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Background: Drugs that work based on the mechanism of RNA interference have shown
strong potential in cancer gene therapy. Although significant progress has been made in small
interfering RNA (siRNA) design and manufacturing, ideal delivery system remains
a limitation for the development of siRNA-based drugs. Particularly, it is necessary to
focus on parameters including delivery efficiency, stability, and safety when developing
siRNA formulations for cancer therapy.

Methods: In this work, a novel degradable siRNA delivery system cRGD-R9-PEG-PEI-
Cholesterol (rrPPC) was synthesized based on low molecular weight polyethyleneimine
(PEI). Functional groups including cholesterol, cell penetrating peptides (CPPs), and poly
(ethylene oxide) were introduced to PEI backbone to attain enhanced transfection efficiency
and biocompatibility.

Results: The synthesized rrPPC was dispersed as nanoparticles in water with an average size
of 195 nm and 41.9 mV in potential. rrPPC nanoparticles could efficiently deliver siRNA into
C26 clone cancer cells and trigger caveolae-mediated pathway during transmembrane trans-
portation. By loading the signal transducer and activator of transcription 3 (STAT3) targeting
siRNA, rrPPC/STAT3 siRNA (rrPPC/siSTAT3) complex demonstrated strong anti-cancer
effects in multiple colon cancer models following local delivery. In addition, intravenous
(IV) injection of rrPPC/siSTAT3 complex efficiently suppressed lung metastasis tumor
progression with ideal in vivo safety.

Conclusion: Our results provide evidence that rrfPPC nanoparticles constitute a potential
candidate vector for siRNA-based colon cancer gene therapy.

Keywords: RNA interfering, nanoparticle, STAT3, colon cancer

Introduction

Colon cancer is a common malignant tumor in the gastrointestinal tract, and its
morbidity and mortality rates rank third and second among global cancer morbidity
and mortality data, respectively.' Currently, the treatment of colon cancer is mainly
encompasses conventional methods including chemotherapy, radiotherapy and sur-
gery and the recurrence rate and adverse reaction rate are both still high.?
Identifying novel and effective treatments has become a focus in the field of
colon cancer treatment.

RNA interference (RNA1) has been widely applied as a posttranscriptional gene
regulation technology for a variety of pathological conditions including viral
infections, cancer, genetic disorders and autoimmune disorders.> As such, great
progress has been made in the development of RNAi drugs in past decades. For
example, a lipid nano-formulated siRNA modality from Alnylam Pharmaceuticals
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(Cambridge, MA, USA), ONPATTRO™ (patisiran) was
recently approved by the FDA for the first time commer-
cially therapeutic siRNA drug.*> Meanwhile, at least 30
siRNA drug candidates are undergoing different phases of
clinical trials.®” Among them, cancer therapy with siRNA
nano-formulations is currently being actively tested.
Suppression of the transcription activities of several
important gene targets concerning proliferation, migration,
and immune escape has already been proven to be effec-
tive in cancer gene therapy.®* '> However, despite the out-
standing progress made in siRNA design, chemical
modification, and manufacturing, ideal delivery system
remains a limitation for the development of siRNA-based
drugs.'*!"> “Naked” siRNA is highly unstable and rapidly
degraded by nucleases in vivo.'®!” In addition, without the
help of an appropriate vector, it is difficult to accomplish
the tissue-targeted transportation as well as the cellular
uptake tasks of therapeutic siRNA.'® Thus, the develop-
ment of a safe and effective siRNA delivery system is
required.

As a typical cationic agent, polyethyleneimine (PEI)
possesses great gene condensation potential owing to its
rich amino groups. High molecular weight PEI (PEI25K)
has long attracted significant attention due to its strong
capacity for gene delivery against DNA and RNA mole-
cules. However, the widespread application of PEI25K is
attenuated by its serious cytotoxicity on cells. Conversely,
although low molecular weight PEI (LMW PEI, such as
PEI2K) with much fewer amino groups has exhibited
acceptable toxicity, lacking an adequate gene condensation
ability makes it less attractive than PEI25K.'® As such,
researchers have tried to crosslink LMW PEI onto back-
bone materials to simulate high molecular PEIs and,
hence, enhance its gene delivery capacity.'® > However,
in these studies, LMW PEI was only used as a functional
group rather than a backbone core, which underestimated
its value. In fact, owning to its safety, low molecular
weight property, and amino group-functionalized structure,
LMW PEI is an ideal backbone material in developing
vectors for small nucleic acids including siRNA.

Unlike genetic diseases, cancer is usually multi-organ
metabolized in the body. In addition, the gene uptake by
cancer cells is comparatively more difficult. Therefore,
significant attention should be paid to the parameters of
delivery efficiency, stability, and safety when developing
siRNA formulations for cancer therapy. When adopting
LMW PEI as a backbone, these requirements can be met
by introducing different functional moieties to it through

amino group “harbors”. With regard to the delivery effi-
ciency, cell penetrating peptides (CPPs) are a group of
natural or artificial short peptides that able to facilitate
cell intake.*>** These small peptides can be conjugated
onto nanoparticles and chemical compounds, thus provid-
ing additional nonspecific delivery capacity.”> In particu-
lar, the CPPs of the RGD family have been intensively
studied and their integrin receptors have already been
indicated.’® On the other hand, three main internalization
pathways including the caveolae-mediated pathway, cla-
thrin-mediated pathway, and micropinocytosis are reported
to be involved in the uptake process of nano-sized
vectors.””*® These pathways can be triggered by certain
biological structures and thus can promote substantial
transmembrane delivery. As an essential structural compo-
nent of animal tissues, cholesterol plays an important role
in membrane stabilization. When being applied in drug
delivery, cholesterol not only enhances tissue biocompat-
ibility and in vivo stability but may also triggers the
caveolae-mediated pathway, which can further reinforce
transmembrane delivery efficiency.”’>° In addition to
endogenous molecules, artificial products such as poly
(ethylene oxide) (PEG) could also provide extra biocom-
patibility and serum stability for delivery systems. Owning
to its hair-like linear structure, PEGylation may alter the
vehicle’s pharmacokinetic properties, providing long cir-
property.*!-2 PEG’s flexible
dynamic structure can avoid potential steric hindrance

culation Furthermore,
caused by other functional modifications, thus helping to
better retain their performance. These safety-enhancing
functions is particularly necessary for intravenous
administration.

In this study, we intended to develop a novel siRNA
delivery system based on LMW PEI backbone, where
multifunctional modifications including CPPs, cholesterol,
and PEG were going to be introduced through amino
group ‘“harbors” to form a nano-sized rrfPPC non-viral
siRNA vector. We assumed that the fusing of these func-
tion moieties would result in an efficient delivery system
with high degrees of stability, safety and siRNA protection
ability. To further evaluate its capacity, a siRNA targeting
stat3 gene was selected to complex with the rrfPPC nano-
vector. As a transcription factor, STAT3 can promote
oncogenesis by being constitutively active through various
pathways.>*** Although the silencing of stat3 has been
proved to be an effective strategy for cancer treatment,
related drug development remains obstructed by delivery
technology.®® In this work, the capacity of the rrPPC
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vector for siRNA delivery and protection ability of rrPPC
vector will be characterized in detail. Meanwhile, the anti-
cancer effects of rrPPC/siSTAT3 complex on different C26
colon cancer models will be evaluated.

Methods
Synthesizing of rrPPC

Branched PEI1.8K was dissolved in chloroform and stirred
for 20 minutes at room temperature. Cholesteryl chloro-
formate and PEG (Mw 550Da) was dissolved in chloro-
form and transferred to an addition funnel. The mixture of
Cholesteryl chloroformate and PEG was then slowly
dropped to the PEI solution under stirring. After rotary
evaporation, the remaining material was dissolved in ethyl
acetate. The product was then precipitated by n-Hexane
and rehydrated. The aqueous solution was then lyophilized
to obtain the precursor product (PEG-PEI-Cholesterol,
PPC). To synthesis rrfPPC, PPC was then react with
cRGD-R9 peptide with crosslinker SMCC (Thermo,
USA). The mixture of PPC and SMCC solution were
continually reacted for 24 hours before further to react
with cRGD-R9. The final product was dialyzed and col-
lected as rrPPC. Proton nuclear magnetic resonance (1H
NMR) spectra of rrPPC was recorded on a Varian Mercury
400 NMR spectrometer, 1H NMR data is reported in parts
per million (ppm) downfield from tetramethylsilane as an
internal standard. Fourier transform infrared spectroscopy
(FT-IR) analysis was performed using a Spectrum Two FT-
IR spectrometer.

Characterization of rrPPC Nanoparticles
The particle distribution and electric charge properties of
rrPPC were studied by Malvern Sizer (Malvern, UK). The
morphology of 1rPPC cationic nanoparticles were
observed in detail with a transmission electron microscope
(TEM) (H-60091V, Hitachi, Japan), and stored in 4°C for
further use. The agarose gel retarding assay was used to
study the loading ability of rrfPPC nanoparticles to siRNA.
Briefly, siRNA/rrfPPC mixtures with different complexing
ratios (1:0, 1:2, 1:4, 1:6, 1:8, 1:10) were electrophoresed
on a 1% (w/v) agarose gel. One pg of siRNA (1 mg/mL)
was mixed with different amounts of rrfPPC (1 mg/mL).
Electrophoresis was performed under 120V for 15 mins.
The gel was then stained with ethidium bromide and
illuminated by Bio-Rad ChemiDox XRS. To assess the
protection effect of rrfPPC against RNase degradation,

RNaseA (1 pg, Sigma, USA) was incubated with naked

scramble siRNA (0.5 pg) or rrPPC/siRNA complex at 37 °
C. At the indicated times, sodium dodecyl sulfate (final
concentration = 0.5%) was added and the mixture was
denatured for 10 min. Released siRNA was analyzed by
electrophoresis on an agarose gel (1%). siRNA band was
visualized under UV light.

MTT Assay

The cell cytotoxicity of rrPPC was studied by MTT assay.
293t cells (5x10°cells/well) were seeded into 96-well
plates and incubated with various concentrations of
rrPPC or PEI25K (18.75, 25, 37.5, 50, 75, 100, 150, and
200 pg/mL). 72 hours post transfection, 20 pL. MTT solu-
tion was added to each well and incubated for 4 hours. 200
pL DMSO was then added to dissolve formed formazan
crystals. The density of living cells was calculated by
measuring the solution at 570 nm. The surviving rate of
untreated cells was considered as 100%.

In vitro Transfection

C26 mouse colon carcinoma cells (catalog No. CRL-2638,
purchased from ATCC, USA. 1x10%cells/well) were pre-
seeded into a 24-well plate and incubated for 24 hours.
FAM-labeled scramble siRNA was used as a reporter gene.
The rrPPC/FAM siRNA complex (FAM siRNA=1 pg/
well) was added to each well and incubated for 4 hours.
PEI25K, PEI1.8K, and PPC were used as controls. The
mass ratio of rrfPPC/PPC/PEI1.8K to siRNA was 10:1
while PEI25K to siRNA was 5:1. 24 hours later, fluores-
cence in each well was observed using a microscope and
accordant transfection efficiency was measured by flow
cytometry.

Internalization Study of rrPPC/siRNA

Complex

To study the transmembrane internalization mechanism of
rPPC/siRNA complex, C26 cells in 24-well plate were
pretreated with different inhibitors of known internaliza-
tion pathways for 30 mins including amiloride (3 mM),
genistein (150 pM), filipin mr (4 pg/mL). 24 hours post-
transfection (FAM siRNA=1 pg/well), the transfection
efficiency in each group was determined by flow cytome-
try. For fluorescent staining, cells grown on a cover glass
were stained with DAPI and Alexa Fluor 594 for the
labeling of nucleus and plasma membrane. The accordant
fluorescence was observed and photographed by confocal
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microscopy (Olympus) and fluorescent microscope

(Olympus, Japan).

Real-Time PCR

The silencing effect against stat3 gene in C26 cells was
studied by real-time quantitative RT-PCR. Briefly, C26
cells seeded into 24-well plate were treated with rrfPPC/
siRNA complex (siRNA=1 pg/well, rrfPPC=10 pg/well)
for 4 hours. 24 hours later, total RNAs from transfected
C26 cells were isolated using TRIzol Reagent and cDNAs
were synthesized with a SuperScript II reverse transcrip-
tase kit (Takara Bio, USA). Real-time quantitative PCR
was performed with a SYBR Green ER quantitative PCR
SuperMix Universal kit (Thermo Fisher, USA). Reactions
were carried out through the standard cycle program on an
AB7500 real-time PCR system. The sequence of siRNA
targeting mouse stat3 is UUA GCC CAU GUG AUC
UGA CAC CC UGA A (sense). The sequence of scramble
siRNA is UUC UCC GAA CGU GUC ACG UTT (sense).
The PCR primers to detect stat3 mRNA level (forward:
TTC TCG TCC ACC ACC AAG, reverse: GAT ATT GTC
TAG CCA GAC CC) and GAPDH (forward: 5'-ATG GGG
AAG GTG AAG GTC G-3', reverse: 5'-TAA AAG CAG
CCC TGG TGA CC-3') were synthesized and purified by
TSINGKE Biological Technology (Chengdu, China).

Anti-Proliferation Assay

C26 cells were seeded into a 96-well plate at the density of
1.0x10* cells per well. Cells were then treated with rrPPC/
siSTAT3 and rrPPC/scramble siRNA (rrPPC/siScr) com-
plex separately (siRNA=0.2 pg, siRNA:rrPPC=1:10).
Forty-eight hours post-transfection, cells were subjected
to MTT cell proliferation assay to measure cell viability.
This assay was repeated three times independently.

Clonogenic Assay

C26 cells pre-seeded in 6-well plate (1x10° cells/well)
were exposed to different groups including rrPPC/
siSTAT3 complex (siRNA=2 pg/well, rrPPC=10 ng/well)
for 4 hours. The medium was refreshed with complete
DMEM medium. Cells were continued to culture at 37 °©
C in 5% CO, to form colonies. Two weeks later, after
washing each well with PBS, colonies were stained with
10% crystal violet blue for 15 minutes. The number of
clones in each well was counted and the suppression rate

was measured.

In vitro Apoptosis Assay

The apoptosis inducing capacity of rrPPC/siSTAT3 com-
plex was studied by flow cytometry. C26 cells were pre-
seeded into 6-well culture plates (5x10* per well) and
exposed to rrPPC/siSTAT3 complex and rrPPC/siScr com-
plex (siRNA=5 pg/well, rrfPPC=10 ng/well), respectively.
Four hours later, the medium was replaced with complete
medium. Seventy-two hours post treatment, all cells were
stained with Propidium lodide (PI) and Annexin V-FITC.
The apoptotic cells were measured by flow cytometry
(NovoCyte Flow Cytometer, ACEA Biosciences, USA).

Western Blot

C26 cells seeded into 6-well plate were treated with
rrPPC/siRNA complex (siRNA=2 pg/well, rrPPC=10 pg/
well) for 4 hours.72 hours later, total proteins were
extracted from tumor cells and protein concentrations
were quantified with Bicinchoninicacid (BCA) protein
assay kit (Bio-Rad Laboratories, Hercules, CA, USA). 30
pg of protein was then separated by 12% SDS-PAGE gel
electrophoresis and incubated with antibodies against
mouse STAT3 and B-actin (Abcam, USA) at 4°C over-
night. Protein bands were then further incubated with
Horseradish peroxidase (HRP)-conjugated corresponding
secondary antibody and detected with an enhanced chemi-
luminescence detection kit (EMD Millipore, Billerica,
MA, USA).

Animal Study
All animal procedures were approved and controlled by
the Institutional Animal Care and Treatment Committee of
Sichuan University and carried out according to the
Animal Care and Use Guidelines of Sichuan University.
The abdominal cavity metastatic model was established by
injecting C26 cells (1 x 10° cells/mouse) into the abdom-
inal cavity of 6-8 weeks old female BALB/c mice on Day
0. On Day 3, mice were randomly divided into 3 groups (3
mice per group) and numbered separately. rrTPPC/siSTAT3
complex (siRNA=5 pg/mouse, siRNA:rrPPC=1:10) was
injected intraperitoneally every day for 7 treatments. The
control groups received equivalent amounts of normal
saline or rrPPC/siScr complex. On Day 12, all animals
were sacrificed, and tumors were isolated for further ana-
lysis. Meanwhile, the volumes of ascites in each mouse
also be collected and measured.

The subcutaneous xenograft tumor model was estab-
lished by subcutaneously injection of C26 cells (5x10°
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cells/mouse) on the right hind limb of 6-8 weeks old
female BALB/c mice. When the average tumor volume
reached approximately 50 mm?®, mice were randomly
divided into 3 groups (4 mice per group). rrfPPC/siSTAT3
complex (siRNA=5 pg/mouse, siRNA:rrPPC=1:10) was
intratumorally injected every day for 7 treatments. The
control groups received equivalent amounts of normal
saline or rrPPC/siScr complex. After all animals were
sacrificed, tumors were isolated for further analysis.

For pulmonary metastatic model, mice were IV
injected with 100 pL of cell suspension containing 3x10°
C26 cells on day 0. On day 5, mice were randomized into
3 groups (4 mice per group) and IV injected with normal
saline, rrPPC/siScr, and rrfPPC/siSTAT3 every day for 10
(siRNA=5 pg/mouse, siRNA:rPPC=1:10).
On day 19, mice were sacrificed, and lungs were harvested

treatments

for further analysis.

For histological analysis, wax-embedded tissue sec-
tions were dewaxed and rehydrated before staining with
Mayer’s H&E. Apoptotic levels in tumor cells were deter-
mined using a DeadEnd™ Fluorometric TUNEL System
kit (Promega, USA) according to the manufacturer’s
instructions. The fluorescent image of each group was
taken through a fluorescence microscope (Olympus,
Japan). For CD31 staining assay, tumor sections were
blocked and subsequently incubated with rabbit anti-
mouse CD31 antibody (Abcam, USA) at 4°C overnight.
Appropriate horseradish peroxidase-conjugated secondary
antibody was then applied. The density of newly formed
micro-vessels were observed through a fluorescence
microscope (Olympus, Japan).

Blood Test

Blood tests were applied to evaluate the safety of IV
administrated rrPPC/siSTAT3 complex (siRNA=5 pg/
mouse, siRNA:rrPPC=1:10) for a single treatment. 24
hours after injection, circulating red blood cell count as
well as serum-based clinical chemistry evaluation of sys-
temic toxicity were analyzed.

Statistical Analysis

Data were expressed as the means with 95% confidence
intervals. All data were statistically analyzed using Prism
5.0c software (GraphPad Software, La Jolla, CA) by two
trailing ttests or one-way analysis of variance (ANOVA).
Statistical significance was assigned at value of P<0.05
(95% confidence level).

Results
Preparation and Characterization of

rrPPC Nanoparticles

In this study, the cRGD-R9-PEG-PEI-Cholesterol carrier
(rrtPPC) was prepared by covalently modifying LMW
PEI with PEG, cholesterol and cRGD-R9 peptide
through nucleophilic substitution and Michael addition
reaction (Scheme 1). In its structure, cholesterol, PEG,
and cRGD-R9 peptide were all conjugated to PEI1.8K
backbone through amido linkages, rendering it biode-
gradable when exposed to enzymes in cytoplasm. The
chemical structure of rrfPPC was characterized by 1H
NMR and FT-IR spectra. As shown in Figure 1A, in the
IH NMR spectrum of rrPPC, the peaks corresponding to
PPC and cRGD-RY could be easily found. Obviously, it
showed that cRGD-R9 has successfully connected with
PPC and formed a new material rrfPPC. In addition, by
comparing the infrared spectra of rrfPPC and cRGD-RY,
it was not difficult to find that the absorption peak at
3300 cm ' in the FT-IR spectrum of rtPPC is signifi-
cantly higher (Figure 1B). This change also proved that
cRGD-R9 is successfully connected to PPC since the
structure of PPC contains a large number of amino
groups. Therefore, we then characterized rrfPPC solution
in detail. As shown in Figure 1C, the dynamic diameter
of cationic nanoparticles was 1954 £ 3.5 nm with
a polydispersity index of 0.22. Meanwhile, its zeta
potential was 41.9 + 1.2 mV (Figure 1D). In addition,
rrPPC exhibited a share-like morphology when viewed
under a TEM with an estimated average size of 205 +
42 nm (Figure 1E). These results suggested that rrPPC
could self-assemble into cationic nanoparticles in water
solution, offering potential capacity for siRNA delivery.
A siRNA retarding assay was then used to indicate the
loading potential of rrfPPC to siRNA. As shown in
Figure 1F, when the ratio of siRNA and rrPPC reached
1:10 (w/w), no siRNA band could be observed. It sug-
gested that under this ratio, siRNA could be fully loaded
by positively charged rrfPPC nanoparticles through elec-
tronic complexing. Hence, subsequent experiments were
conducted with this indicated ratio. Protection of siRNA
from enzymic degradation is a important property for
delivery vector. Thus, a RNase degradation assay was
performed. As shown in Figure 1G, siRNAs complexed
with rPPC were efficiently protected from enzymic
degradation as long as 4 hours. The extracted siRNA
bands from rrPPC/siRNA complexes showed equivalent
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potential distribution of rrPPC nanoparticles; (E) transmission electron microscopy images; (F) gel retarding assay of rrPPC/siRNA complex; (G) RNase degradation assay;
(H) rehydration of lyophilized rrPPC powder; and (l) cytotoxicity as evaluated by MTT assay.

brightness to that of naked siRNA, suggesting strong
protection effect. The lyophilized rrfPPC powder could
be easily rehydrated in water, suggesting good solubility
and distribution properties (Figure 1H). The cytotoxicity
of rrPPC nanoparticles in vitro was evaluated by MTT
assay. As shown in Figure 11, as compared to PEI25K
(the “gold standard” transfection agent), rrPPC exhibited
much lower toxicity on 293t cells with an ICso above 50

png/mL, showing high safety as a potential siRNA vector.

rrPPC Could Efficiently Deliver siRNA
with High Stability

The ability of prepared rrPPC nanoparticles to deliver
siRNA was next tested in C26 colon cancer cells in vitro.
As shown in Figure 2A, rrPPC nanoparticles could effi-
ciently deliver FAM reporter siRNA into C26 cells with
good safety, exhibiting an average transfection rate up to
82.6% (FAM siRNA=1 pg/well, siRNA: rrPPC/PPC/
PEI1.8K=1:10, siRNA:PEI25K=1:5). Although a similar
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< 0.001). (B) Evaluation of the siRNA delivery ability of rrPPC under the existence of FBS.

degree of efficiency was also achieved by PEI25K
(83.7%), obvious cytotoxicity was observed in the mor-
phology change, and that safety difference was also
spotted between 1rPPC and PPC group. Furthermore,
PEI1.8K (4.6%) and unmodified PPC (59.4%) demon-
strated a much lower transfection ability than rrPPC, indi-
cating the promoting effect functional modification on
siRNA delivery. In addition, the delivery capacity of
rrPPC under serum environment was further studied. As
shown in Figure 2B, no obvious reduction in the transfec-
tion efficiency was observed under a serum concentration
of up to 30%. This finding suggest that rrPPC could
effectively protect siRNA in serum conditions and thus
predicted a strong potential for in vivo delivery.

Examination of the Mechanism of Cell

Uptake

The cell uptake mechanism of rrfPPC-delivered siRNA was
then studied. Conventionally, three pathways including the
caveolae-mediated pathway, clathrin-mediated pathway
and macrocytosis are involved in the internalization pro-
cess of nano-sized vehicles. We thus hypothesized that
certain pathways would be triggered during the uptake of
the rrfPPC/siRNA complex. To validate that, inhibitors for

each pathway were pre applied to seed C26 cells before
being exposed to 1rfPPC/FAM siRNA complex (FAM
siRNA=1 pg/well, siRNA:rrPPC=1:10). It could be found
that the siRNA delivery efficiency in the group treated
with Filipin III treated group was obviously reduced
when compared with that in the other two inhibitor groups
(Figure 3A). This effect was also detected by flow cyto-
metry with an inhibition rate of 38.3% (Figure 3B). This
result suggest that rrTPPC/siRNA complex was specifically
through  the pathway.
Considering the cholesterol moiety of rrfPCC nanoparti-

uptake caveolae-mediated
cles, it is highly possible that this structure triggered
caveolae, a cholesterol-rich invagination in plasma mem-
brane, thus promoting cell uptake. These results also pro-
vide an explanation to the high gene delivery ability of
rPPC.

rrPPC/STAT3 siRNA Complex
Suppressed the Growth of Cancer Cell
in vitro

The tumor inhibition potential of rrTPPC-delivered STAT3
siRNA was studied in vitro. At first, the rrfPPC/siSTAT3
complex (siRNA=1 pg/well, rrPPC=10 pg/well) was eval-
uated for its ability to silence stat3 expression by RT-PCR.
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Figure 3 Study of the cell-uptake mechanism of the rrPPC/siRNA complex. (A) Fluorescent images of transfected C26 cells pre-treated with various inhibitors. Different
uptake levels of FAM siRNAs (white arrow) could be observed. Cells were co-stained with DAPI for nucleus and Alexa Fluor 594 for cell membranes, Bar=50 pm; (B) the

influence of the cell uptake rate calculated by flow cytometry (***P < 0.001).

At 24 hours after treatment, the STAT3 mRNA level in
rPPC/siSTAT3 group was five-fold lower (P < 0.001) than
that in the untreated group (Figure 4A), showing a high
level of siRNA delivery efficiency. The siRNA delivery
outcome was also evaluated by Western Blot. As seen in
Figure 4B, compared to untreated group and scramble
siRNA group (rrPPC/siScr), the protein level of mouse
STAT3 was obviously down regulated by treating with
rPPC/siSTAT3 complex (siRNA=2 pg/well, siRNA:
rrPPC=1:10), which is consistent with PCR results. MTT

assay results demonstrate that rrPPC/siSTAT3 complex
(siRNA=0.2 pg/well, siRNA:rrPPC=1:10) could efficiently
inhibit the growth of C26 cells after 48 hours’ treatment
(Figure 4C). The anti-proliferative effect of rrPPC/
siSTAT3 complex was also studied by clonogenic assay.
As compared with that in the rrPPC/siScr group and con-
trol group, rrfPPC/siSTAT3 significantly reduced the clo-
nogenicity of seeded C26 cells (siRNA=2 pg/well, siRNA:
rPPC=1:10, Figure 4D). A decrease in both the number
and size of colonies could be directly observed. More
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Figure 4 rrPPC/siSTAT3 complex suppressed C26 cells in vitro. (A) STAT3 mRNA levels in C26 cells after transfection (***P < 0.001); (B) STAT3 protein level of each
treatment group; (C) anti-proliferation effect of rrPPC/siSTAT3 complex (***P < 0.001); (D) clonogenic assay used to detect the inhibitory effect of rrPPC/siSTAT3 complex;
(E) average number of clones in each well (***P < 0.001; ****P < 0.0001); (F) inhibition rate calculated by clonogenic assay (****P < 0.0001); (G) rrPPC/siSTAT3 complex

efficiently induced apoptosis in C26 cells (***P < 0.001).
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specifically, the number of clones in rrPPC/siSTAT3 group
was 10 £ 4 clones, while those of NS group and rrPPC/
siScr group were 84 + 4 clones and 55 + 5 clones, respec-
tively (Figure 4E). These results demonstrate that silencing
the expression of stat3 by the rrfPPC/siSTAT3 complex
could significantly inhibit the growth of C26 cells with
an inhibition rate of nearly 88% (P < 0.0001, Figure 4F).
Since it has been reported elsewhere that STAT3 tar-
geted siRNA has apoptosis-inducing properties on cancer
cells, such an effect was verified herein by flow cytometry.
As shown in Figure 4G, rrPPC/siSTAT3 complex could
efficiently induce apoptosis in C26 cells. After being
exposed to rrPPC/siSTAT3 complex (5 pg siRNA) for 72
hours, in both the early and late apoptosis quadrants,
a total of 22.7% + 1.8% of apoptotic cells were detected
(P < 0.001), while other groups did not exhibit equivalent
ability. This result demonstrate that rrfPPC nanoparticles
could effectively deliver STAT3-siRNA into C26 cells as
expected. In other words, the silencing of the stat3 gene
resulted in a strong anti-cancer effect through apoptosis.

rrPPC/siSTAT3 Complex Efficiently

Suppressed Colon Cancer in vivo

We first treated C26 abdominal cavity metastasis model by
intraperitoneal injection (SiRNA=5 pg/mouse, siRNA:
rrPPC=1:10). The therapeutic effect of rrPPC/siSTAT3
complex can be obviously observed in Figure SA and D.
Much fewer tumor nodules were collected from mice in
rrPPC/siSTAT3 complex group than in the other groups. In
addition, a large amount of blood-like ascites could be
observed in the control groups. The average weight of
tumor nodules in rrPPC/siSTAT3 complex group was sig-
nificantly lower than other groups (P < 0.05) (Figure 5B),
with an average weight of 1.0 + 0.2 g than that of NS
group (2.1 = 0.4 g) and rrPPC/siScr group (1.7 = 0.3 g).
Compared to other groups, the producing of ascites in
rrPPC/siSTAT3 complex group was also significantly sup-
pressed with 0.5 + 0.1 mL in rrPPC/siSTAT3 complex
group, while that of NS group and rrPPC/siScr group
was 1.5 + 04 mL and 092 + 0.2 mL, respectively
(Figure 5C). These of ascites collected from mouse
abdominal cavities suggest severe tumor cell infiltration
and local inflammation. In addition, as shown in Figure
SE, significantly fewer metastatic tumor nodules were
collected from rrPPC/siSTAT3 complex group with an
average number of only 66. In contrast, those numbers in
the rrfPPC/siScr and control groups were 145 and 153

nodules, respectively. These results suggest that rrPPC/
siSTAT3 complex could efficiently suppress C26 tumor
growth by intraperitoneal injection.

A subcutaneous xenograft tumor model was then estab-
lished to evaluate the anti-tumor effect of rrPPC/siSTAT3
complex (siRNA=5 pg/mouse, siRNA:rrPPC=1:10). The
growth curves and images of collected tumor tissues were
shown in Figure 6A and C, respectively. It can be observed
that a strong level of inhibition of tumor growth was
achieved in rrPPC/siSTAT3 complex group. The tumor
weight from each mouse was then isolated and weighted.
As compared with the NS group (1.50 + 0.2 g) and rrPPC/
siScr group (1.64 = 0.1 g), the average tumor weight in
rrPPC/siSTAT3 complex group was only 0.3 6+ 0.07
g (Figure 6B). These results indicate that rrPPC/siSTAT3
complex may strongly suppress colon cancer when admi-
nistrated locally.

The anti-tumor mechanisms that involved were studied
by TUNEL assay and CD31 staining on tumor tissue
sections. As shown in Figures 5F and 6D, much more
positive dots with green fluorescence were detected by
TUNEL assay in tissues from rrPPC/siSTAT3 complex
group, suggesting an obvious apoptosis-inducing effect.
Moreover, the formation of micro-vessels was detected
by immunofluorescence staining with CD31 antibody. As
seen in Figures SF and 6D, as compared with in the other
two groups, the density of micro-vessels in tumor tissues
treated with rrfPPC/siSTAT3 complex was obviously lower,
suggesting strong anti-angiogenesis effects in both models.
These results demonstrate that treatment with rrPPC/
siSTAT3 complex resulted in obvious cell apoptosis and
neovascular inhibition. In addition, the side effects of
rrPPC/siSTAT3 complex on main organ tissues were
further studied by H&E stain. As shown in Figures 5G
and 6E, no obvious pathological changes were found in the
heart, liver, spleen, lung, or kidney tissues collected from
the rrPPC/siSTAT3 complex groups of both animal mod-
els, conforming the safety of rrPPC/siSTAT3 complex
when delivered locally.

Next, the therapeutic efficacy and safety of rrPPC/
siSTAT3 complex in lung metastasis tumor model were
studied by intravenous administration (siRNA=5 pg/
mouse, siRNA:xrPPC=1:10). As shown in Figure 7A,
mice treated with 1rPPC/siSTAT3 complex showed
reduced tumor burdens as compared with in the other
two groups. Obvious difference could be observed when
lung tissues from each group were harvested and
weighted. The average weight in rrfPPC/siSTAT3 complex
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Figure 5 rrPPC/siSTAT3 complex inhibited abdominal metastasis tumor growth in vivo. (A) Tumor nodules of each group; (B) average tumor weights in each group (*P <
0.05); (C) average volume of ascites in each group (*P < 0.05; ***P < 0.001); (D) representative images of abdominal cavity metastasis of C26 colon carcinoma; (E) number of
tumor nodules in each group (***P < 0.001); (F) detection of vessel formation and apoptosis by CD31 staining and TUNEL assay; (G) H&E analysis.

groups was 0.44 g while those in NS group and rrPPC/
siScr complex groups were 1.03 g and 1.06 g, respectively
(Figure 7B). The nodules in lung tissues were also counted
to comprehend the therapeutic outcome. As seen in Figure
7C, as compared with the control groups, obviously fewer
nodules were identified in rrfPPC/siSTAT3 treatment group
(11 on average), while averages of 67 and 56 nodules were
collected in NS group and rrPPC/siScr treatment group,
respectively. Meanwhile, the strong apoptosis-inducing
and anti-angiogenesis effects of IV injected rrPPC/
siSTAT3 complex were indicated by TUNEL assay and

immunohistochemistry staining (Figure 7D and E). In
addition, a blood routine and biochemical examinations
were performed to evaluate the in vivo safety of rrPPC/
siSTAT3 complex. As shown in Figure 7F, no significant
impairment of liver or kidney function was detected fol-
lowing intravenous administration of this siRNA formula-
tion. Different parameters of red blood cell level were also
maintained within normal ranges. These results suggest
that rrfPPC delivered STAT3 siRNA is efficient and safe
enough for the treatment of lung metastasis tumor by
intravenous (IV) injection.
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Figure 6 rrPPC/siSTAT3 complex inhibited subcutaneous xenograft tumor growth in vivo. (A) Tumor growth curves of each group (**P < 0.01); (B) average tumor weight

of each group; (C) representative images of subcutaneous tumor tissues (**P < 0.01; **P < 0.001); (D) detection of vessel formation and apoptosis by CD31 staining and
TUNEL assay; (E) H&E analysis.

Discussion tremendously to this area as well>** In the area of
In recent years, RNAi-based cancer treatment technology =~ SiRNA-based gene therapy, different non-viral nanoparti-
has received much attention. The developing of new and ~ cle carrier systems for siRNA delivery have been investi-
suitable siRNA delivery vector is still highly demanded. In gated extensively recently.**** The nanoparticle systems

this report, a new siRNA delivery system named rrPPC with the most interest include biodegradable polymeric

nanoparticle was constructed and exhibited strong poten- nanoparticles, polyplex, lipid nanoparticles, lipoplex, lipo-
tial and high safety. By loading the STAT3 targeting
siRNAs, rrPPC/siSTAT3 complex could significantly inhi-
bit tumor growth both in vitro and in vivo (Scheme 2).
In recent years, significant progress has been made in
developing gene delivery systems. In particular, large
numbers of non-viral vectors derived from artificial or

somes, and dendrimers. For example, Kenny et al used
a cationic liposome to deliver the survivin gene to effec-
tively inhibit the growth of human ovarian cancer cells.*’
Alshamsan et al using lipid-linked PEI polyplexes for the
delivery of STAT3 siRNA, showing an effective inhibitory
effect on the development of melanoma.*® James et al
reported using a modified poly(amidoamine) (PAMAM)
dendrimer to deliver a TWISTI siRNA for metastatic
breast cancer therapy.*’ Jere et al discovered that PCL-
PEI nanoparticles could efficiently deliver Aktl-siRNA
into lung cancer cells with a good safety profile.
gene therapy, while nanotechnology has contributed — Silencing Aktl protein greatly reduced the cancer cell

natural materials with novel structures have been designed
especially for cancer therapy, and some candidates have
reached the clinical stage.’®>® The efficiency and safety of
gene delivery vectors play crucial roles in the success of
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Figure 7 rrPPC/siSTAT3 complex inhibited lung metastasis tumor growth by IV injection. (A) Representative images of lung tissues from each group; (B) average lung weight
of each group (**P < 0.01); (C) average number of metastasis nodules (***P < 0.001); (D and E) vessel-formation and apoptosis-inducing in tumor tissues were detected by
CD31 staining and TUNEL assay, respectively; (F) blood routine and biochemical examination after intravenous administration of the rrPPC/siSTAT3 complex.

survival, proliferation, malignancy, and metastasis.*® In  direction of gene therapy, the lack of siRNA delivery
addition, several siRNA nanoparticle products are cur- vector with high efficacy, safety, and targeting properties
rently in preclinical or clinical phase studies including persists as a limitation.

ALN-VSP02, EZN-2968, and TKMO080301.'° Although As a transcription factor, STAT3 is closely correlated
RNAi-based gene suppression represents a promising Wwith the pathogenesis, development, invasion and
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Scheme 2 rrPPC/siSTAT3 complex efficiently inhibits colon cancer progression. rrPPC nanoparticles efficiently facilitated the loading, delivery, protection, and transmem-

brane transportation processes of STAT3 siRNA.

metastasis of many malignant tumors. Previous studies
have shown that the delivery of STAT3 siRNA by nano-
materials could be applicable and potent in the treatment
of malignant tumors such as melanoma, gastric cancer,
glioblastoma. A few studies focusing on the use of
STAT3 siRNA for the treatment of colon cancer have
also been reported. For example, Yu Fan and Shi et al
used liposomes to deliver STAT3 siRNA into colon cancer
cells and evaluate their anti-tumor effects.***>° However,
limited attempts have been made to develop new delivery
vectors for STAT3 siRNA and, thus, its therapeutic effects
remain restricted in many aspects. For example, most of
the cationic vectors are too toxic and thus unsuitable for
intravenous administration, while efforts to reduce this
cytotoxicity are usually complicated by simultaneously
siRNA  delivery

attenuated efficiency. Meanwhile,

although siRNA is comparatively smaller than other
nucleic acid materials such as plasmid or messenger
RNA, a high level of delivery efficiency cannot be easily
achieved by every vector. The development of extra design
strategies or special vector backbones is essential for suc-
cessful siRNA delivery. Thus, developing new siRNA
vector for STAT3-based cancer gene therapy is necessary.

In this research, rrPPC cationic nanoparticles were con-
structed and used as vehicles to deliver STAT3 siRNA into
tumor cells and their anti-tumor ability was subsequently
investigated. The synthesized mPPC was composed of
LMW PEI cholesterol, CPPs, and PEG. PEI has always
been considered as the “gold standard” for transfection
agents.”">? However, most of PEI-base gene vector devel-
opment studies were focused on high molecular weight PEIs,
typically PEI25K. PEI25K posses high density of positive
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charges with complex branched structure. It is rich of pri-
mary and secondary amino groups and thus provide tremen-
dous gene delivery ability as well as strong toxicity.
Comparing to PEI25K, low molecular weight PEIs such as
PEI1.8K turns to be an alternative choice if certain structural
modification is applied to gather the positive groups.
Although various modifications have been made to
PEI1.8K to enhance different aspects of gene delivery,>*>°
PEI1.8K was seldom treated as a core. The potential of
PEI1.8K has thus been greatly omitted. However, to become
a qualified gene vector, structural modification is required to
achieve additional abilities of protecting and delivering
genes. In this study, we intend to build up a novel siRNA
vector based on PEI1.8K, rather than just utilize it as
a functional group. To this goal, cholesterol, PEG and CPPs
were involved into its structure. PEG could inhibit the pha-
gocytosis of monocyte phagocytes and reduce the uptake of
carrier material by the reticuloendothelial system.>®>’
According to our results, rrPPC efficiently protected siRNA
oligos from the degradation of RNase for at least 4 hours
(Figure 1G). This result demonstrated the stabilization capa-
city of rrPPC on delivered siRNA, thus further contributed to
the systemic administration. Cholesterol had strong rigidity,
biodegradability and membrane fusion ability.”® When being
applied in drug delivery, it may also trigger caveolae-
mediated pathway, which can further reinforce transmem-
brane delivery efficiency. According to our results, this
unique property has been successfully achieved. Our results
demonstrated that rrPPC/siRNA complex was primarily
internalized through caveolac-mediated pathway (Figure 3).
Alone with PEG, modification of PEI with cholesterol ren-
dered rrPPC a highly biocompatible vector in vivo with high
safety. As shown in Figure 7F, no obvious damage was
detected to the main blood parameters, suggested high safety
in circulation. Meanwhile, by cooperating with CPPs, cho-
lesterol also contribute to the high siRNA delivery efficiency.
A specialized uptake mechanism would promote fast trans-
membrane transportation of siRNA oligo. Efficiency is the
ultimate goal of a delivery vector. Although the combination
of PEG-PEI-Cholesterol (PPC) has been applied in gene
therapy studies, its application was limited in delivering
plasmid DNA. It exhibited weak capacity when handling
small nucleic acid materials. As shown in Figure 2A, PPC
could hardly enhance the transfection efficiency of siRNA on
C26 cells. However, after further modifying it with R9-
cRGD peptide, the transfection efficiency reached the same
level with PEI25K. When complexed with siRNAs, the
rPPC/siSTAT3 complex demonstrated strong anti-cancer

ability in multiple C26 colon cancer models. In particular,
rrPPC/siSTAT3 complex demonstrated high therapeutic
capacity as well as safety when administrated intravenously
(Figures 5-7). Therefore, these results demonstrate that the
design of rrPPC with multiple function group modifications
have been successfully proved. It also suggest that with
proper functional modification, PEI1.8K could be used as
an idea core of gene vector. Our work not only introduces
a novel PEI1.8K-based siRNA delivery system but also
provides theoretical foundation for developing gene vector
with low molecular PEIs.

Conclusion

In this article, a novel siRNA delivery system rrPPC was
synthesized by modifying LMW PEI with multiple func-
tional groups. The prepared rrPPC nanoparticles could effi-
ciently deliver siRNA with high in vivo safety. By loading
the STAT3 targeting siRNA, rrPPC/siSTAT3 complex
demonstrated strong anti-cancer effects on multiple colon
cancer models by local or systemic administration. These
results suggest that rrTPPC nanoparticle is a potential candi-
date vector for siRNA-based cancer gene therapy.
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