efficient delivery still
remains the major obstacle to fully exploit the therapeutic potential of siRNA.5v 8 To
overcome the various biological barriers /n vivo, an efficient sSiRNA delivery system should

. . . 10727 .
contain multiple components to address these challenges simultaneously.” = The multiple
components in the system should not interfere with the silencing activity of siRNA. Our
previous work has demonstrated that the SSCP nanocomplex can safely and efficiently
deliver siRNA via receptor-mediated uptake.12 However, it is not clear how these multiple
components dissociate and traffic inside the cells. Understanding behaviors of the multiple
components and siRNA inside the cells is fundamental to further improve its efficacy for
future /n vivo studies. Recently there has been an increasing interest in studying the

. : . 1516 28 29 o

extravasation or exocytosis of nanocarriers.”™ " "+ 7 As a result, we studied intracellular
trafficking of each of the components of the siRNA nanocomplex using confocal microscopy
and flowcytometry.

Based on the findings of this study, we hypothesize an intracellular trafficking mechanism of
the multi-component SSCP nanocomplex in HSC-T6 cells. As Figure 8 illustrates, SSCP is
first entrapped in early endosomes and commutes intracellularly through three possible
routes: 1) the early endosomes are recycled through Trans Golgi network or recycling
endosomes; 2) the endosomes undergo endosome maturation to lysosomes; 3) SSCP escapes
from the early endosomes, and protamine dissociates from the SSCP nanocomplex to form
the SSC complex, which releases free siRNA by the action of glutathione reductase in the
cytoplasm. This is in accordance with a recent study reporting similar recycling pathways
for nanoparticles.30 Significant amount of siRNA rapidly dissociates from the SSCP
nanocomplex and distributes in the cell cytoplasm to exert silencing activity. As time
elapses, protamine is either co-localized with SSC in lysosomes or stays free in the
cytoplasm (Figure 3A). A fraction of the siRNA translocate into the nucleus, which is in
accordance with a previous report.31 A very small fraction of the sSiRNA remains complexed
with streptavidin and entrapped in lysosomes. A significant amount of SiRNA and
nanocomplex are exocytosed, which may explain the transient silencing activity of synthetic
SiRNA delivered by nonviral vectors.
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Due to its high arginine content (~67%) and inherent characteristics to condense nucleic
acids, protamine has been widely used to enhance the complexation of siRNA in delivery

12 32.35 |, . . S ..
systems.” ™ It is known that peptides containing high arginine content promote not only
cellular internalization but also nuclear entry of its cargo through the nuclear pore complexes
(NPC).36' 3 As Figure 3A shows, protamine dissociates from the SSCP at early time points
and slowly accumulates around the nucleus. However, we did not observe nuclear entry of
protamine, which is different from the reports postulating nuclear uptake of protamine/DNA

.- 37 38 .

or polyarginine/DNA complex.” ™ In accordance with our results, several other groups also
demonstrated that SiRNA alone can translocate inside and out of the nucleus.31 %9

Streptavidin is used as a “backbone” to form complex with biotin-conjugated siRNA and
ligands in the SSCP namocomplex.12 Streptavidin distributes in the cytoplasm at 3 h but
slowly enters lysosomes at 6 h (yellow arrows) and converts into granular structures at 24 h
post-transfection (Figure 3B). Interestingly, these granular structures co-localize with
siRNA, suggesting incomplete endosomal escape of the SSCP complexes or reuptake of the
SSC complex by lysosomes in the cytoplasm in a similar way as auto—phagosomes.40 4
Retention of the SSCP in endosomes or reuptake by lysosomes may lead to lysosomal
degradation42 or recycling via exocytosis.43 Reports from others also showed that after
endosomal escape nanocomplexes or sSiRNA can again be taken up by either lysosomes or
recycling vesicles.*°

Although endocytosis of nanocarriers has been extensively studied, exocytosis of
nanocarriers has always been elusive and ignored.ler 44 We therefore studied the exocytosis
of siRNA and demonstrated the dynamic transport of siRNA across cell membrane with
elapse of time. Alexa Fluor 647 is well accepted as a highly stable probe for tracking
siRNAs and remains attached to siRNA under physiological conditions.45 In the exocytosis
study (Figure 4C), the trend of increasing fluorescence in extracellular medium is in
agreement with the basic endocytic machinery and recycling circuit proposed by Huotari.*°
Recycling of nanoparticles starts as soon as uptake occurs in early endosomes, but the rate of
endocytosis exceeds the rate of exocytosis.30 Our results (Figure 4A&C) demonstrates that
exocytosis dominates the endocytosis/exocytosis kinetics at early time points. Heparin
treatment shows that a significant amount of the exocytosed siRNA is still entrapped in the
nanocomplex, suggesting a similar recycling pathway as described by Langer and his
colleagues.15 Efforts have been made to overcome nanocarrier recycling by downregulating
NPC1 (Niemann-Pick type Cl)15 or lipid recycling regulators.46 Our results suggest that the
Golgi recycling pathway may be inhibited to reduce exocytosis, leading extended silencing
activity of nonviral siRNA.

Transient gene silencing has been a major shortcoming of synthetic siRNA delivered by
nonviral systems. Multiple factors, such as endogenous nucleases mediated

degradation,“' 48 dilution due to cell division,49 and inefficient release from delivery
systems >0 are considered to be the classic reasons for the transient silencing effect. Here we
have demonstrated that exocytosis and recycling circuit (Early endosome, Golgi body and
Lysosomes) mediated recycling is another possible pathway that accounts for the transient
silencing activity of siRNA nanoparticles. Although exocytosis is one of the reasons
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counting for the decreased cellular uptake and silencing activity /7 vitroin a monolayer
Il culture system, it may be beneficial for intercellular transportation.

conclusion, we elucidate the intracellular trafficking and fate of the streptavidin based

SiRNA delivery system. By using fluorescent labeled siRNA, streptavidin and protamine, we
monitored their distinct behaviors inside the cells. Cytoplasmic and nuclear translocation of
the different components of SSCP have been elucidated. Our studies particularly indicate the
importance of exocytosis in nonviral SIRNA delivery systems. The use of endosomolytic

ag

ents or exocytosis inhibitors may further enhance and extend the silencing activity of the

siRNA nanocomplex.
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Figure 1. Cellular uptake of the PCBP2 siRNA in HSC-T6 cells
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Figure 1A

Figure 1B

The Alexa Fluor 647 labeled siRNA is encapsulated in the SSCP nanocomplex (A) or
Lipofectamine-2000 (B). The siRNA is incubated with HSC-T6 cells for 0.5, 1, 3, 6, and

24h, followed by fixation and confocal imaging.
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Figure 2. Flow cytometry analysis of the cellular uptake of siRNA encapsulated in the SSCP
nanocomplex and Lipofectamine-2000

Alexa Fluor 647 labeled PCBP2 siRNA was incubated with HSC-T6 cells for 3, 6, and 12h,
followed by flow cytometry analysis. (A) Histogram of flow cytometry. Percent of cellular
uptake (B) and relative fluorescence intensity (C) are presented as the mean + SD (n=3).
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Figure 3. Co-localization of siRNA with protamine (A) and streptavidin (B) after cellular
internalization
The siRNA nanocomplex was incubated with HSC-T6 cells for 1, 3, 6 and 24h, followed by

fixation and confocal imaging. White color shows the co-localization of siRNA (red),
lysosome (green) and protamine or streptavidin (blue). [Lyso: lysosome].
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Figure 4. Exocytosis of the sSiRNA nanocomplex
(A) Fluorescence intensity of the transfection medium at various time points post-

transfection. Alexa Fluor 647-labeled siRNA was formulated in the SSCP nanocomplex and
incubated with HSC-T6 cells for various time intervals. The extracellular medium was
harvested to measure fluorescence of the siRNA. (B) Heparin incubation dissociates SiRNA
from the nanocomplex and reverse the fluorescence quenching effect. (C) HSC-T6 cells
were incubated with Alexa Fluor 647-labeled siRNA nanocomplex for 6h, and the medium
was replaced. The medium was then collected at 1, 3, 6, 18, 21 and 24h post-incubation for
fluorescence analysis. Fluorescence intensities of the medium samples were determined with
and without 40 uM heparin treatment. (n=3). (D) HSC-T6 cells were incubated with Alexa
Fluor 647-labeled siRNA nanocomplex for 6h, and the medium was replaced with normal
OptiMEM or OptiMEM containing Exol (40 uM) or OptiMEM with Brefeldin A (100 ng/
ml). The medium was then collected at 1, 3, 6, 18, 21 and 24h post-incubation for
fluorescence analysis. (* P< 0.05)

Nanomedicine. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla et al.

Page 18

fa—y

4

(=]
]

mNC COSSCP

—

L

(=]
1

—

(=

o
L

60 4

40

% PCBP2 mRNA Expression

6 | 12 | 24 I 48
Post Transfection Time Point (h)

Figure 5. Time course of the silencing activity
SSCP formulated with PCBP2 siRNA or negative control siRNA was incubated with HSC-

T6 cells for various time points (6, 12, 24, 48 and 72h). Total RNA was isolated and the
silencing effect was evaluated by gRT-PCR (n=3)
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Figure 6. The effect of chloroquine on the silencing activity (A) and cellular uptake (B) of the
siRNA SSCP

HSC-T6 cells were transfected with SiRNA nanocomplex with or without chloroquine for
24h and 48h respectively (n=3). (* P< 0.05)
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Figure 7. Early cellular trafficking of the SSCP nanocomplex
(A) Early endosome (Rab5 antibody, Green) and Alexa Fluor 647 siRNA tracking (Red). (B)

Golgi complex (BODIPY-FL-C5 Ceramide, Green) and Alexa Fluor 647 siRNA (Red)
tracking. HSC-T6 cells were incubated with SSCP for 1h and further incubated with fresh
OptiMEM for 0 or 1h before fixation and staining.
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Figure 8. Schematic diagram of the intracellular trafficking of SSCP nanocomplex
Once internalized, SSCP commutes intracellularly through three possible routes: 1) SSCP

entrapped early endosomes are recycled through Trans Golgi network or recycling
endosomes, 2. SSCP entrapped endosomes undergo endosome maturation to lysosomes; 3.
SSCP escapes from early endosomes, and protamine dissociates from the SSCP
nanocomplex to form the SSC complex, which releases free sSiRNA by the action of
glutathione reductase in the cytoplasm.
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