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RESEARCH ARTICLE

Inhibition of cancer cell proliferation
by adenosine triphosphate-triggered
codelivery system of p53 gene and
doxorubicin

Yong Liu, Xinxin Shao, Zhiyuan Shi, Quanshun Li*

Key Laboratory for Molecular Enzymology and Engineering of Ministry of Education,
School of Life Sciences, Jilin University, Changchun 130012, China

Abstract: The codelivery of drugs and genes by stimuli-responsive nanocarriers is a
promising strategy for achieving an effective cancer treatment. In this study, an adenosine
triphosphate (ATP)-responsive nanosystem was constructed to codeliver doxorubicin
(DOX) and p53 gene based on an ATP-triggered aptamer and polyethyleneimine (PEI).
In this system, DOX interacts with the GC-rich motif of duplex formed by the aptamer
and its cDNA sequence. Then, a ternary nanocomplex DOX-Duplex/PEIl/p53 was
constructed using cationic carrier PEI25K for facilitating the intracellular delivery and
release of p53 gene and DOX. The DOX-Duplex/PEI/p53 nanocomplex was found to
possess an efficient anticancer effect, which was attributed to the ability of the system
to trigger cell apoptosis and meanwhile block the cell cycle at G2 phase. The favorable
antiproliferative effect was found to be associated with the rapid DOX and p53 gene
release in response to the intracellular ATP concentration and the synergistic effect of
therapeutic drug and gene.

Keywords: adenosine triphosphate-responsive aptamer, doxorubicin; p53 gene;
codelivery; synergistic effect

1. Introduction

In recent years, chemotherapy has emerged as the most common strategy for cancer
treatment!t). However, the application of chemotherapy was strictly hindered by its
undesirable side effects, low antitumor efficiency, and strong drug resistance??!. On the
contrary, gene therapy has many advantages since it is capable of altering the mutated
genes or their expression level to manipulate the proliferative effect of cancer cells by
delivering therapeutic genes™, and thus, it has been widely accepted as an efficient
approach in the cancer treatment. Among therapeutic genes, p53 gene is a famous tumor
suppressor which has been widely investigated, as it exhibits a great potential in inhibiting
the tumor growth by multiple pathways including the induction of cell cycle arrest and
cell apoptosis!>¢.

At present, the combination therapy based on the codelivery of chemotherapeutics and
genes by nanocarriers has been proposed to achieve an excellent antitumor effect with
the advantages of lower drug dosage and limited toxicity”*. To enhance the therapeutic
efficacy of the codelivery systems, various intelligent nanocarriers have been purposely
developed to facilitate the accumulation of nanocarriers at the tumor site and accelerate the
intracellular release of payloads in response to different stimulus such as pH"!, enzymes!'”,
light!'Y, temperature!'?, and intracellular reduction conditions!'*l. However, these stimuli-
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responsive nanocarriers require complicated design and
construction procedures which are easily affected by the
external factors!'*'*,

In cancer cells, the extracellular concentration of
adenosine triphosphate (ATP) was much lower (<0.4 mM)
than that in the intracellular environment (ca. 1-10 mM),
thereby providing a feasible condition for the construction
ofintelligent nanomaterials in response to ATP stimulit!7),
Recently, an ATP-responsive nanomaterial composed of
an ATP-binding aptamer and its complementary chain
(cDNA) has been successfully developed for the loading
and release of doxorubicin (DOX)!'#), In this ATP-
triggered system, DOX was integrated into the double-
stranded duplex in a low ATP concentration due to the
introduction of high GC content and then triggered to
be released in response to high intracellular ATP status.
Since the aptamers are easily degraded by nucleases in
the circulation, an efficient carrier is highly required for
the stable delivery of aptamers. In recent years, branched
polyethyleneimine (PEI) (molecular weight of 25 kDa,
PEI25K) has been widely regarded as a “gold standard” in
the polycation carriers-mediated gene delivery, which can
form a stable nanoparticle with nucleic acids and achieves
the endo/lysosomal escape through the “proton sponge”
effect to prevent the degradation of nucleic acids in the
acidic environment**?"J,

In the present study, the codelivery of p53 gene and
DOX was realized on the basis of an ATP-triggered
aptamer and its cDNA sequence, using PEI25K as a
carrier. In this system, PEI25K could efficiently form a
stable nanocomplex with DOX-loaded aptamer and p53
gene and further protect nucleic acids from the degradation
by nucleases. Finally, the antitumor response in human
prostate cancer cell line PC-3 was evaluated to analyze the
synergistic effect of p53 gene and DOX.

2. Materials and Methods

2.1. Materials

PEI25K, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and heparin were
provided by Sigma-Aldrich (St. Louis, MO). Doxorubicin
hydrochloride (DOX, >98%) was obtained from Beijing
HVSF United Chemical Materials Co., Ltd. (Beijing, China).
PlI-based cell cycle and Annexin V-FITC/PI-based apoptosis
detection kits were obtained from Bestbio (Shanghai, China).
Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal
bovine serum (FBS) were provided by Gibco (Grand Island,
MO). Phosphate-buffered saline (PBS) and polyvinylidene
fluoride (PVDF) membrane were obtained from Amresco
(Solon, OH) and Millipore (Billerica, MA), respectively.
Antibodies against p53 and procaspase-3 were purchased
from Abcam (Shanghai, China). The BCA protein assay kit
was purchased from Promega (Madison, WI). The activities
of caspases-3, -8, and -9 were detected by commercially
available kits obtained from Promega (Madison, WI). All

other reagents were purchased and used without further
purification.

The ATP-responsive aptamer and its complementary
DNA (cDNA) were synthesized by Sangon Biotech
(Shanghai, China). The sequence of aptamer and cDNA
was listed below:

Aptamer: 5’-ACC TGG GGG AGT ATT GCG GAG
GAA GGT-3’;

cDNA: 5’-ACC TTC CTC CGC AAT ACT CCC CCA
GGT-3".

2.2. Preparation and characterization of DOX-
Duplex/PEI/p53 nanocomplex

The DOX-Duplex was constructed in accordance
with the previously reported method"®. In brief, the
duplex complex was prepared by the incubation of ATP-
responsive aptamer solution (20 pM) and its cDNA
at room temperature for 45 min. After the addition of
DOX solution (20 uM) in the duplex complex dropwise,
the DOX-Duplex complex was constructed during
the incubation of the mixture at room temperature for
15 min. The DOX-Duplex complex was then incubated in
different ATP solutions (0.4 or 4.0 mM) to determine the
DOX loading and release profile through the fluorescence
intensity of DOX. For the preparation of DOX-Duplex/
PEI/p53 nanocomplex, p53 gene was first mixed with
DOX-Duplex complex, and the obtained sample was
mixed with PEI25K at different mass ratios. After settling
down the sample at room temperature for 30 min, Nano
78590 Zetasizer (Malvern Instrument, UK) was used to
evaluate the average particle size and zeta potential values
of DOX-Duplex/PEI/p53 nanoparticles.

2.3. Gel retardation assay of DOX-Duplex/PEI/
p53 nanocomplex

The gel retardation assay was employed to characterize the
condensing capacity of PEI25K to DOX-Duplex and p53,
in which the formed nanocomplexes were subjected to 1%
agarose gel electrophoresis (20 min, 120 V). Further, the
stability of nanocomplexes was monitored throughout the
period of incubation with DNase I at 37°C for 3 h, and the
heparin solution (4 mg/mL) was adopted to trigger the p53
gene release from nanocomplexes. Similarly, the products
were electrophoresed on 1% agarose gel as described
above.

2.4. Cellular uptake of DOX-Duplex/PEI/p53
nanocomplex

The PC-3 cells were inoculated at an initial density of
2.5%10° cells/well in 6-well plates and cultured overnight.
Then, the cells were incubated with DOX-Duplex/PEI/
p53 nanocomplex in serum-free medium for 6, 12, 18, and
24 h, respectively, and observed by an IX71 fluorescence
microscopy (Olympus, Tokyo, Japan).
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2.5. Cytotoxicity assay of ternary nanocomplex

The cytotoxicity assay of Duplex/PEl/green fluorescent
protein (GFP) ternary nanocomplex was conducted
through MTT method using PC-3 cells. Briefly, the cells
were inoculated into 96-well plates (7.0x10° cells/well)
and incubated overnight. After removing the medium
from each well, the serum-free DMEM harboring the
corresponding nanocomplexes (100 pL) was added into
each well and the cells were incubated for 24 h. At the end
of the incubation, MTT solution (20 pL, 5 mg/mL) was
used to treat the samples in each well for 4 h. Following the
removal of medium, the formazan crystal formed in each
well was dissolved using 150 pL of dimethyl sulfoxide.
GF-M3000 microplate reader (Shandong, China) was
used to measure the absorbance of the dissolved formazan
crystal at 492 nm. The cell viability was calculated by the
ratio of absorbance of the treated and control cells.

2.6. Cell apoptosis assay induced by DOX-
Duplex/PEI/p53 nanocomplex

The PC-3 cells were inoculated into 6-well plates
(2.0x10° cells/well) and incubated overnight. After
removing the medium, 2 mL of serum-free DMEM
containing different nanocomplexes were added into each
well. Followed by the incubation for 6 h, the cells were
cultured by fresh medium supplemented with 10% FBS
for an additional 24 h. The treated cells were collected
and stained with the solutions provided in the detection kit
based on the manufacturer’s instructions, and FACSCalibur
(BD Biosciences, San Jose, CA) was employed to measure
the apoptotic ratio.

2.7. Cell cycle arrest assay induced by DOX-
Duplex/PEI/p53 nanocomplex

The cell culture and transfection procedures were
described in section 2.6. Subsequently, the harvested cells
were subjected to fixation in 75% ethanol at 4°C overnight
and rinsed with cold PBS for 3 times. The fixed cells were
incubated with RNase A solution (20 pL) at 37°C for
30 min and then stained with PI solution (300 pL) at 4°C
for 1 h in the dark. Finally, FACSCalibur (BD Biosciences,
San Jose, CA) was employed to analyze the cell cycle.

2.8. Western blotting assay

The cell culture and the treatment with DOX-Duplex/PEI/
p53 nanocomplex were performed as described in section
2.6. After the transfection with different nanocomplexes,
the collected cells were lysed with RIPA buffer with 1 mM
phenylmethanesulfonyl fluoride and quantified by BCA
protein kit. An equal quantity of supernatant proteins was
used for 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to PVDF membrane
through electroblotting. To block the non-specific binding,
the PVDF membrane was treated with 5% skim milk for

2 h. The membrane was subjected to the incubation with
individual primary antibodies at 4°C overnight and the
horseradish peroxidase-conjugated secondary antibody
at room temperature for an additional 1 h. The enhanced
chemiluminescent solution was used to visualize the PVDF
membrane. The protein expression level was identified
using B-actin as a control.

2.9. Activity assays of caspase-3, -8, and -9

The cell treatment procedures were described in section
2.6. After the treated cells were incubated with 100 pL of
lysis buffer, the supernatant was harvested by centrifuging
at 12,000 rpm for 15 min and quantified by BCA protein
kit. Finally, according to the instructions, the activities of
caspase-3, -8, and -9 were measured through the incubation
of the equal amount of supernatant and individual substrate
in the corresponding activity assay Kkits.

3. Results and Discussion

3.1. Preparation and characterization of DOX-
Duplex/PEI/p53 nanocomplex

The fluorescence intensity of DOX-Duplex and DOX was
first detected to confirm whether DOX was loaded in the
duplex formed by the ATP aptamer and its cDNA. A strong
fluorescence intensity at 570 nm was clearly observed in
free DOX while the fluorescence dramatically decreased
in DOX-Duplex [Figure 1A], which was attributed to
the resonance energy transfer generated by the insertion
of DOX into the duplex chain. To investigate the ATP-
dependent DOX release behavior, DOX-Duplex was
incubated with different ATP concentrations to mimic the
intracellular and extracellular environments. The previous
reports have demonstrated that the extracellular ATP
concentration (<0.4 mM) is much lower than that in the
cytosol (1-10 mM)P2>%, Thus, 0.4 mM and 4.0 mM of
ATP concentrations were used to mimic the corresponding
ATP concentrations in the extracellular and intracellular
environments, respectively. As shown in Figure 1B, limited
DOX release was observed when DOX-Duplex was treated
with 0.4 mM ATP. Notably, DOX release was efficiently
triggered at a higher concentration of ATP (4.0 mM),
indicating that DOX-Duplex could induce the DOX release
in an ATP-triggered manner. Meanwhile, the system could
obtain a favorable intracellular ATP response, and thus, it
was favorable for achieving high antitumor efficacy.
Subsequently, PEI25K was used as a cationic carrier
for the delivery of p53 gene and DOX-Duplex. The
condensation ability of PEI25K for DOX-Duplex was
investigated through gel retardation assay. As indicated
in Figure 2A, obvious retardation was achieved at
the mass ratio of >0.5, suggesting that the aptamer
duplex was efficiently condensed by PEI25K into
stable nanoparticles. Moreover, PEI25K maintained
the favorable binding and condensation ability for the
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Figure 1. The fluorescence intensity of doxorubicin (DOX) and DOX-Duplex (A). The DOX release profile from DOX-Duplex with the

treatment with 0, 0.4, and 4.0 mM ATP, respectively (B).
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Figure 2. Gel retardation assay of polyethyleneimine (PEI)/
duplex nanocomplex at different mass ratios (A). Influence of
doxorubicin on the stability of PEI/duplex nanocomplex (B).

aptamer duplex in the presence or absence of DOX
molecules, as complete retardation was maintained for all
the groups [Figure 2B]. Further, to measure the binding
and condensation capability of PEI25K for both p53 gene
and DOX-Duplex, gel retardation assay was performed.

Figure 3. (A) Gel retardation assay of doxorubicin (DOX)-
Duplex/polyethyleneimine/p53 nanocomplex at different mass
ratios. Lane 1: Free p53 gene, lane 2: Free DOX-Duplex, lane 3-8:
DOX-Duplex/PEl/p53 nanocomplex at mass ratios of 1:1:1, 1:2:1,
1:4:1, and 1:8:1, respectively. (B) Agarose gel electrophoresis for
analyzing the stability of DOX-Duplex/PEl/p53 nanocomplex in
the presence of DNase I. Lane 1: Free p53 gene; lane 2: DOX-
Duplex, lane 3-5: DOX-Duplex/p53 nanocomplex, and lane 6-8:
DOX-Duplex/PEI/p53 nanocomplex.

As shown in Figure 3A, compared with p53 plasmid
and DOX-Duplex, the DOX-Duplex/PEI/p53 ternary
nanocomplex was completely retarded at the mass ratio
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Figure 4. The hydrodynamic diameter (A) and zeta potential (B) values of nanocomplexes.

Figure 5. The endocytosis analysis of doxorubicin (DOX)-
Duplex/polyethyleneimine (PEI)/p53 nanocomplex through the
fluorescence microscopy: (A) The control group. (B) DOX-
Duplex/PEI/p53 nanocomplex. (C) The expression level of p53
protein in PC-3 cells after the treatment of DOX-Duplex/PEI/p53
nanocomplex for 24 h. Left panel: Control group; right panel:
DOX-Duplex/PEl/p53 nanocomplex.
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Figure 6. The doxorubicin (DOX) release profile of DOX-Duplex/
polyethyleneimine/p53 nanocomplex after the transfection for
6 (A), 12 (B), 18 (C), and 24 h (D), respectively.
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Figure 7. The cytotoxicity analysis of the ternary nanocomplex
duplex/polyethyleneimine/green fluorescent protein.

of 1:1:1, which indicates a superior condensing ability of
PEI25K for these two components. Then, we evaluated
the protective effect of PEI25K for these two components
against the DNase I treatment through agarose gel
electrophoresis [Figure 3B]. Apparently, free p53 plasmid
and DOX-Duplex were easily degraded by DNase 1. In
contrast, obvious bands of p53 plasmid and DOX-Duplex
were detected after the DNase I digestion in the DOX-
Duplex/PEl/p53 group, demonstrating that PEI25K could
protect p53 plasmid and DOX-Duplex from the DNase I
degradation.

The characterization of size and zeta potential values
of nanocomplexes was further conducted. As shown in
Figure 4A, DOX-Duplex/PEI nanocomplex exhibited
a much larger hydrodynamic diameter (736.5 nm),
which could be caused by the decreased electrostatic
interaction induced by the presence of DOX in DOX-
Duplex. Notably, compared with DOX-Duplex/PEI
nanocomplex, the ternary nanocomplex DOX-Duplex/
PEI/p53 showed a relatively smaller size (354.4 nm).
These results were mainly caused by that the addition
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of plasmid in the nanocomplex could provide a stronger
electrostatic interaction with PEI25K, thereby leading to
a more condensed structure. Meanwhile, DOX-Duplex/
PEI/p53 complex showed a positively charged state with
the zeta potential value of 7.9 mV [Figure 4B], which
could be suitable for the cellular uptake of nanoparticles
through the interaction with negatively charged cell
membrane.

3.2. Cellular uptake of DOX-Duplex/PEI/p53
nanocomplex

The endocytosis behavior of DOX-Duplex/PEI/p53
nanocomplex was then studied using PC-3 cell line as a
model. As demonstrated in Figure SA and B, compared
with the control group, an obvious red fluorescence
was observed in DOX-Duplex/PEI/p53 group after the
incubation for 6 h, indicating that the nanocomplex
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Figure 8. The cell apoptosis (A) and cell cycle (B) analysis of PC-3 cells after the treatment with different nanoparticles.
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successfully achieved the intracellular delivery of DOX.
Meanwhile, to detect the expression level of p53 protein
and further identify the successful transfection of p53 gene,
we conducted Western blotting analysis after the cells
were treated with the ternary nanocomplex. Compared
to the p53-null state of PC-3 cells, the expression of p53
protein could be clearly increased after the transfection
[Figure 5C], providing direct evidence that DOX-Duplex/
PEl/p53 nanocomplex could mediate the delivery of
pS53 gene into the cancer cells and further facilitate the
expression of therapeutic gene. Further, the DOX release
profile of ternary nanocomplex was detected at 6, 12, 18,
and 24 h, respectively. Apparently, the red fluorescence
intensity was gradually increased with the increasing
treatment time [Figure 6], revealing that the release of
DOX was conducted in a time-dependent manner. In this
regard, DOX-Duplex/PEl/p53 nanocomplex could induce
the controlled release of DOX, which was potential in the
reduction of systemic toxicity in future applications. In
summary, DOX-Duplex/PEI/p53 nanocomplex efficiently
mediated the in vitro codelivery of DOX and p53 gene and
also triggered the DOX release in an ATP-responsive and
time-dependent pattern.

3.3. Antiproliferative analysis of DOX-Duplex/
PEI/pS3 nanocomplex

The cytotoxicity of ternary nanocomplex was investigated
through MTT assay using duplex and/or GFP plasmid as
models. As shown in Figure 7, PEI25K exhibited an obvious
cytotoxicity dueto its excessive positive charge. Interestingly,
compared with free PEI25K, both binary nanocomplex and
ternary nanocomplex exhibited a reduced cell cytotoxicity,
which could be attributed to the neutralization of positive
charge by GFP plasmid and duplex.

Subsequently, we detected the cell apoptotic effect
induced by DOX-Duplex/PEl/p53 nanocomplex through
flow cytometry. In comparison to the untreated cells, an
evident early apoptosis was obtained after the treatment with
pS3/PEI and DOX-Duplex/PEI with ratios of 56.5% and
29.8% [Figure 8A], indicating that PEI25K was capable of
delivering p53 gene or DOX-Duplex into cancer cells and
triggered the cell apoptosis. Notably, the cells treated with
DOX-Duplex/PEI/p53 nanocomplex possessed the highest
ratio of early apoptosis (75.0%), much higher than those of
p53/PEI and DOX-Duplex/PEI groups, suggesting DOX-
Duplex/PEl/p53 nanocomplex induced an obvious cell
apoptosis through the synergistic effect of p53 gene and
DOX. To obtain a detailed mechanism of apoptosis induced
by DOX-Duplex/PEI/p53 nanocomplex, we detected the
expression level of procaspase-3 through Western blotting
analysis [Figure 9A]. Clearly, the procaspase-3 expression
was remarkably reduced after the transfection of ternary
nanocomplex, indicating the activation of caspase-3 by
the cleavage of its precursor procaspase-3. Consistently,
the activity of caspase-3 was sharply increased after the
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Figure 9. (A) The procaspase-3 expression level after the
transfection of different nanocomplexes. Lane 1: Control,
lane 2: Doxorubicin (DOX)-Duplex, lane 3: DOX-Duplex/
polyethyleneimine, lane 4: p53/PEI, and lane 5: DOX-Duplex/
PEI/p53. (B) The activities of caspase-3, -8, and -9 after the
transfection of different nanocomplexes.

treatment with DOX-Duplex/PEI/p53 nanocomplex, as
shown in Figure 9B. The caspase-3 activation has been
regarded as a critical factor in the caspase family-based
apoptosis signaling pathway. Thus, our results clearly
demonstrated that the transfection of ternary nanocomplex
could obviously activate the caspase-3-mediated apoptotic
cascade. In addition, the caspase-9 activity was increased
in DOX-Duplex/PEl/p53 nanocomplex group while the
activity of caspase-8 did not change, indicating that DOX-
Duplex/PEl/p53 nanocomplex triggered the cell apoptosis
through the mitochondria-dependent apoptotic route.
Besides, we also conducted the cell cycle analysis
using flow cytometry to determine whether the inhibition
of cell proliferation was induced by the cell cycle arrest. In
comparison to the untreated cells, free DOX-Duplex was
not capable of inducing any cell cycle arrest [Figure 8B].
Nevertheless, the population of cells arrested at G2 phase
was sharply increased when cells were treated with
DOX-Duplex/PEI nanocomplex (47.6%), indicating that
PEI25K efficiently mediated the intracellular delivery of
DOX-Duplex and triggered the cytosolic release of DOX
to block the cell cycle at G2 phase. Further, the p53/PEI
nanocomplex improved the ratio of G1 phase, suggesting
that the transfection of p53 gene manipulated the cell cycle
arrest at G1 phase which was an intrinsic characteristic of
p53 gene. These results were consistent with our previous
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reports that DOX-Duplex could achieve the cell cycle arrest
at G2 phase in HepG2 cells!'?), and PEI-mediated p53 gene
delivery could block the cell cycle at G1 phase in HeLa
and PC-3 cells?’. Notably, the ternary nanocomplex DOX-
Duplex/PEl/p53 demonstrated an obvious G2 phase arrest
(48.3%), which could mainly be relied on the stronger arrest
at G2 phase induced by DOX-Duplex. Taken together,
the DOX-Duplex/PEI/p53 complex exhibited an obvious
antiproliferative effect on cancer cells through triggering
cell cycle arrest at G2 phase and apoptotic effect.

4. Conclusion

In the present study, we developed an ATP-responsive
nanocarrier for realizing the codelivery of p53 gene and
DOX through an ATP-triggered aptamer and PEI25K.
The nanocarrier was demonstrated to efficiently achieve
the anticancer effect through blocking the cell cycle at G2
phase and triggering the cell apoptosis, which was caused
by the rapid DOX and p53 gene release in the response
to intracellular ATP environment and the synergistic effect
between DOX and p53 gene. Therefore, the nanocarrier
based on the ATP-triggered aptamer was potentially to be
used as a system for codelivering the therapeutic drugs
and genes, providing a promising strategy for the cancer
treatment.
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