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Background: The phenylboronic acid-functionalized polyamidoamine (PP) was employed
as a gene carrier for Dz13 delivery, inducing an obvious anticancer response.

Materials and methods: The Dz13 condensation ability of PP was evaluated through gel
retardation assay. The cellular uptake mechanism of PP/Dz13 nanoparticles was studied
using confocal laser scanning microscope and flow cytometer. The inhibition ability of cell
proliferation, migration and invasion was investigated through MTT assay, flow cytometry,
wound healing and Transwell migration assays, using hepatocarcinoma cell line HepG2 as a
model. Finally, Western blotting analysis was used to detect the signaling pathway associated
with the inhibition of cell apoptosis and migration induced by Dz13 delivery.

Results: The carrier PP could efficiently condense Dz13 into stable nanoparticles at mass
ratios of >1.5. The hydrodynamic diameter and zeta potential of PP/Dz13 nanoparticles were
measured to be 204.77 nm and +22.00 mV at a mass ratio of 10.0, respectively. The
nanoparticles could realize an efficient cellular uptake in sialic acid-dependent endocytosis
manner. Moreover, the nanoparticles exhibited an obvious antiproliferation effect through the
induction of cell apoptosis and cell cycle arrest due to the cleavage of c-Jun mRNA. Besides,
the suppression of cell migration and invasion could be achieved after the PP/Dz13 transfec-
tion, attributing to the decreased expression level of MMP-2 and MMP-9.

Conclusion: The PP provided a potential delivery system to achieve the tumor-targeting
gene therapy.

Keywords: phenylboronic acid, polyamidoamine, DNAzyme, gene therapy, antiproliferation
effect, antimigration effect

Introduction

Cancer has been considered to be one of the leading causes of death, accounting for
millions of deaths annually owing to the uncontrolled proliferation rate.'™ In the
past three decades, extensive studies have confirmed that the genesis and develop-
ment of malignant tumors were highly associated with the maladjustment of gene
expression or regulation.”® With the advantages in manipulating gene expression,
gene therapy has emerged as an attractive approach to achieve the delivery of
therapeutic genes to specific cells in cancer treatment.”®* Among the therapeutic
strategies, deoxyribozymes (DNAzymes) are a new class of synthetic DNA mole-
cules, which could specifically bind its target mRNA through the base-pairing mode
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and then realize the cleavage of mRNA.>'® As the most
important member, the “10-23” subtype of DNAzyme
exhibited a favorable catalytic activity to cleave the target
mRNA between unpaired purine and paired pyrimidine
through the de-esterification reaction.'"'? Particularly, a
therapeutic DNAzyme Dz13 targeting and cleaving the c-
Jun mRNA has been demonstrated to significantly inhibit
the tumor growth through the induction of caspase-2
activation.'>'” Furthermore, Dz13 exhibited great antime-
tastasis efficacy by reducing the expression of matrix
metalloproteinase (MMP)-2 and MMP-9 in tumors."
Therefore, Dz13 is considered to be a potential candidate
for realizing the tumor gene therapy. However, the clinical
application of Dzl3 is seriously hindered by the low
stability and cellular uptake efficiency, and thus an effi-
cient delivery system is highly required for facilitating the
Dz13-based gene therapy.'®

Synthetic carriers such as cationic polymers have been
widely studied and considered to be promising alternatives
to viral-based gene carriers in the field of gene delivery
due to their low immunogenicity and favorable transfec-
tion efficiency.'”?® Among the cationic polymers, an
amine-terminated dendrimer polyamidoamine (PAMAM)
has attracted great interest in the field of gene delivery
owing to its superior properties such as well-defined struc-
ture, excellent biocompatibility and versatile modification
owing to its multiple amine groups.?'™*’
charged PAMAM dendrimer could efficiently condense

Positively

the nucleic acids into stable nanoparticles and facilitate
their escape from endo/lysosomes through the “proton
effect,
transfection.?**> Unfortunately, the transfection efficiency
of PAMAM could not fulfill the therapeutic requirements,

OH
PAMAM O—B/
oH

Phenylboronic acid

sponges” eventually realizing efficient gene

thereby limiting the clinic application in tumor gene ther-
apy. Inspired by the surface engineering technology, the
amine groups on the surface of PAMAM could be mod-
ified with various reagents to enhance the gene delivery
efficiency such as fluoric anhydride,”® nucleobase
27.28 acids® acid.*°

Besides, the conjugation of targeting ligands on the

analog, amino and lactobionic
PAMAM dendrimer was another attractive approach to
improve the gene transfer based on the receptor-mediated
endocytosis pathway.>' > As known, cancer proliferation
and metastasis were closely related to the high expression
of sialic acid, which has been proposed as an important
biomarker in malignant tumors.***> Meanwhile, phenyl-
boronic acid (PBA) has been proved to be an efficient
ligand which could specially recognize the sialic acid
overexpressed in various types of malignant tumors, indi-
cating that PBA could be employed as a potential motif for
facilitating the tumor-targeting drug/gene delivery.**>’

In this study, the PBA-functionalized polyamidoamine
(PP) was developed and employed as a carrier to realize
the intracellular delivery of Dz13, as shown in Scheme 1.
Following the successful transfection of PP/Dz13 nanopar-
ticles, the inhibition of cell proliferation and migration was
systematically investigated, using human hepatocarcinoma

cell line HepG2 as a model.

Materials and methods

Materials

Dz13 (5-CGGGAGGAAGGCTAGCTACAACGAGAGGC
GTTG-3'), Dz13Scr as negative control (5'-GCGAC
GTGAGGCTAGCTACAACGAGTGGAGGAG-3), FAM-
labeled Dz13 (Dz13-FAM) and Cy3-labeled Dz13 (Dz13-
Cy3) were acquired from Sangon Biotech (Shanghai, China).

/’}\‘/cdun mRNA

Migration
Invasion
* Apoptosis
Cell cycle arrest

HepG2 cells

Scheme | The construction of phenylboronic acid-functionalized polyamidoamine (PP) and its application in Dz|3 delivery.

Abbreviation: PAMAM, polyamidoamine.
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The amine-terminated G5 PAMAM dendrimer was purchased
from Chenyuan Co. (Weihai, China). 4-Carboxyphenylboronic
acid, 1-[3-(dimethylamino)propyl]-3-ethyl  carbodiimine
(EDC) and N-hydroxysuccinimide (NHS) were obtained
from Aladdin (Shanghai, China). DMEM and LIVE/DEAD®
Viability/Cytotoxicity kit were provided by Thermo Fisher
Scientific (Waltham, MA, USA). FBS was purchased from
Kangyuan Co. (Beijing, China). The Annexin V-FITC/PI
apoptosis detection kit was purchased from Vazyme Biotech
(Nanjing, China). Cell cycle detection kit was purchased from
BestBio (Shanghai, China). Bicinchoninic acid (BCA) protein
assay kit was obtained from BioTeke (Beijing, China). The
mitochondrial membrane potential assay kit was provided by
Beyotime (Nanjing, China). MTT was obtained from
Amersco, Inc. (Solon, OH, USA). Polyvinylidene fluoride
(PVDF) membrane was purchased from Millipore (Billerica,
MA, USA). Antibodies against c-Jun, procaspase-2, procas-
pase-3, procaspase-8, procaspase-9, pS53, MMP-2, MMP-9,
PARP and B-actin and horseradish peroxidase (HRP)-labeled
goat anti-rabbit or anti-mouse secondary antibodies were pur-
chased from Abcam (Shanghai, China). The human hepatocar-
cinoma cell line HepG2 and hepatocyte L02 were obtained
from the Shanghai Institute of Cell Bank (Shanghai, China).
All other reagents were used without further purification.

Synthesis and characterization of PP
Briefly, 4-carboxyphenylboronic acid (5.76 mg), EDC
(39.90 mg) and NHS (23.96 mg) were dissolved in 1 mL
methanol separately, and these solutions were mixed together.
After stirring at room temperature for 4 hrs, PAMAM solution
(100 mg PAMAM in 1 mL methanol) was added dropwise into
the reaction system, and the mixture was stirred at room
temperature for 24 hrs. Finally, the solution was dialyzed
against distilled water for 48 hrs in a dialysis bag (MWCO:
3500 Da), and the product was obtained through lyophilization.
The structure of PP was characterized by an AVANCE DMX
500 NMR spectrum (Bruker, Rheinstetten, Germany) using
D,0 as the solvent. Transmission electron microscopy (TEM)
images of PAMAM/Dz13 and PP/Dz13 nanoparticles were
obtained using HITACHI-H800 microscope with an accelerat-
ing voltage of 100 kV. Scanning electron microscope (SEM)
images of nanoparticles were captured on a JSM7900 field
emission microscope (JEOL, Tokyo, Japan) with an accelerat-
ing voltage of 1 kV. The hydrodynamic diameter and zeta
potential values of nanoparticles were tested by Nano ZS90
Zetasizer (Malvern, UK).

Gel retardation assay

The Dz13-binding ability of PP was estimated by agarose
gel retardation. The nanoparticles were prepared by incu-
bating PP and Dz13 with different mass ratios at 37°C for
30 mins and then loaded on 1% agarose gel electrophor-
esis in Tris-acetate—EDTA buffer at 80 V for 20 mins. To
further confirm the protective effect of PP for Dz13, PP/
Dz13 nanoparticles were treated with DNase I for 30 mins
and 4 mg/mL of heparin sodium for 2 hrs, and then
analyzed by agarose gel electrophoresis as described
above. The bands were detected by a Tanon 1600 gel
imaging system (Tanon, Shanghai, China).

Cellular uptake assay of PP/Dz|3

nanoparticles

The HepG2 cells were inoculated in 6-well plates with 2 mL of
10% FBS-containing DMEM (density: 2.5%10° cells/well) and
cultured at 37°C overnight. Then, the medium was discarded
and the cells were incubated with PP/Dz13-FAM and
PAMAM/Dz13-FAM nanoparticles at different mass ratios
for 6 hrs (5 pg/mL Dz13-FAM for each group). The cells
were collected and assayed to obtain the optimal mass ratio
for Dz13 transfection by BD FACS caliber (BD Bioscience
Mountain View, Franklin Lakes, NJ, USA). Further, the intra-
cellular uptake of PP/Dz13-FAM nanoparticles was detected
through confocal laser scanning microscopy (CLSM). Briefly,
the cells were inoculated in 6-well plates with a sterilized
coverslip in each well (density: 2.0x10° cells/well) and cul-
tured in 2 mL of 10% FBS-containing DMEM for 24 hrs. After
the pretreatment with 1 mM PBA for 1 hr, the cells were
incubated with PP/Dz13-FAM (mass ratio of 10.0) and
PAMAM/Dz13-FAM nanoparticles (mass ratio of 7.5) in
serum-free medium for 6 hrs, harboring 5 pg/mL Dz13-FAM
in each group. After washing with PBS twice, the cells were
fixed with 75% ethanol and the nuclei were stained with DAPI
solution at a final concentration of 1 pg/mL, and the coverslip
was detected using LSM 710 confocal laser scanning micro-
scope (Carl Zeiss Microscopy LLC, Jena, Germany). In addi-
tion, the intracellular uptake mechanism of PP/Dz13
nanoparticles was studied through flow cytometry as follows:
the cell culture and the PBA pretreatment were conducted as
described above, and then the cells were treated with PP/Dz13-
Cy3 (mass ratio of 10.0) and PAMAM/Dz13-Cy3 nanoparti-
cles (mass ratio of 7.5) harboring 5 pg/mL Dz13-Cy3 in serum-
free medium for 6 hrs, and the harvested cells were detected by
BD FACS caliber (BD Bioscience Mountain View).
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Endosomal escape analysis of PP/Dz13

nanoparticles

The HepG2 cells were seeded in 6-well plates with ster-
ilized coverslips at an initial density of 2.5x10° cells/well
and cultured at 37°C overnight. Then, the cells were trea-
ted with 1 mL serum-free DMEM harboring PP/Dz13-
FAM nanoparticles for 2, 6 and 10 hrs (mass ratio of
10.0, 5 pg/mL Dz13-FAM), respectively. After staining
with LysoTracker Red (ThermoFisher, Eugene, OR,
USA) for 5 mins, 4% paraformaldehyde solution was
used to fix the cells which were dyed with DAPI solution
(1 pg/mL) for 5 mins. Finally, the coverslips were ana-
lyzed on a LSM 710 confocal laser scanning microscope
(Carl Zeiss Microscopy LLC, Jena, Germany) to detect the
endosomal escape of PP/Dz13 nanoparticles.

Inhibition of cell proliferation assay

The cells were seeded in 96-well plates at a density of
8.0x10° cells/well and incubated at 37°C overnight. Then,
the cells were incubated with PP and PAMAM of different
concentrations for 48 hrs in the carrier cytotoxicity assay,
or incubated with PAMAM/Dz13 and PP/Dz13 nanoparti-
cles in serum-free DMEM for 6 hrs (mass ratios of 7.5 and
10.0, respectively) and in 10% FBS-containing DMEM for
48 hrs in the antiproliferative assay. Subsequently, 20 pL
of MTT solution (5 mg/mL) was added into each well, and
the plates were kept at 37°C for 4 hrs. After the addition of
200 pL dimethyl sulfoxide (DMSO) to dissolve the
formed formazan crystal, the cell viability was calculated
as the ratio of the optical density values at 520 nm of
treated cells and untreated cells, which were detected
using HBS-1096A microplate reader (Detie, Nanjing,
China).

Live/dead cell staining

The HepG2 cells were inoculated in 6-well plates at a
density of 2.5x10° cells/well and cultured at 37°C over-
night. Then, the cells were treated with PP/Dz13 (mass
ratio of 10.0) and PAMAM/Dz13 nanoparticles (mass
ratio of 7.5) containing 5 pg/mL Dzl3 in serum-free
medium for 6 hrs and further in 10% FBS-containing
DMEM for 48 hrs. Based on the manufacturer’s instruc-
tions, live/dead reagents were used to stain the cells
which were observed by Olympus IX73P1F fluorescence
microscopy (Tokyo, Japan).

Inhibition of colony formation assay

The cell culture and the treatment with PP/Dz13 or
PAMAM/Dz13 nanoparticles were conducted as described
in section “Live/dead cell staining”. The treated cells were
harvested and reseeded into disparate wells of 6-well
plates at a density of 2.0x10* cells/well and incubated at
37°C for 7 days. The cells were fixed with cold 75%
ethanol at 4°C for 20 mins and stained with 0.2% crystal
violet solution for an additional 15 mins. Finally, the
colony formation was observed by Olympus IX73PIF
fluorescence microscopy.

Cell apoptosis and cell cycle arrest
analysis

The HepG2 cells were seeded into 6-well plates at a
density of 2.0x10° cells/well and incubated at 37°C for
24 hrs. Then, the cells were treated with PP/Dz13 or
PAMAM/Dz13 nanoparticles (mass ratios of 10.0 and
7.5, respectively) containing 5 pg/mL DzI13 in serum-
free medium for 6 hrs and incubated in 10% FBS-con-
taining DMEM for 72 hrs. For the cell apoptosis analysis,
the treated cells were dyed with Annexin V-FITC and PI
staining solution according to the manufacture’s protocol
and detected by CytoFLEX flow cytometer (Beckman
Coulter Inc., USA). For the cell cycle arrest analysis,
the transfected cells were fixed with cold 75% ethanol
at =20 °C for 1 hr and then treated with PI/RNase
staining buffer for 15 mins based on the manufacturer's
protocol, and finally the cells were detected and analyzed
on a BD FACS caliber (BD Bioscience Mountain View),
using the BD CellQuest Pro software for analysis.

Western blotting analysis

The cell culture and treatment were performed as
described in the section “Cell apoptosis and cell cycle
arrest analysis”. The cells were harvested, washed with
PBS and lysed in the RIPA buffer containing 1 mM
phenylmethanesulfonyl fluoride on ice for 15 mins. The
cell lysis solutions were centrifuged at 12,000 rpm for 15
mins to collect the supernatants. Total protein concentra-
tion of each sample was quantified by BCA protein assay
kit. Equal amount of proteins was applied in 12% SDS-
PAGE and transferred to PVDF membrane by electroblot-
ting. The membrane was first blocked with 5% skim milk
at room temperature for 2 hrs and incubated with the
corresponding primary antibodies at 4°C overnight. After
washing with PBS containing 0.1% Tween (PBST) for 10
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mins three times, the membrane was treated with HRP-
labeled secondary antibody at room temperature for 1 hr
and washed with PBST for 10 mins three times. Finally,
the expression level of targeted proteins was detected by
enhanced chemiluminescence on a Tanon 2500 chemilu-

minescence imaging system (Tanon).

Mitochondrial membrane potential assay
The mitochondrial membrane potential was measured
using the lipophilic JC-1 dye. The cell culture and treat-
ment were carried out as described in the section “Cell
apoptosis and cell cycle arrest analysis”. Briefly, the har-
vested cells were washed with PBS three times, stained
with JC-1 dye at 37°C for 30 mins, and observed with
Olympus IX73PIF fluorescence microscopy after washing
with PBS another three times. The ratio of red to green

fluorescence was measured using Image J software.

Wound healing analysis

The HepG2 cells were seeded in 6-well plates at a density
of 1.0x10° cells/well and incubated at 37°C until the
confluence of cells reached 90%. Then, a scratched
wound in the monolayer of cells was generated using a
200-puL sterile pipette tip. After washing with PBS twice,
the cells were cultured with different nanoparticles as
described in the section “Cell apoptosis and cell cycle
arrest analysis”. Following the incubation for 12, 24, 36
and 48 hrs, the length of wounds was imaged with
Olympus IX73P1F fluorescence microscopy and the anti-
migration function of Dz13 transfection was evaluated.

Transwell migration analysis

The treatment of HepG2 cells was performed as described
in section “Inhibition of colony formation assay”, and the
Transwell migration analysis was carried out using a
Transwell chamber. The serum-free DMEM (200 pL) con-
taining 2.0x10* transfected cells and 1% BSA was added
into the upper chamber, and meanwhile 700 pL DMEM
was added into the lower chamber. Following the incuba-
tion at 37°C for 24 hrs, the nonmigrating cells on the top
of membrane were removed by mechanical wiping, and
the ones migrating to the lower surface of membrane were
fixed with 75% ethanol at 4°C for 20 mins. After the
staining with 0.1% crystal violet solution for 15 mins,
the cells were washed with PBS three times and detected
on an Olympus IX73PIF fluorescence microscopy.

Statistical analysis

All the data were presented as mean value £ SD, and the
statistical significance of differences between experimental
groups and control group was calculated using one-way
ANOVA with GraphPad Prism 6 complemented with
Student’s #-test (n.s., not significant; *p<0.05; **p<0.01
and ***p<0.001).

Results and discussion
Construction and characterization of PP/

Dz|3 nanoparticles
According to the synthetic procedure in Figure 1A, the
tumor-targeting carrier PP was constructed through the
EDC/NHS-mediated conjugation of ligand PBA with the
amine groups on the surface of PAMAM dendrimer. The
structure of product PP was identified using '"H NMR
(Figure 2). Clearly, the proton peaks at 7.55 and 7.46
ppm generated from the aromatic ring of PBA indicated
the successful modification of PBA on the surface of
PAMAM. Based on the measurement of boron content
by an inductively coupled plasma optical emission spec-
trometer, the conjugation ratio of PBA on the surface of
PP was calculated to be 7.2 as reported in our previous
research.’” Then, the Dz13-binding and condensation abil-
ity of PP was evaluated through gel retardation assay
(Figure 1B). Compared with free Dz13, the carriers
PAMAM and PP could realize the complete retardation
of Dz13 when the mass ratios were higher than 1.5, indi-
cating that Dz13 could be condensed into stable nanopar-
ticles via electrostatic interaction. The critical mass ratio
of PP was the same as that of PAMAM which meant that
the modification with ligand PBA did not alter the binding
and condensation ability with Dz13. Meanwhile, the pro-
tective effect of PP for Dz13 against DNase degradation
was detected through agarose gel electrophoresis, in which
PP/Dz13 and DNase I were coincubated and subsequently
treated with heparin to obtain free Dz13. As shown in
Figure S1, clear Dz13 band could be observed when PP/
Dz13 nanoparticles were subjected to DNase I and subse-
quent heparin treatment, revealing that the presence of PP
could effectively protect Dz13 from the degradation of
DNase. The improved stability against enzymes will be
beneficial for the stable and efficient delivery of nanopar-
ticles, especially at an in vivo level.

Further, the morphology of PP/Dz13 and PAMAM/
Dz13 nanoparticles was characterized by TEM and SEM.
As shown in Figure 3, PP/Dz13 and PAMAM/Dz13
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Figure | (A) The synthetic illustration of the gene carrier PP and (B) gel retardation assay for the DzI3 binding and condensation ability of PP and PAMAM.
Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine; EDC/NHS, |-[3-(dimethylamino)propyl]-3-ethyl carbodiimine/N-hydro-

xysuccinimide; RT, room temperature.
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Figure 2 The 'H NMR spectra of (A) PAMAM and (B) PP in D,O.

Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

nanoparticles possessed a similar spherical structure with
the size of approximately 200 nm. SEM images also
showed the spherical structure with a smooth surface for
both the PP/Dz13 and PAMAM/Dz13 nanoparticles, and
the particle size of these two nanoparticles was observed
to be ca. 200 nm (Figure S2). The hydrodynamic diameter
and zeta potential values of nanoparticles at different mass
ratios were determined through Malvern Nano ZS90
Zetasizer (Table S1). Apparently, the hydrodynamic

diameter values decreased with the increasing mass ratio
of carrier to Dz13 for these two groups, suggesting the
successful formation of nanoparticles. The zeta potential
values exhibited an increasing tendency with the improved
ratio of cationic polymers. The particle size and zeta
potential values of PP/Dz13 nanoparticles were deter-
mined to be 204.77 nm and +22.00 mV at a mass ratio
of 10.0, respectively, which was the optimal ratio for Dz13
transfection as introduced in the following studies. The
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Figure 3 The TEM images of PAMAM/Dz|3 (A) and PP/Dz|3 nanoparticles (B). The scale bar is 200 nm.
Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

favorable particle size (ca. 200 nm) and positively charged
state of nanoparticles provided excellent properties for
facilitating the intracellular uptake and gene transfection
of nanoparticles.

Intracellular distribution of PP/DzI3

nanoparticles
To determine the optimal mass ratio of carrier and Dz13
for intracellular delivery, the transfection efficiency of
nanoparticles containing FAM-labeled Dz13 was investi-
gated through flow cytometry. As shown in Figure S3,
compared with free Dzl13, stronger green fluorescence
could be detected in carrier-mediated Dz13 transfections
at different mass ratios, indicating that both PAMAM and
PP could efficiently enhance the intracellular delivery of
Dz13. In particular, the highest transfection efficiency of
PP/Dz13 and PAMAM/Dz13 nanoparticles could be
achieved at mass ratios of 10.0 and 7.5, respectively,
which was highly relied on their desirable particle size
and positive charge on the surface. The transfection effi-
ciency of PP/Dz13 nanoparticles at the mass ratio of 10.0
was measured to be 88.0%. Thus, these two ratios were
employed as the optimal mass ratio of PP/DzI13 and
PAMAM/Dz13 nanoparticles in the subsequent studies.
As PBA has been widely reported to specifically recog-
nize the sialic acid overexpressed on the surface of tumor
3437 the intracellular uptake behavior of PP/Dzl13
nanoparticles was analyzed using CLSM and flow cyto-

cells,

metry. As demonstrated in Figure 4, compared with the
PAMAM-mediated Dz13 delivery, stronger fluorescence
could be observed in the PP/Dz13 transfection, indicating
that PP could enhance the intracellular delivery of Dz13
due to the introduction of the tumor-targeted ligand PBA

molecules. Interestingly, the fluorescence intensity could
be significantly reduced in the PP/Dz13 transfection group
when HepG2 cells were pretreated with 1 mM PBA for 1
hr, whereas obvious green fluorescence could be detected
in the PAMAM/Dz13 group regardless of the pretreatment
of PBA molecules. The results indicated that the excessive
PBA possessed an inhibitory effect on the PP-mediated
Dz13 transfection. The results were probably caused by
the fact that free PBA could shield the sialic acids
expressed on the membrane of HepG2 cells and further
prevent the endocytosis of PP/Dz13 nanoparticles. Thus,
we could conclude that the PP-mediated delivery of Dz13
relied on the sialic acid-dependent endocytosis in HepG2
cells. In contrast, the pretreatment of PBA did not induce
the inhibition of endocytosis of PP/Dz13 nanoparticles in
human hepatocyte L02 (Figure S4), which was demon-
strated to exhibit lower expression level of sialic acids.>
Consistently, the pretreatment of PBA did not alter the
cellular uptake performance of PAMAM/Dz13 nanoparti-
cles in flow cytometric analysis, whereas significant inhi-
bition of endocytosis could be obtained in PP/Dz13
transfection group when HepG2 cells were preincubated
with 1 mM PBA (Figure S5A). Meanwhile, the pretreat-
ment of PBA did not change the endocytotic behavior of
PP/Dz13 and PAMAM/Dz13 nanoparticles in L02 cells
(Figure S5B). In summary, compared with free PAMAM,
the introduction of PBA on the surface of PAMAM could
enhance the intracellular delivery of Dz13, which was
achieved in a sialic acid-dependent endocytosis manner.
Finally, the endosomal escape of PP/Dz13 nanoparti-
cles was investigated using CLSM (Figure 5). At 2 and 6
hrs, obvious colocation of green and red fluorescence
could be observed, suggesting that PP/Dz13 nanoparticles
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Control

Dz13

PAMAM/Dz13

PP/Dz13

PAMAM/Dz13
with PBA pretreatment

PP/Dz13
with PBA pretreatment

Figure 4 The CLSM images of HepG2 cells transfected with PP/Dz13 and PAMAM/Dz|3 nanoparticles with the pretreatment of | mM PBA for | hr. The scale bar is 20 pm.
Abbreviations: CLSM, confocal laser scanning microscopy; PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

DAPI Dz13-FAM Lyso tracker red  Merged

) ....

Figure 5 Endosomal escape of PP/Dzl3 nanoparticles through CLSM. The scale
bar is 10 pm.

Abbreviations: CLSM, confocal laser scanning microscopy; PP, phenylboronic acid-
functionalized polyamidoamine; PAMAM, polyamidoamine.

were mainly located in the lysosomes. Notably, green
fluorescence could be observed in the cytosol after 10
hrs, not merged with red fluorescence. Thus, it could be
concluded that PP/Dz13 nanoparticles achieved an effi-
cient endosomal escape owing to the “proton sponge”
effect, which would facilitate the release of Dz13 to execu-
tive its antitumor function.

Inhibition of cell proliferation by PP/DzI 3

nanoparticles

Before the antiproliferative analysis of PP/Dz13 nanopar-
ticles, the cytotoxicity of PP and PAMAM was evaluated
using HepG2 and LO02 cells. As shown in Figure S6, in
comparison to HepG2 cells, PAMAM exhibited higher
cytotoxicity against LO2 cells at an identical concentration
since normal cells were more sensitive than cancer cells.
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Figure 6 The inhibition of cell proliferation in HepG2 cells after the transfection of
PP/Dz13 (mass ratio of 10) and PAMAM/DzI3 nanoparticles (mass ratio of 7.5). The
concentrations of free PP and PAMAM were 40 and 30 pg/mL, respectively. The
data were presented as mean value + SD of triplicate measurements (n.s., not
significant; *p<0.05 and **p<0.001).

Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM,
polyamidoamine.

However, the derivative PP showed lower cytotoxicity
than PAMAM in these two cell lines, especially for L02

A

107

cells at a high concentration of carriers (100 pg/mL). The
reduced cytotoxicity was mainly caused by the reduction
of positively charged amine groups on the surface of
PAMAM. Then, the cell viability of HepG2 cells after
the carrier-mediated Dz13 transfection was detected
through MTT method (Figure 6). Apparently, compared
with the control group, there was no inhibition of cell
proliferation obtained in the PP/Dz13Scr group, whereas
the carrier-mediated Dz13 transfection possessed an
obvious inhibitory effect on the proliferation of tumor
cells owing to the carrier-mediated successful delivery of
therapeutic Dz13. Specifically, the PP-mediated Dzl13
delivery exhibited higher inhibition efficiency than
PAMAM/Dz13 groups, with cell viability values of
70.4% and 67.8% at the Dz13 concentration of 4 and 6
pg/mL, respectively. The favorable inhibition of cell pro-
liferation was also an indicator of the superior transfection
efficiency of PP. Based on the cell viability analysis after
the PP-mediated Dz13 delivery (mass ratio of 10.0), ICsq
of Dz13 was calculated to be 15.38 ng/mL (Figure S7).
Moreover, a larger population of dead cells could be
clearly observed in PP/Dz13 nanoparticles group through
live/dead cell staining, where the viable cells emitted the
green fluorescence and the dead cells generated red
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Figure 7 The cell apoptosis analysis of HepG2 cells after the transfection of PP/Dz13 and PAMAM/DzI3 nanoparticles: (A) control, (B) DzI3, (C) PP, (D) PP/DzI3Scr, (E)

PAMAM/DzI3, (F) PAMAM, (G) PAMAM/DzI3Scr and (H) PP/Dz13 nanoparticles.

Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.
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Figure 8 Western blotting assay for the expression level of associated proteins in HepG2 cells after DzI3 transfection.
Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

fluorescence (Figure S8). Consistently, PP/Dz13 nanopar-
ticles could remarkably inhibit the cell colony formation,
much stronger than PP/Dz13Scr group (Figure S9). In
summary, these results illustrated that the carrier-mediated
Dz13 transfection could efficiently inhibit the cell prolif-
eration due to the tumor-suppressive function of Dz13 and
PP/Dz13 exhibited higher inhibition ability due to the
enhanced transfection efficiency.

Subsequently, the cell apoptosis induced by Dz13 trans-
fection was evaluated by Annexin V-FITC/PI staining fol-
lowed by flow cytometric analysis. As shown in Figure 7,
compared with the control group, limited early apoptosis
could be observed in the PAMAM/Dz13Scr and PP/
Dz13Scr groups, but enhanced ratio of late apoptosis could
be clearly obtained for these two groups. These results were
probably caused by the certain cleavage ability of Dz13Scr
on the c-jun mRNA, though the sequence was scrambled. In

contrast, PP/Dzl13 and PAMAM/Dz13 nanoparticles

exhibited a higher percentage of early and late apoptosis,
with the total ratios of 20.55% and 16.52%, respectively,
revealing that Dz13 transfection-mediated by PAMAM and
PP could efficiently facilitate the cell apoptosis. In addition,
lower apoptosis ratio was achieved in free PP than PAMAM,
indicating the lower cytotoxicity of PP, and the results were
consistent with MTT assay. To further elaborate the apoptosis
pathways induced by Dz13 delivery, the expression level of
apoptosis-associated proteins was determined through
Western blotting. As shown in Figure 8, PP/Dz13 and
PAMAM/Dz13 nanoparticles could significantly reduce the
expression of procaspase-3 and promote the conversion of
procaspase-3 to caspase-3, which has been identified as a key
mediator of apoptosis in mammalian cells.*® Meanwhile, the
expression level of poly(ADP-ribose) polymerase (PARP)
was decreased after the treatment with PP/Dz13 and
PAMAM/Dz13 nanoparticles, which was triggered by the
cleavage of caspases-3. Additionally, the expression levels
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Figure 9 Cell cycle arrest (A) and the relative cell cycle phase (B) in HepG2 cells after Dz 3 transfection: (a) control, (b) Dzl3, (c) PP, (d) PP/DzI3Scr, (e) PP/DzI3 and (f)

PAMAM/Dz13 nanoparticles.

Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

of procaspase-8 and — 9 decreased after the carriers-mediated
Dz13 transfection, suggesting the activation of caspase-8 and
—9 through the cleavage of their precursors. Basically, the
activation of caspase-8 has been identified to play a critical
role in the cell apoptosis through the death receptor-depen-
dent pathway, while caspase-9 could initiate the cell apopto-
sis based on the mitochondria-dependent apoptotic
pathway.**** Thus, we inferred that the carrier-mediated

Dz13 transfection could trigger the cell apoptosis through

both death receptor-dependent pathway and mitochondrial
apoptotic signaling pathway. The mitochondrial membrane
potential was detected after the Dz13 transfection using
lipophilic JC-1 probe to further demonstrate the activation
of mitochondrial apoptotic pathway. As shown in Figure S10
and S11, compared with the control group, a stronger green
fluorescence generated from the monomer state of JC-1
could be observed in the PP/Dz13 and PAMAM/Dz13
groups, indicating that Dz13 transfection could reduce the
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Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

membrane potential of mitochondria. Consistently, the
results also supported that the Dz13 delivery could trigger
the cell apoptosis through the activation of mitochondria-
dependent apoptotic pathway.

Further, the expression level of related proteins after
Dz13 transfection was detected using Western blotting
(Figure 8). Dz13 has been reported to target and cleave
the c-Jun mRNA, and thus we detected the expression
level of c-Jun protein. As expected, the expression of c-
Jun was dramatically inhibited after the carrier-mediated
Dz13 delivery. c-Jun protein, making up the transcription
factor AP-1, has been confirmed to participate in the cell
activities such as proliferation, transformation and
apoptosis.'> Thus, the downregulation of c-Jun protein
Dz13

could trigger the cell apoptosis. Meanwhile,

transfection could reduce the expression of procaspase-2,
indicating the activation of caspase-2 which could induce
the mitochondrial permeability as Dz13 is known as a
potent inducer of caspase-2.'* Furthermore, the enhanced
expression of p53 protein could be detected after the
carrier-mediated Dz13 transfection, promoting the cell
apoptosis through the p53-dependent route. As the activa-
tion of p53 was highly associated with the cell cycle arrest,
the cell cycle arrest was detected after Dz13 transfection
based on the PI staining and subsequent flow cytometric
analysis. As shown in Figure 9, the cell proportion of G1
phase could be significantly improved following the treat-
ment with PP/Dz13 and PAMAM/Dz13 nanoparticles,
owing to the activation of caspase-2 and upregulation of
p53. These results revealed that the carrier-mediated Dz13
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PAMAM/Dz13 nanoparticles. The scale bar is 50 pm.

Abbreviations: PP, phenylboronic acid-functionalized polyamidoamine; PAMAM, polyamidoamine.

delivery could induce the cell cycle arrest at Gl phase
contributing to the antiproliferative effect, except for the
induction of cell apoptosis.

Inhibition of cell migration by PP/DzI3

nanoparticles

The metastasis has been identified to be one of the major
causes of cancer death in patients, and thus it was necessary
to determine the ability of Dz13 transfection to inhibit the cell
migration and invasion. In the wound healing assay, the wound
size of different groups exhibited an obvious decreased ten-
dency with the elongation of incubation time (Figure 10).
Notably, in comparison to the constant migration of control
group, the cells treated with PP/Dz13 and PAMAM/Dz13
nanoparticles showed a strong inhibitory effect on the migra-
tion efficiency. Additionally, the invasive ability of HepG2
cells was tested following the Dz13 transfection through
Transwell migration assay (Figure 11). Compared with the
control and PP/Dz13Scr groups, the invasive cell number
was sharply decreased for the cells treated with PAMAM/
Dz13 and PP/Dz13 nanoparticles. All these results demon-
strated that the carrier-mediated Dz13 delivery could effi-
ciently inhibit cell migration and invasion. Since the cancer
metastasis was usually associated with the extracellular MMPs
the expression level of MMP-2
and —9 was further measured after Dz13 transfection. As

secreted by the cancer cells,”'

shown in Figure 8, the expression level of MMP-2 and —9
was downregulated after the transfection of PAMAM/Dz13
and PP/Dz13 nanoparticles, indicating that the DzI13

transfection could achieve the inhibition of metastasis through
the reduced expression of MMP-2 and —9.

Conclusion

In conclusion, a tumor-targeting PAMAM derivative was
successfully developed through the modification of ligand
PBA on the surface of PAMAM dendrimer, and mean-
while, it was employed as an efficient delivery system of
therapeutic DNAzyme Dz13. Compared with PAMAM,
the derivative PP exhibited superior transfection efficiency
owing to the sialic acid-dependent endocytosis pathway.
Remarkably, PP/Dz13 nanoparticles could be capable of
inhibiting the cell proliferation, migration and invasion
through the cleavage of c-Jun mRNA in cancer cells.
Overall, the PBA-functionalized PAMAM dendrimer pro-
vided an efficient platform for the delivery of therapeutic
genes, thereby facilitating the cancer gene therapy in
future clinical use.
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