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Background: The construction of tumor-targeting carriers with favorable transfection
efficiency was of great significance to achieve the tumor gene therapy. The phenylboronic
acid-modified polyamidoamine (namely PP) was employed as a carrier for the delivery of
Polo-like kinase-1 siRNA (siPlk-1), inducing an obvious anti-tumor response.

Materials and Methods: The interaction between PP and siPlk-1 was evaluated by gel
retardation assay. The transfection efficiency and tumor-targeting ability were analyzed by
flow cytometry and confocal laser scanning microscopy, using hepatocarcinoma cell line
HepG2 as a model. The anti-proliferation effect of PP/siPlk-1 and related mechanism were
studied using the strategies of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, cell apoptosis and cell cycle arrest. The anti-migration effect induced by PP/
siPlk-1 delivery was assayed by wound healing and Transwell migration techniques. Finally,
quantitative real-time PCR and Western blotting were performed to measure the expression
level of Plk-1 and other key targets.

Results: The derivative PP could achieve the condensation of siPlk-1 into stable nanopar-
ticles at nitrogen/phosphate groups ratio (N/P ratio) of >3.0, and it could facilitate the
transfection of siPk-1 in a phenylboronic acid-dependent manner. The PP/siPlk-1 nanopar-
ticles exhibited obvious anti-proliferation effect owing to the gene silence of Plk-1, which
was identified to be associated with the cell apoptosis and cell cycle arrest at G2 phase.
Meanwhile, PP/siPlk-1 transfection could efficiently suppress the migration and invasion of
tumor cells.

Conclusion: The derivative PP has been demonstrated to be an ideal tumor-targeting carrier for
the delivery of Plk-1 siRNA, exhibiting great potential in the gene therapy of malignant tumors.
Keywords: phenylboronic acid, polyamidoamine, tumor-targeting ability, siPlk-1, gene
therapy

Introduction

The rapid development of malignant tumors will lead to millions of death world-
wide every year, and cancer has become one of the main causes of human mortality
and represents an increasingly serious health problem.' Hepatocellular carcinoma
(HCC) is the fifth most common cancer in the world, which accounts for the second
leading cause of death among the patients bearing cancers.” Though the strategy
breakthroughs in recent years regarding chemotherapy, radiotherapy, immunother-
still

unsatisfactory.>* Thus, safe and effective techniques are urgently needed to prolong

apy and liver transplantation, the treatment outcomes of HCC are

the survival of patients suffering from liver cancers.
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Gene therapy which could efficiently improve the
expression level of therapeutic genes or suppress the
has
a promising tool in the tumor treatment.” In the gene

expression of oncogenes, been considered as
therapy, RNA interference holds enormous proficiency in
restraining the expression of target genes through small
interfering RNA (siRNA), and thus it possesses great
potential in the treatment of a variety of diseases including
cancers.®’” To date, the occurrence and development of
malignant tumors has been illustrated to be highly asso-
ciated with the abnormal expression or dysregulation of
cancer-related genes.® For example, Polo-like kinase-1
(Plk-1) plays a crucial role in promoting the progression
of cell cycle by participating in the cell division.”
Meanwhile, Plk-1 was identified to be overexpressed in
many cancers and related to the tumor proliferation and
migration.'® > Thus, Plk-1 could be used as a potential
candidate for the development of anticancer drugs, and
down-regulating the Plk-1 expression has been accepted
as an effective route to achieve the tumor gene therapy.'

For the use of siRNA as therapeutic drugs, there are
many obstacles to be overcome, including the degradation
by endogenous RNases, immunogenicity, short half-life,
and limited cellular uptake.'*'> To achieve the transfection
of Plk-1 siRNA (siPlk-1) in tumor cells, various carriers
have been successfully developed including atelocollagen,

and 11,1623

liposomes, cationic polymers exosome.
Compared to these carriers, amine-terminated dendrimer
polyamidoamine (PAMAM) could condense siRNA to
form stable nanoparticles via electrostatic interaction
more efficiently, showing favorable transfection
efficiency.”*” In addition to prolonging the circulation
time of siRNA, PAMAM could protect siRNA from the
recognition by immune system.”® When the nanoparticles
reach tumor sites, the positively charged PAMAM could
promote the cellular uptake of siRNA and the release of
siRNA from endosomes into cytoplasm via “proton
sponges” effect.?’ In spite of high transfection efficiency,
PAMAM lacks the ability to target specific cells, and thus
it could not fulfill the requirements in gene therapy. Up to
now, there were a number of modification strategies which
have been reported to improve the transfection efficiency
of PAMAM, as well as the specificity toward tumor
cells.**>* In our previous reports, phenylboronic acid
(PBA) was conjugated on the surface of PAMAM to con-
struct two types of tumor-targeted derivatives which were
employed as carriers to facilitate the delivery of oligonu-

cleotides including miR-34a, DNAzyme and short GC rich

DNA.*7° PBA has been considered as an effective ligand
which specifically recognizes the sialic acids over-
3637 After the
modification with PBA, the derivatives could acquire the

expressed in various tumor cells.
tumor-targeted ability and achieve favorable gene transfec-
tion via the sialic acid-dependent endocytosis pathway.*®
Thus, we inferred that the PBA-functionalized derivatives
could be potentially used as carriers for siPlk-1 delivery
and then obtain ideal anti-tumor efficacy.
PBA-functionalized

(namely PP) was developed and employed as a carrier to

Herein, a polyamidoamine
achieve the delivery of siPlk-1, as shown in Scheme 1.
After the successful transfection of PP/siPlk-1 nanoparti-
cles, the inhibition of cell proliferation and migration was
systematically investigated using human HCC cell line
HepG2 as a model.

Materials and Methods

Materials
Amine-terminated G5 PAMAM dendrimer was obtained
from Chenyuan Co. (Weihai, China) with the generation
of 5.0 and the molecular weight of 28,860 g/mol. The
derivative PP (with PBA degree on the surface of carrier
of 7.2) was synthesized by the modification of 4-carbox-
yphenylboronic acid on PAMAM according to our pre-
vious report.>® Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were obtained
from Gibco (Grand Island, NY) and Kangyuan Co.
(Beijing, China), respectively. TRNzol Universal reagent
was acquired from TIANGEN (Beijing, China). Primary
antibodies against Plk-1, procaspase 3, procaspase 8, pro-
caspase 9, Bcl-2, p53, poly-ADP-ribose polymerase
(PARP) and B-actin, and horseradish peroxidase (HRP)-
conjugated secondary antibody were purchased from
Abcam (Shanghai, China). The following kits were
employed in the present study: Annexin V-FITC/PI apop-
tosis detection kit, Vazyme Biotech. (Nanjing, China);
mitochondrial membrane potential assay kit, Beyotime
Biotech. (Jiangsu, China); bicinchoninic acid (BCA) pro-
tein assay kit, BioTeke (Beijing, China); PrimeScript RT
reagent kit and SYBR Premix Ex Taq kit, TAKARA
(Dalian, China). The siPlk-1, negative control (NC), and
the carboxyfluorescein (FAM)- or Cyanine5.5 (Cy5.5)-
labeled forms were synthesized in GenePharma Co.
(Suzhou, China) as follow:

siPlk-1: sense: 5'-GCAACCUGCAGUGUAAUAATT-3;

antisense: 5'-UUAUUACACUGCAGGUUGCTT-3";
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Scheme | Construction of PP derivative and transfection of PP/siPlk-1 nanoparticles.

NC: sense: 5'-UUCUCCGAACGUGUCACGUTT-3";
antisense: 5'-ACGUGACACGUUCGGAGAATT-3'".

Preparation and Characterization of PP/

siPlk-1 Nanoparticles

Briefly, PP was gently mixed with siPlk-1 at different N/P
ratios (1.0-5.0), and the mixture was incubated at 25 °C
for 30 min to prepare PP/siPlk-1 nanoparticles. The nano-
particles were then analyzed using 1% agarose gel electro-
phoresis (120 V, 30 min) to detect the binding ability of PP
with siPlk-1. The ability of PP to protect siPlk-1 from the
degradation of RNase A was evaluated by the incubation
of PP/siPlk-1 nanoparticles with RNase A solution at 37
°C for 30 min and the further treatment with heparin
sodium solution (final concentration: 4 mg/mL) at 4 °C
for 60 min. The bands were observed using a Tanon 1600
gel imaging system (Shanghai, China). The morphology of
PP/siPlk-1 and PAMAMY/siPlk-1 nanoparticles
detected using a HITACHI-H800 transmission electron
microscope (TEM). The hydrodynamic diameter and zeta

was

potential of nanoparticles were measured by Nano ZS90
Zetasizer (Malvern Panalytical, UK).

In vitro Transfection Efficiency Assay

The human HCC cell line HepG2 and hepatocyte L02
were obtained from Shanghai Institute of Cell Bank
(Shanghai, China). The HepG2 cells were seeded into
6-well plates at a density of 1.5x10° cells/well and incu-
bated overnight. The nanoparticles were prepared with
different carriers and siPlk-1 at various N/P ratios, pre-
incubated in 2 mL FBS-free DMEM for 30 min and added

Gene silencing

into corresponding wells. After the incubation for 6 h, the
medium was replaced by 10% FBS-containing DMEM,
and the cells were continuously incubated for 48 h, and
the fluorescence intensity was measured by CytoFLEX
flow cytometer (Beckman Coulter Inc., CA). To evaluate
the endosomal escape ability, HepG2 cells were seeded
into 6-well plates with sterilized coverslips (initial density:
1.5x10° cells/well) and treated by PP/Cy5.5-siPlk-1 (0.5
pg/mL siPlk-1) for 2, 4 and 6 h. Then, the cells were
stained by LysoTracker Green for 30 min and fixed using
4% paraformaldehyde, and the nuclei were stained with
0.5 pg/mL 4',6-diamidino-2-phenylindole (DAPI) for 10
min. Finally, the coverslips were observed using LSM-710
confocal laser scanning microscope (CLSM, Carl Zeiss
Microscopy LLC, Jena, Germany).

Tumor-Targeting Ability Evaluation

Briefly, the cells were seeded into 6-well plates at a density
of 1.5x10° cells/well and cultured overnight, and then
treated with different samples including NC, free FAM-
siPlk-1, PP/FAM-siPlk-1 and PAMAM/FAM-siPlk-1 (N/P
ratio of 30, 0.5 pg/mL siPlk-1). After the pretreatment
with 1 mM PBA for 1 h, the transfection was conducted
for 6 h, and the harvested cells were subjected to the
detection on a CytoFLEX flow cytometer (Beckman
Coulter Inc., CA). For the CLSM analysis, the cells were
seeded into 6-well plates with sterilized coverslips (den-
sity: 1.5%x10° cells/well), and treated with different samples
containing Cy5.5-siPlk-1. After the transfection for 6 h,
the cells were fixed using 75% ethanol at 4 °C for 30 min,
and the nuclei were stained with 1 pg/mL DAPI for 10
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min. Finally, the coverslips were observed by LSM-710
CLSM (Carl Zeiss Microscopy LLC, Jena, Germany).

Anti-Proliferative Ability Assay

The anti-proliferative effect induced by PP/siPlk-1 nano-
particles was evaluated by MTT method, colony formation
and Live/Dead cell staining assays. In the MTT method,
the cells were inoculated in 96-well plates (density:
8.0x10° cells/well) and incubated at 37 °C for 24 h, and
then transfected with different nanoparticles in FBS-free
DMEM for 6 h (0.5 pg/mL siPlk-1). After the incubation
in 10% FBS-containing DMEM for 48 h, MTT solution
was added into each well at a final concentration of
0.5 mg/mL, and the plates were incubated at 37 °C for
4 h. Then, 150 pL dimethyl sulfoxide was added to dis-
solve the formazan crystals, and the optical density at 520
nm was detected using an HBS-1096A microplate reader
(Detie, Nanjing, China) to calculate the cell viability
according to the previous reports.>**> For the colony for-
mation assay, the cells after siPlk-1 transfection were
plated in 6-well plates at a density of 1.0x10% cells/well
and incubated at 37 °C for 7 days. Then, the cells were
washed with PBS three times, fixed in 75% ethanol and
stained with 0.2% crystal violet. Finally, the colonies were
photographed by IX73P1F fluorescence microscopy
(Olympus, Tokyo, Japan), and the quantitative analysis
was performed according to the measurement of optical
density at 578 nm. In Live/Dead cell staining assay, the
transfected cells were washed with PBS three times and
treated with 200 pL live/dead cell staining solution con-
taining 2 mM calcein AM and 4 mM ethidium homodimer,
and the images were recorded using IX73P1F fluorescence
microscopy (Olympus, Tokyo, Japan).

Cell Apoptosis and Cell Cycle Arrest
Assay

In the cell apoptosis analysis, HepG2 cells were inoculated
into 6-well plates at an initial density of 1.5x10° cells/
well, and transfected with different nanoparticles (N/P
ratio of 30, 0.5 pg/mL siPlk-1) in FBS-free DMEM for
6 h. Afterwards the cells were cultured in 10% FBS-
containing DMEM at 37 °C for 48 h, and stained with
Annexin V-FITC and PI according to the apoptosis detec-
tion kit’s instructions. For the cell cycle arrest analysis, the
transfection of siPlk-1 was conducted as described above,
and the cells were resuspended in PBS, fixed by 75%
ethanol, and stained with PI at 4 °C for 30 min. Finally,

the cell apoptosis and cell cycle arrest were detected using
CytoFLEX flow cytometer (Beckman Coulter Inc., CA).
To analyze the mechanism of cell apoptosis, the cells after
the transfection of siPlk-1 were washed with PBS three
times and stained with JC-1 probe at 37 °C for 20 min
according to the mitochondrial membrane potential assay
kit’s instructions. The images were captured by IX73P1F
fluorescence microscopy (Olympus, Tokyo, Japan).

Quantitative Real-Time PCR (qPCR)

The cell culture and siPlk-1 transfection were conducted as
described in “Cell apoptosis and cell cycle arrest assay”.
The total RNA was extracted by TRNzol Universal reagent
as recommended by the manufacturer, and then 1 pg RNA
was used to prepare cDNA through reverse transcription
PCR by PrimeScript RT Master Mix. The obtained cDNA
was used as a template for PCR amplification using SYBR
Premix Ex Taq kit as follows: 1 cycle of 94 °C for 2 min,
followed by 30 cycles of denaturation at 94 °C for 30 min,
annealing at 55 °C for 30 s and extension at 72 °C for 1
min. Finally, the copy numbers of Plk-1 were determined
by 7500 Fast Real-Time PCR System (Applied Biosystems
Inc.), and the data were analyzed through 272" method.
The sequence of primers was used as follows:

B-actin forward primer: 5'-TCTGGCACCACACCTT
CTACAATG-3';

reverse primer: 5-GGATAGCACAGCCTGGATAGC
AA-3';

Plk-1 forward primer: 5- AGCCTGAGGCCCGATA
CTACCTAC-3%;

reverse primer: 5- ATTAGGAGTCCCACACAGGGT
CTTC-3".

Western Blotting Analysis

The cell culture and siPlk-1 transfection were conducted
as described in “Cell apoptosis and cell cycle arrest
assay”. The harvested cells were subjected to the treat-
ment with RadiolmmunoPrecipitation Assay (RIPA) lysis
buffer to obtain the samples, and the protein concentration
was determined using BCA protein assay kit. Equal
amounts of proteins were assayed using 12% SDS-
PAGE and then transferred to polyvinylidene fluoride
(PVDF) membrane by electroblotting. The membrane
was blocked with PBST solution (PBS containing 5%
nonfat milk and 0.1% Tween-20) at 25 °C for 1 h, and
then incubated with primary antibodies at 4 °C overnight.
After washing with PBST twice, the membrane was trea-
ted with HRP-labeled secondary antibody at 25 °C for

8040
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3 h. Finally, the protein bands were visualized by
enhanced chemical luminescence reagent (TransGen
Biotech., Beijing, China) on a Tanon-2500 imaging sys-
tem (Shanghai, China).

Anti-Migration Ability Assay

The anti-migration effect after siPlk-1 transfection was
evaluated by wound healing and Transwell migration
assays. In the wound healing assay, HepG2 cells were
seeded into 6-well plates at a density of 2.5x10° cells/
well and cultured for 24 h. The wound was then generated
in each well by scratching using a 200-uL pipette tip, after
which the cells were treated with different nanoparticles in
DMEM for 6 h. The width of wound was measured and
photographed using IX73P1F fluorescence microscopy
(Olympus, Tokyo, Japan) at different time points. In the
Transwell migration assay, HepG2 cells after the transfec-
tion with different nanoparticles were inoculated into the
upper chamber of 24-well Transwell (2.0x10* cells), and
the lower chamber was filled with 700 uL DMEM contain-
ing 10% FBS. After the culture at 37 °C for 24 h, the
chambers were washed with PBS three times, and the cells
on the upper surface of membrane were removed carefully.
The cells on the lower surface were fixed using 75%
ethanol at 4 °C for 20 min and then stained by 0.2%
crystal violet at 25 °C for 15 min. Finally, the cells were
IX73P1F fluorescence
(Olympus, Tokyo, Japan), and the absorbance at 570 nm

observed using microscope
was measured by HBS-1096A microplate reader (Detie,
Nanjing, China) to quantify the cells transferring across

the membrane.

Statistical Analysis

All data were presented as mean value + standard deviation
(SD), and the statistical significance of differences between
experimental groups and control group was calculated using
GraphPad Prism 6 by one-way ANOVA complemented with
Student’s #-test (*p < 0.05; **p < 0.01).

Results and Discussion

Synthesis and Characterization of PP/
siPlk-1 Nanoparticles

The modification of PAMAM with PBA was conducted to
obtain the derivative PP, and the structure was characterized
by '"H NMR and ICP-AES indicating that approximate 7.2
PBA molecules were conjugated on the carrier PAMAM,
based on the synthetic procedure in our previous report.*’

First, gel retardation assay was conducted to evaluate the
condensation ability of PP with siPlk-1, in which PP/siPlk-
1 nanoparticles were prepared through the incubation of
these two components at different N/P ratios at 25 °C for
30 min. As shown in Figure S1, siPlk-1 could be completely
blocked in the loading well when N/P ratios were higher than
3.0, indicating that PP could efficiently condense siPlk-1 into
stable nanoparticles at N/P ratios of >3.0. Then, the protec-
tive ability of PP for siPlk-1 against the degradation of RNase
Awas evaluated at a N/P ratio of 3.0 (Figure S2). Clearly, the
band of naked siPlk-1 has been completely degraded after the
treatment with RNase A, while obvious band could be
observed for PP/siPlk-1 nanoparticles after the digestion
with RNase A, in which heparin sodium was used to extract
siPlk-1 from nanoparticles. These results demonstrated that
the carrier PP could efficiently protect siPlk-1 from the
degradation of RNase A, and thus it is potential for improv-
ing the stability of siPlk-1 during in vivo application.

Further, hydrodynamic diameter and zeta potential of
PAMAM/siRNA and PP/siRNA nanoparticles were mea-
sured using Nano ZS90 Zetasizer (Malvern Panalytical,
UK). As shown in Table S1, the hydrodynamic diameter
values of PAMAMY/siRNA and PP/siRNA nanoparticles
decreased with the improvement of N/P ratios, as the
formation of nanoparticles was executed in an electronic
interaction manner. Meanwhile, the zeta potential values
of these two nanoparticles increased with the improved N/
P ratios owing to the positively charged characteristics of
carriers. In addition, both hydrodynamic diameter and
zeta potential values were similar for these two nanopar-
ticles. The morphologic analysis of nanoparticles using
TEM showed that they were both spherical in shape, and
the particle size was ca. 200 nm at N/P ratio of 30 (Figure
S3). In a word, the favorable particle size and positive
charge of these nanoparticles will be beneficial to achieve
the cellular uptake and then execute the function of
siPlk-1.

Tumor-Targeting Ability Analysis

Since the cellular uptake of nanoparticles is crucial for the
function of siPlk-1, we monitored the endocytosis of PP/
siPlk-1 nanoparticles in tumor cells. First, the transfection
efficiency of PP/siPlk-1 and PAMAM/siPlk-1 nanoparti-
cles at different N/P ratios was evaluated by flow cytome-
try, in which siPlk-1 was labelled by FAM. As shown in
Figure S4, in comparison to free siPlk-1, obvious green
fluorescence could be observed for these two nanoparti-
cles, and PP/siPlk-1 could achieve the highest transfection
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efficiency at N/P ratio of 20. However, PAMAM could
facilitate the transfection of siPlk-1 with the highest trans-
fection efficiency at N/P ratio of 10. All these results
demonstrated that both these nanoparticles could realize
the cellular uptake of siRNA and then execute the function
of gene silencing. Then, the tumor-targeting ability of PP/
siPlk-1 nanoparticles was evaluated in HepG2 cells to
check the influence of PBA. As shown in Figure 1A,
naked siPlk-1 could not enter HepG2 cells, while both
PAMAMY/siPlk-1 and PP/siPlk-1 exhibited favorable trans-
fection efficiency. Notably, the PBA pretreatment could
obviously weaken the transfection of PP/siPlk-1 and had
almost no effects on the transfection of PAMAM/siPlk-1.
The phenomenon was mainly caused by the shielding of
sialic acids by the pretreatment of PBA, which would then
influence the interaction of PBA in the derivative PP with
sialic acids. Instead, the pretreatment of PBA did not affect
the transfection efficiency of PP/siPlk-1 and PAMAM/
siPlk-1 in LO2 cells (Figure 1B), owing to the low expres-
sion level of sialic acids in LO02 cells.*' The tumor-
targeting ability of PP/siPlk-1 was further verified through
CLSM, in which CyS5.5-labelled siPlk-1 was used. As
shown in Figure S5, PP could successfully mediate the
delivery of siPlk-1 into HepG2 cells, which was mainly
deposited around the nucleus. After the pretreatment with
PBA, of PP/siPlk-1
decreased. In contrast, the PBA pretreatment did not influ-
ence the transfection of PAMAMY/siPlk-1. These results
were consistent with the flow cytometric analysis, demon-
strating that PP could deliver siPlk-1 into tumor cells with
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recognition of PBA toward the sialic acid receptors
expressed on the surface of tumor cells.

As lysosomal escape is vital for the function of PP/siPlk-
1, the intracellular trafficking of PP/siPlk-1 was detected in
HepG2 cells in which the co-localization of siPlk-1 and
lysosomes were analyzed at different time. As shown in
Figure 2, yellow color could be clearly detected in the
merged image after the transfection for 4 h confirming that
siPlk-1 was located in lysosomes. When the transfection was
extended to 6 h, red and green fluorescence representing
siPlk-1 and lysosomes became more distinct, indicating the
onset of siPlk-1 escaping from lysosomes. After 8 h, con-
siderable red fluorescence could be observed depleted from
the lysosomes, which was caused by the “proton-sponge”
effect of PP. Thus, we concluded that PP/siPlk-1 nanoparti-
cles could achieve the lysosomal escape after the transfection
for 6 h, which was employed in the subsequent studies for
analyzing the function of siPlk-1.

Anti-Proliferative Effects of PP/siPlk-1

Nanoparticles

Inspired by the endocytosis and lysosome escape ability of PP/
siPlk-1, we performed MTT experiment to evaluate the anti-
proliferative effects of PP/siPlk-1. As shown in Figure 3A, the
carrier PP exhibited low cytotoxicity at relatively high concen-
trations, indicating its favorable biocompatibility. When
HepG2 cells were treated with PP/siPlk-1 nanoparticles at N/
P ratio of 30, the cell survival ratio declined to 66.80%, with
21.52% inhibition of cell proliferation based on the comparison

with the cell viability treated with PP. Simultaneously, the
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Figure | Tumor-targeting ability of PP/siPlk-1 and PAMAM/siPlk-1 nanoparticles in HepG2 (A) and L02 cells (B) evaluated by flow cytometry.
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Figure 2 Lysosomal escape analysis of PP/siPlk-1 by CLSM. The scale bar is 20 pm. Blue: DAPI, nucleus; red: Cy5.5-labelled siPlk-1; green: lysosomes, LysoTracker Green.
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Figure 3 Anti-proliferative effect of PP/siPlk-1 (A) and PAMAM/siPlk-1 (B) in HepG2 cells detected by the MTT method. Data were presented as mean value * SD of

triplicate experiments.

viability of HepG2 cells treated with PAMAM/siPlk-1 was
measured, which demonstrated that the cell viability decreased
gradually with the increasing N/P ratio (Figure 3B). The inhi-
bition of cell proliferation was measured to be 18.48% for
PAMAM/siPlk-1 nanoparticles at N/P ratio of 30. The colony
formation assay was performed to provide further insight into
the effects of siPlk-1 transfection on the cell proliferation. As

shown in Figure S6, the number of colonies decreased
obviously after the treatment with PP/siPlk-1, indicating that
PP/siPlk-1 could restrain the formation of cell colony, much
stronger than PAMAMY/siPlk-1. In addition, live/dead cell
staining was carried out aiming to illustrate the inhibition of
cell proliferation more comprehensively, in which live cells
were stained to be green by calcein AM and dead cells emitted
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red fluorescence owing to the function of ethidium homodimer.
As shown in Figure S7, almost all the cells were stained to be
green in the control group and in the naked siPlk-1 group. In
contrast, obvious red fluorescence could be detected for the
cells after the transfection with PP/siPlk-1 and PAMAMY/siPlk-
1 nanoparticles, with more dead cells of red color for the PP/
siPlk-1 group. Thus, we concluded that the transfection of
siPlk-1 could obviously inhibit the cell proliferation, and the
PP-mediated siPlk-1 transfection exhibited stronger anti-
proliferative effects owing to its favorable tumor-targeting
ability and transfection efficiency.

Cell Apoptosis and Cell Cycle Arrest
Induced by PP/siPlk-1 Nanoparticles

To illustrate the anti-proliferative mechanism of PP/siPlk-1
and PAMAM/siPlk-1, the apoptosis of HepG2 cells after
siPlk-1 transfection was evaluated by flow cytometry based
on the staining of Annexin V-FITC and PI. As shown in
Figure 4, in comparison to control group, the treatment with
free siPlk-1 did not trigger the cell apoptosis (A and D).

Notably, the transfection of siPlk-1 could afford to obvious
cell apoptosis, with apoptotic ratios of 27.33% and 20.32%
using the carriers PP and PAMAM, respectively (E and F).
These results were attributed to the efficient delivery of
siPIk-1 in tumor cells under the assistance of carriers, and
meanwhile PP exhibited higher delivery efficacy of siPlk-1
than PAMAM. In addition, slight cell apoptosis could be
detected for the PAMAM/NC and PP/NC groups (B and C),
which was probably caused by the intrinsic cytotoxicity of
carriers. Also, the weak off-target effect of NC was another
possible reason for the phenomenon, which has been
observed in other relevant reports.'**° Further, the cell
cycle arrest induced by siPlk-1 delivery was analyzed by
flow cytometry after the cell staining with PI. The phase
distribution of cells treated by different nanoparticles was
shown in Figure 5A, and the values of cell cycle distribution
were summarized in Figure 5B. Compared with the control
group, there were more cells arrested at G2 phase (24.69%)
after the treatment with PP/siPlk-1 nanoparticles for
48 h. Meanwhile, the cells treated with PAMAM/siPlk-1
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also showed the cell cycle arrest at G2 phase, but the
proportion of cells at G2 phase was significantly lower
than that of PP/siPlk-1 group. These results were mainly
associated with the improved tumor-targeting ability and
transfection efficiency of PP. In conclusion, the PP-
mediated siPlk-1 delivery could contribute to both cell apop-
tosis and cell cycle arrest at G2 phase, which were key
factors in inducing the anti-tumor efficacy.

To investigate the mechanism involved in the inhibition of
cell proliferation, qPCR and Western blotting assays were
performed to detect the expression levels of important targets
after siPlk-1 transfection. As shown in Figure 6, similar expres-
sion levels of Plk-1 could be found at mRNA level for the
groups of control, siPlk-1, PAMAM/NC and PP/NC, using
gPCR analysis. However, the expression level of Plk-1 has
been observed to be decreased after the delivery of siPlk-1
using PP and PAMAM as carriers. Meanwhile, PP/siPlk-1
could suppress the Plk-1 expression more obviously than
PAMAMY/siPlk-1 group, with 44.97% relative expression
level. Similarly, the reduced Plk-1 expression could be
observed at the protein level after siPlk-1 transfection (Figure
S8), which was in accordance with the qPCR results.
Additionally, decreased procaspase 3 level was detected after
the delivery of siPlk-1, which meant the activation of caspase 3
and the occurrence of apoptotic effect. As the activation of
caspase 3 could catalyze the hydrolysis of many protein
substrates,*” the expression level of PARP could be clearly
observed to be decreased after the siPlk-1 delivery. The expres-
sion of procaspase 8 and 9 simultaneously decreased which
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Figure 6 Evaluation of Plk-1 expression at mRNA level by qPCR. Data were
presented as mean value + SD of triplicate experiments (*p < 0.05, *p < 0.01).

meant the cleavage of precursor proteins to activate caspase 8
and 9, suggesting that the carriers-mediated the delivery of
siPlk-1 induce the cell apoptosis via both the death receptor-
and mitochondria-dependent signaling pathways. Enhanced
expression of p53 and decreased Bcl-2 level could also be
found following the treatment with PP/siPlk-1 nanoparticles,
both of which contributed to the apoptosis of tumor cells.
Since the mitochondrial membrane potential depolarizes
during the early stage of cell apoptosis,”’ the changes in
mitochondrial membrane potential of HepG2 cells were
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monitored following the treatment with different nanoparti-
cles, using JC-1 dye as an indicator (Figure S9). When the
depolarization of mitochondrial membrane potential occurs,
the fluorescence will change from red to green, owing to the
conversion of JC-1 from aggregates to monomeric state.
Compared with PAMAM/siPlk-1 group, more cells with
green fluorescence could be detected after the transfection
of PP/siPlk-1, implying the higher apoptosis-inducing ability
of PP/siPlk-1 nanoparticles. In addition, a small number of
cells with green fluorescence could be clearly visualized after
the PP/NC and PAMAM/NC treatment, which was probably
caused by the slight cytotoxicity of these two carriers.

Inhibition of Cell Migration and Invasion
by PP/siPlk-1 Nanoparticles

The migration and invasion ability of tumor cells are
closely related to tumor metastasis.*' Thus, the effects of
PP/siPlk-1 delivery on the migration and invasion were

*.:. }fm_frﬁ“

evaluated using wound healing and Transwell migration
assays. As shown in Figure 7, there were no obvious
differences in the cells which have migrated to the lower
chamber of Transwell between the control and siPlk-1
groups, due to the insufficient transfection of siPlk-1.
The PP- or PAMAM-mediated the delivery of siPlk-1
could dramatically reduce the migrating cell number,
which indicated the successful inhibition of cell migration
and invasion. Meanwhile, PP/siPlk-1 nanoparticles exhib-
ited stronger inhibition of cell migration and invasion than
PAMAM/siPlk-1 group. It was noted that the NC transfec-
tion could slightly suppress the cell migration rate, which
was similar to the effect of NC on cell apoptosis.
Moreover, wound healing assay showed that siPlk-1 deliv-
ery using PP or PAMAM as carriers could dramatically
hinder the wound healing, in which higher anti-migration
effect was achieved for the PP/siPlk-1 group (Figure S10).
These results were consistent with Transwell migration
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Figure 7 Transwell migration assay of HepG2 cells after the siPlk-1 transfection (A) and the quantitative analysis (B): (a) control, (b) PP/NC, (c¢) PAMAM/NC, (d) siPlk-1, (e)
PP/siPlk-1 and (f) PAMAM/siPlk-1. The scale bar was 50 pym. Data were presented as mean value + SD of triplicate experiments (*p < 0.05, *p < 0.01).
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assay, which illustrated that PP/siPlk-1 delivery exerted
significant inhibition on the migration and invasion of
tumor cells. Thus, it is beneficial to solve the tumor recur-
rence based on the induction of anti-proliferation and anti-
migration effects, which has been considered as an
important factor in the high lethality of patients with
tumors.

Conclusion

In conclusion, a tumor-targeting dendrimer PP has been
successfully developed through the introduction of PBA
on the carrier PAMAM, and then used as a delivery system
to achieve the transfection of siPlk-1 in tumor cells. Based
on the favorable tumor-targeting ability and transfection
efficiency of PP, siPlk-1 delivery could efficiently suppress
the expression level of Plk-1 at mRNA and protein levels,
which was accompanied by a distinct inhibition of cell
proliferation and migration as well as the apoptosis and
cell cycle arrest of tumor cells. Overall, the derivative PP
has been demonstrated to be an ideal tumor-targeting
carrier for the delivery of oligonucleotides and therapeutic
genes, which shows great potential in the gene therapy of
malignant tumors and other genetic diseases.
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