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Background: An amphiphilic cationic copolymer cholesterol-g-poly(amine-co-ester), namely 

Chol-g-PMSC-PPDL synthesized in a chemoenzymatic route has been utilized as a carrier for 

p53 gene delivery to check its antitumor efficacy, using human prostate cancer cell line PC-3 

(p53 null) as a model. 

Materials and methods: The transfection efficiency was measured by quantitative PCR and 

Western blotting assay. The anti-proliferative effect was detected using MTT method, colony 

formation assay and Live/Dead staining. The anti-migration effect was evaluated through wound 

healing and Transwell migration assays. 

Results: The transfection efficiency assay indicated that the carrier-mediated p53 gene transfec-

tion could dramatically enhance the intracellular p53 expression level. Through p53 gene delivery, 

obvious anti-proliferative effect could be detected which was elucidated to be associated with 

the simultaneous activation of mitochondrial-dependent apoptosis pathway and cell cycle arrest 

at G1 phase. Meanwhile, the anti-migration effect could be obtained after p53 gene transfection. 

Conclusion: Chol-g-PMSC-PPDL-mediated p53 gene transfection could potentially be 

employed as a promising strategy for achieving effective anti-tumor response. 

Keywords: cholesterol-g-poly(amine-co-ester), p53 gene delivery, gene therapy, anti-

proliferation effect, anti-migration effect

Introduction
Prostate cancer remains the most common diagnosed malignancy, which is a leading 

cause of cancer mortality in males worldwide.1,2 Currently, the treatment of prostate 

cancer mainly depends on the nonspecific therapeutic strategies such as surgery 

and chemotherapy, in which high recurrence and drug resistance are difficult to be 

avoided.3,4 In contrast, gene therapy has been considered to possess the potential in 

overcoming these limitations and thus widely accepted as an alternative approach in 

future cancer treatment.5–7 In gene therapy, it is a crucial step to select an appropriate 

therapeutic gene. Among the therapeutic genes, tumor suppressor gene p53 has been 

widely studied and identified to play a determinant role in diverse cell processes such 

as cell apoptosis, cell cycle regulation, and subsequent DNA repair.8,9 Meanwhile, 

many studies have shown that the mutation and deficiency of p53 gene exist in ~50% 

of human cancers, thereby leading to the apoptotic resistance and infinite proliferation 

of cancer cells.10 Further, the restoration of wild-type p53 gene could dramatically trig-

ger the cell apoptosis and cell cycle arrest, particularly in the p53-deficient cells.7 In 

addition, improving the expression level of p53 gene in the p53-deficient cells could 

enhance the sensitivity to chemotherapeutics.11 Thus, increasing the expression level 
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or activity of p53 gene is expected to be an attractive means 

for achieving antitumor efficacy.

Besides the selection of therapeutic genes, the con-

struction of gene carriers with high transfection efficiency 

and low cytotoxicity is another issue to be addressed in 

cancer gene therapy.12,13 To date, cationic polymers such as 

poly(ethylenimine), polyamidoamine dendrimer, poly(L-

lysine), and their derivatives have been successfully applied 

in p53 gene delivery.14–21 Apart from these cationic polymers, 

copolyester poly(amine-co-ester)s containing tertiary amino 

substituents have also been widely employed as gene vec-

tors owing to their unique features such as high transfection 

efficiency, favorable biocompatibility and biodegradability, 

and ease of production.22,23 Generally, poly(amine-co-ester)s 

are synthesized in a chemical manner, in which the trace 

residue and underlying toxicity of metallic catalysts may limit 

the clinical applications of products. Compared to chemical 

routes enzymatic polymerization has been considered to be 

a greener method for preparing polymeric materials due to 

its favorable characteristics of mild reaction conditions, no 

residue of metallic catalysts, high enantio-, chemo-, and 

regioselectivity, and convenient combination with chemical 

routes.24–27 To date, several poly(amine-co-ester)s have been 

successfully synthesized by lipase-catalyzed ring-opening 

polymerization or polycondensation, and demonstrated 

to possess superior ability to transfer nucleic acids into 

mammalian cells.22,23,28–30 In our previous study, a cationic 

amphiphilic copolymer cholesterol-g-poly(amine-co-ester), 

namely Chol-g-PMSC-PPDL has been successfully synthe-

sized in a chemoenzymatic process and employed as a carrier 

in miR-23b delivery, which could achieve obvious anti-

proliferation and anti-migration effects of tumor cells.31,32

Herein, the copolymer Chol-g-PMSC-PPDL obtained 

in a chemoenzymatic route (as shown in Scheme 1) was 

employed as a carrier for realizing p53-based gene therapy. 

The performance of p53 gene transfection and the detailed 

mechanism of antitumor efficacy were subsequently evalu-

ated using human prostate tumor cell line PC-3 (p53 null) 

as a model.

Materials and methods
Materials
The amphiphilic copolymer Chol-g-PMSC-PPDL was prepared 

from the Candida antarctica lipase (Novozym 435)-catalyzed  

Scheme 1 chemoenzymatic synthesis of chol-g-PMsc-PPDl.
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polymerization of N-methyldiethanolamine, diethyl sebacate, 

and ω-pentadecanolide and the subsequent chemical grafting 

reaction with cholesterol derivative according to our previous 

report.31 The recombinant Escherichia coli DH5α harboring 

the plasmid p3XFLAG-CMV-p53 (encoding wild-type p53 

protein) was stored in our laboratory, from which the plas-

mid was extracted using Axygen Plasmid Maxi kit (Corn-

ing Inc., Corning, NY, USA). Poly(ethylenimine) with a 

weight-average molecular weight of 25,000 g/mol (PEI25K) 

and crystal violet were obtained from Sigma-Aldrich Co. 

(St Louis, MO, USA). FBS and DMEM were purchased from 

Kangyuan Co. (Beijing, China) and Thermo Fisher Scien-

tific (Waltham, MA, USA), respectively. MTT and TRNzol 

Universal reagent were purchased from AMRESCO, Inc. 

(Solon, OH, USA) and TIANGEN Biotech (Beijing) Co., 

Ltd. (Beijing, China), respectively. The primary antibodies 

(β-actin, procaspase-3, and p53 as targets) and horseradish 

peroxidase (HRP)-labeled secondary antibody were pur-

chased from Abcam (Cambridge, UK). Other antibodies 

for detecting procaspase-8 and -9 were obtained from Cell 

Signaling Technology, Inc. (Danvers, MA, USA). Polyvi-

nylidene fluoride (PVDF) membrane was purchased from 

EMD Millipore (Billerica, MA, USA). The kits used in the 

present study were obtained from the following companies: 

BCA protein assay kit, BioTeke (Beijing, China); JC-1 

probe-based mitochondrial membrane potential kit, Beyotime 

Institute of Biotechnology (Jiangsu, China); caspase-3, -8, 

and -9 activity assay kits, Promega Corporation (Fitchburg, 

WI, USA); PrimeScript™ RT reagent kit and SYBR™ 

Premix Ex Taq kit, TaKaRa Bio Inc. (Kusatsu, Japan); live/

dead viability/cytotoxicity kit, Thermo Fisher Scientific; and 

Annexin V-FITC/PI apoptosis and PI cell cycle detection kits, 

BestBio (Shanghai, China).

gel retardation assay
The DNA binding and condensation ability of Chol-g-

PMSC-PPDL was conducted by gel retardation assay. 

Briefly, Chol-g-PMSC-PPDL and p3XFLAG-CMV-p53 

plasmid were gently mixed together at different mass 

ratios and incubated at room temperature for 30 minutes 

to obtain nanoparticles. The formed nanoparticles were 

then loaded to 1% agarose gel and electrophoresed in 

Tris-acetate-EDTA buffer (120 V, 10 minutes). To evalu-

ate the stability of nanoparticles, Chol-g-PMSC-PPDL/

p53 nanoparticle at a mass ratio of 40.0 was treated with 

DNase I solution (final concentration of 10 µg/mL) at 37°C 

for 15 minutes. Finally, 50 mg/mL of heparin solution was 

added into the mixture, and the samples were subjected to 

1% agarose gel electrophoresis as described above. The gel 

was dyed with ethidium bromide and captured by the Uni-

versal Hood II imaging system (Bio-Rad Laboratories Inc., 

Hercules, CA, USA).

Intracellular distribution analysis of 
nanoparticles
The PC-3 cells were obtained from the Shanghai Institute of 

Cell Bank (Shanghai, China) and seeded into 6-well plates 

at a density of 2.0×105 cells/well. After this culture, with a 

sterilized coverslip for 24 hours, the cells were then cultured 

with 1 mL FBS-free medium containing Chol-g-PMSC-

PPDL/TOTO-3-labeled p53 nanoparticles (mass ratio of 

40.0) for 1, 2, 4, and 6 hours. The cells were then stained 

with LysoTracker Green for 30 minutes, washed with PBS 

thrice, fixed with cold 75% ethanol at 4°C for 20 minutes, 

and stained with DAPI solution. Finally, the coverslips 

were taken from the wells and observed using LSM 710 

confocal laser scanning microscope (Carl Zeiss Meditec 

AG, Jena, Germany).

real-time quantitative Pcr (rT-qPcr)
PC-3 cells were cultured in DMEM supplemented with 

10% FBS at 37°C in humidified air with 5% CO
2
. The 

cells were seeded in 6-well plates at a density of 2.0×105 

cells/well and transfected with different nanoparticles 

harboring 2.5 µg/mL of plasmid p3XFLAG-CMV-p53 in 

FBS-free DMEM for 6 hours (mass ratio of 40 and 1.33 for 

Chol-g-PMSC-PPDL and PEI25K, respectively). Afterward 

the cells were cultured in 10% FBS-containing DMEM for 

additional 48 hours, and total RNAs were isolated using 

TRNzol Universal reagent according to the manufacturer’s 

instructions. The cDNA was synthesized from 1 µg of puri-

fied RNA as the template, using PrimeScript RT reagent kit 

with gDNA eraser. Using the obtained cDNA as template, 

the classical PCR amplification was conducted under the 

following conditions: 1 cycle at 94°C for 2 minutes and 

30 cycles at 94°C for 30 seconds, 55°C for 30 seconds, 

and 72°C for 1 minute. Finally, RT-qPCR was carried out 

for 40 cycles (95°C for 5 seconds and 60°C for 34 seconds) 

using SYBR™ Premix Ex Taq kit on an 7500 RT-PCR 

Instrument (Thermo Fisher Scientific). The relative expres-

sion of p53 gene was calculated and normalized by 2-ΔΔCT 

method, using β-actin as a reference gene. The primers 

were used as follows:

β-actin forward: 5′-TCTGGCACCACACCTTCT 

ACAATG-3′;
reverse: 5′-GGATAGCACAGCCTGGATAGCAA-3′;
p53 forward: 5′-GGCTCTGACTGTACCACCATCCA-3′;
reverse: 5′-GGCACAAACACGCACCTCAAAG-3′.
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Western blotting analysis
The cell culture and p53 gene transfection were performed 

as described in section “Real-time quantitative PCR 

(RT-qPCR).” The cultured PC-3 cells were collected, washed 

with PBS thrice, and subjected to the lysis in RIPA buffer 

containing 1 mM phenylmethanesulfonyl fluoride on ice for 

1 hour. The supernatants were collected through the cen-

trifugation at 12,000 rpm for 10 minutes (4°C), and protein 

concentration was measured by BCA protein assay kit. Sub-

sequently, 12% SDS-PAGE was conducted to separate the 

proteins, which were then transferred onto PVDF membrane. 

The membrane was incubated with PBST (0.1% Tween in 

PBS) containing 5% milk at room temperature for 2 hours 

and further treated with primary antibodies-containing PBS 

at 4°C overnight. Afterwards the membrane was washed with 

PBST thrice and incubated with HRP-labeled secondary anti-

body at room temperature for 1 hour. Finally, the expression 

level of specific proteins was detected by enhanced chemical 

luminescence (TransGen, Beijing, China) on a 2500 chemi-

luminescence imaging system (Tanon, Shanghai, China).

cytotoxicity and anti-proliferation assay
The in vitro cytotoxicity of carrier and the inhibition of cell 

proliferation induced by p53 transfection were evaluated by 

MTT method. Briefly, PC-3 cells were seeded into 96-well 

plates at a density of 5,000 cells/well and cultured in 10% 

FBS-containing DMEM (200 µL) at 37°C for 24 hours. 

For in vitro cytotoxicity assay, the cells were treated with 

different concentrations of carriers (2–170 µg/mL) in 10% 

FBS-containing DMEM (200 µL) at 37°C for 48 hours. 

For the anti-proliferation assay, the cells were transfected 

with nanocomplexes containing 2.5 µg/mL of plasmid in 

FBS-free DMEM (200 µL) for 6 hours, and cultured for 

further 48 hours after the system was replaced by 10% 

FBS-containing DMEM. The cells were then incubated 

with 20 µL of MTT solution (5 mg/mL in PBS) at 37°C 

for 4 hours, and the formed formazan crystals were dis-

solved by 150 µL dimethyl sulfoxide at room temperature 

for 10 minutes. The optical density at 492 nm was mea-

sured using a GF-M3000 microplate reader (Caihong Co., 

 Shandong, China), and the cell viability was determined to 

be the absorbance ratio of treated and untreated cells.

live/dead staining
The cell culture and p53 transfection was conducted as 

described in section “Real-time quantitative PCR (RT-qPCR).” 

The collected cells were rinsed with 500 µL PBS twice and sub-

jected to the staining at room temperature for 30 minutes with 

200 µL of live/dead reagent composed of 2 mM calcein AM 

and 4 mM ethidium homodimer. The images were obtained 

through the observation under IX73P1F fluorescence micros-

copy (Olympus Corporation, Tokyo, Japan).

cell colony formation assay
The cell culture and p53 transfection was conducted 

as described in section “Real-time quantitative PCR 

(RT-qPCR).” The cells were digested with 0.25% trypsin 

solution and reseeded into 6-well plates at a density of 

1.0×104 cells/well. After one week of the culture, the cells 

were treated with 70% cold ethanol at 4°C for 20 minutes 

and stained with 0.2% crystal violet solution, followed by 

the observation to record the colony formation under an 

IX73P1F fluorescence microscopy (Olympus Corporation). 

Finally, 33% acetic acid solution was employed to treat the 

cells, and the optical density at 578 nm was measured using 

GF-M3000 microplate reader.

cell apoptosis and cell cycle arrest assay
The cell culture and p53 transfection was conducted 

as described in section “Real-time quantitative PCR 

(RT-qPCR).” According to the manufacture’s protocols, 

the collected cells were subjected to Annexin V-FITC and 

PI dual staining, and the cell apoptosis was detected by flow 

cytometry on fluorescence activated cell sorting (FACS) 

Caliber (BD Bioscience, San Jose, CA, USA). For the cell 

cycle assay, the cells were first fixed with 75% cold ethanol 

at -20°C for 1 hour, washed with PBS twice and treated 

with RNase I (20 µL) at 37°C for 30 minutes prior to the PI 

staining. Finally, the cells were stained with PI solution (300 

µL) at 4°C for additional 30 minutes in the dark, and the cell 

cycle was measured on FACSCaliber (BD Bioscience). The 

cell apoptosis and cell cycle ratios were analyzed through 

CellQuest Pro software (BD Bioscience).

caspase activities assay
The activities of caspase-3, -8, and -9 after p53 transfection 

were measured using the corresponding assay kits. The 

cells were cultured and transfected with different nanocom-

plexes as described in section “Real-time quantitative PCR 

(RT-qPCR).” The cells were treated with 100 µL of lysis 

buffer, and the lysates were incubated with the correspond-

ing substrates in the dark at room temperature for 2.5 hours. 

Based on the manufacturer’s protocols, the caspase-3, -8, 

and -9 activities were determined through monitoring each 

sample’s luminescence on an Infinite F200 Pro plate reader 

(TECAN, Männedorf, Switzerland).
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Mitochondrial membrane potential 
detection
The cell culture and p53 gene transfection was carried 

out as described in section “Real-time quantitative PCR 

(RT-qPCR),” and the mitochondrial membrane potential 

changes were detected using JC-1 probe. Typically, the 

collected cells were dyed with JC-1 probe provided in the 

detection kit at 37°C for 30 minutes. The mitochondrial 

membrane potential was finally examined by IX73P1F 

fluorescence microscopy (Olympus Corporation) after the 

cells were rinsed with PBS twice.

Inhibition of cell migration assay
The inhibition of cell migration after p53 transfection was 

evaluated by wound healing and Transwell migration assays. 

For wound healing assay, 95% confluence of monolayer PC-3 

cells in 6-well plates was scratched with a 200-µL pipette 

tip to produce the wounds on the surface of each well. Then 

the cells were transfected with different nanocomplexes 

harboring 2.5 µg/mL of plasmid in FBS-free DMEM for 

6 hours and cultured in 10% FBS-containing DMEM for 

48 hours. Images of the initial wound and the movement 

of cells into the scratched area were captured by IX73P1F 

fluorescence microscopy (Olympus Corporation), and the 

average distance of cell migration was calculated based on 

three representative zones. In Transwell migration assay, the 

upper chamber of the 24-well Transwell with 8-µm pore size 

was subjected to the cell seeding (2.0×104 cells/well), and 

700 µL of 10% FBS-containing DMEM was added into the 

lower chamber. The non-migrating cells on the upper side 

of membrane were removed by clean swabs after 24 hours. 

The cells on the lower side were treated with 70% ethanol 

for fixation and stained with 0.2% crystal violet followed 

by washing with PBS thrice, and the cell migration was 

assayed on an IX73P1F fluorescence microscopy (Olympus 

Corporation). Finally, the invaded cells were subjected to 

the treatment with 33% acetic acid, and the optical density 

at 578 nm was measured by a GF-M3000 microplate reader.

statistical analysis
The statistical analysis was conducted using GraphPad Prism 

6.0. Data were analyzed by one-tailed and unpaired Student’s 

t-test, and statistical significance was considered if P-value 

was lower than 0.05 (*P,0.05 and **P,0.01).

Results and discussion
According to our previous study, the cationic amphiphilic 

copolymer Chol-g-PMSC-PPDL was successfully synthesized 

in a chemoenzymatic process (Scheme 1), and the structure 

and molecular weight were systematically characterized 

with 1H NMR and gel permeation chromatography.31 Next, 

we investigated the DNA binding and condensation ability 

of Chol-g-PMSC-PPDL through gel retardation assay. As 

shown in Figure S1, Chol-g-PMSC-PPDL could efficiently 

condense the plasmid above the mass ratio of 40.0, thereby 

leading to stable nanoparticles through the electrostatic 

interaction. Further, the protection against nuclease’s deg-

radation was then conducted by incubating the nanoparticles 

with DNase I (Figure S2). Clearly, the free plasmid could be 

easily digested by DNase I, while an obvious plasmid band 

could be detected for Chol-g-PMSC-PPDL/p53 nanopar-

ticles following the DNase I digestion and the subsequent 

treatment of heparin solution, indicating that the carrier 

Chol-g-PMSC-PPDL could efficiently protect p53 gene 

from the DNase degradation. Moreover, the hydrodynamic 

size and zeta potential values of nanoparticles have been 

measured through Malvern Nano ZS90 Zetasizer in our pre-

vious report.31 The Chol-g-PMSC-PPDL/p53 nanoparticles 

possessed hydrodynamic diameter and zeta potential of 

89.1 nm and +12.1 mV at a mass ratio of 40.0, respectively. 

The morphology of nanoparticles was evaluated through 

TEM characterization. As shown in Figure S3, the nanopar-

ticles exhibited the spherical structure with a particle size 

of ~88.9 nm, which was consistent with the hydrodynamic 

diameter measurement and favorable for the subsequent 

transfection. Besides, the investigation of intracellular distri-

bution of nanoparticles has been considered to be beneficial 

for understanding the transfection mechanism.33 Particularly, 

the evaluation of endosomal escape ability is an important 

step in the period of transfection.34 As illustrated in Figure 1, 

red fluorescence generated from the TOTO-3-labeled p53 

plasmid could be observed in the first 2 hours, indicating the 

Chol-g-PMSC-PPDL/p53 nanoparticle uptake by tumor cells. 

Subsequently, an increasing red fluorescence signal could be 

detected in the cells at 4 hours post-transfection, while an 

obvious endosomal entrapment of the nanoparticles could be 

obtained simultaneously. Notably, most nanoparticles could 

escape from the endosomes at 6 hours post-transfection, 

implying that Chol-g-PMSC-PPDL could possess desirable 

endosomal escape ability, thereby making it beneficial for 

further transfection.

Meanwhile, the transfection efficiency of Chol-g-PMSC-

PPDL has been approved to be comparable to or even better 

than PEI25K using miR-23b, pGL-3, and pEGFP-N3 as 

models, and the optimal mass ratio for plasmid transfection 

was determined to be 40 (nitrogen/phosphorus [N/P] ratio of 
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Figure 1 The intracelluar distribution of chol-g-PMsc-PPDl/p53 nanoparticles at 1, 2, 4, and 6 hours.
Notes: Blue, DaPI; green, lysoTracker green; red, TOTO-3-labeled p53 plasmid. The scale bar is 100 µm.

34.5).31 In the present study, the copolymer Chol-g-PMSC-

PPDL was employed as a carrier for p53 gene transfection 

to achieve the antitumor efficacy in PC-3 cells. First, the 

in vitro cytotoxicity of Chol-g-PMSC-PPDL was measured 

in the concentration range of 2.0–170.0 µg/mL through 

MTT method. As shown in Figure S4, Chol-g-PMSC-PPDL 

exhibited much lower cytotoxicity than PEI25K at all the 

concentrations used, indicating its favorable biocompat-

ibility. Higher cell viability could be obtained for Chol-g-

PMSC-PPDL (.85%) at a concentration of 170 µg/mL, 

while ,80% of cell viability was achieved for PEI25K at a 

concentration of 5 µg/mL. Then the p53 gene transfection 

was evaluated at a mass ratio of 40 for Chol-g-PMSC-PPDL 

according to our previous report,31 and mass ratio of 1.33 

(equal to N/P ratio of 10) was employed for PEI25K, which 

has been widely accepted as its optimal ratio for transfec-

tion.35 To check whether Chol-g-PMSC-PPDL could medi-

ate efficient p53 gene delivery, the transfection efficiency 

of p53 gene in PC-3 cells was measured by RT-qPCR and 

Western blotting at mRNA and protein levels, respectively. 

As shown in Figure 2, no p53 expression could be detected 

in PC-3 cells owing to its intrinsic p53-null characteristic, 

and free plasmid transfection did not realize the improvement 

of p53 expression. However, the relative p53 mRNA level 

has been found to be increased by 115.0-fold after Chol-g-

PMSC-PPDL-mediated p53 transfection, slightly higher than 

PEI25K/p53 group (106.1 fold). These results clearly showed 

that the carrier Chol-g-PMSC-PPDL could facilitate the p53 

gene delivery and further achieve the intracellular expression 

of p53 gene. Further, the expression level of p53 gene after 

transfection was measured by Western blotting (Figures 3 

and S5). Negligible intracellular p53 protein expression has 

been observed in untreated PC-3 cells due to the p53-deficient 

state in this cell line. Compared to control and free plasmid 

groups, the p53 expression at protein level was significantly 

enhanced after PEI25K- and Chol-g-PMSC-PPDL-mediated 
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Figure 2 The p53 expression analysis at mrNa level after carrier-mediated p53 
transfection through rT-qPcr analysis.
Note: Data are presented as mean value ± sD of triplicate experiments. **P,0.01.
Abbreviation: rT-qPcr, real-time quantitative Pcr.

β

Figure 3 The expression levels of p53 and apoptosis-related proteins (procaspase-3,  
-8, and -9) by Western blotting.
Notes: lane 1: control; lane 2: free p53 plasmid; lane 3: PeI25K/p53; and lane 4: 
chol-g-PMsc-PPDl/p53.
Abbreviation: PeI25K, poly(ethylenimine) with a weight-average molecular weight 
of 25,000 g/mol.

p53 transfection. The results were consistent with RT-qPCR 

analysis, indicating that the exogenous p53 gene delivery 

could enhance the expression of wild-type p53 gene in tumor 

cells, and further achieve the p53-based gene therapy.

Since the p53 gene transfection has been successfully 

achieved in PC-3 cells, the antiproliferative effect of Chol-g-

PMSC-PPDL/p53 was then evaluated through MTT method 

(Figure 4). Compared to pEGFP-N3 plasmid transfection, 

the p53 gene-based transfection could yield an obvious pro-

liferative inhibition, indicating that the wild-type p53 gene 

could exert the antiproliferative effect in prostate cancer 

cells. In PEI25K-mediated p53 gene transfection, 32.83% 

of cell proliferation inhibition could be obtained, whereas 

Chol-g-PMSC-PPDL/p53 group exhibited much stronger 

inhibition of cell proliferation with an inhibition ratio of 

45.49%. Meanwhile, superior anti-proliferation effect could 

be clearly observed at a mass ratio of 40, much higher than 

those at mass ratios of 30 and 50, which was in accordance 

with the optimal mass ratio of 40 in our previous report.31 

Thus, mass ratio of 40 was utilized in the following studies to 

elucidate the antitumor mechanism induced by p53 transfec-

tion. Further, live/dead staining assay was performed to get 

a direct evidence of the anti-proliferation effect, in which 

viable and dead cells were labeled to be green and red color 

owing to the intracellular enzymatic hydrolysis of calcein 

AM and the intercalation of ethidium homodimer to DNA, 

respectively.36 As shown in Figure 5, almost no dead cells 

could be detected in the control and free plasmid groups 

since negligible red fluorescence could be obtained through 

fluorescence microscopic analysis. In contrast, obvious red 

fluorescence could be detected for Chol-g-PMSC-PPDL/p53 

and PEI25K/p53 groups, and meanwhile stronger red signal 

could be found in Chol-g-PMSC-PPDL/p53 group implying 

that Chol-g-PMSC-PPDL-mediated p53 gene transfection 

could induce significant apoptosis of PC-3 cells. Addition-

ally, the colony formation assay was conducted to test the 

anti-proliferation effect of p53 gene transfection (Figure S6). 

The Chol-g-PMSC-PPDL/p53 group could induce less for-

mation of cell colonies, indicating that the antiproliferative 

effect could be achieved after Chol-g-PMSC-PPDL/p53 

transfection. All these results demonstrated that Chol-g-

PMSC-PPDL could efficiently deliver p53 gene into PC-3 

cells and further trigger the proliferation inhibition function 

of p53 protein. Meanwhile, Chol-g-PMSC-PPDL-mediated 

p53 delivery has been proved to possess stronger antiprolif-

erative effect than PEI25K/p53 transfection.

In order to gain the deeper insight of the mechanism 

of anti-proliferation effect in PC-3 cells, the cell apoptosis 

was assayed by flow cytometry after the transfected cells 

were stained with Annexin V-FITC/PI solution. As shown 

in Figure 6, similar apoptotic ratio was obtained in the 

free plasmid group (1.71%) to control group (1.29%) sug-

gesting that free plasmid did not induce the cell apoptosis. 

Remarkably, both PEI25K/p53 and Chol-g-PMSC-PPDL/

p53 groups could trigger efficient early-stage apoptosis, 

with the apoptotic ratio of 53.98% and 54.90% in PC-3 cells, 

respectively. Apparently, the results showed that these two 

carrier-mediated p53 deliveries shared similar cell apoptotic 

ratios, which was not in agreement with the proliferation 

inhibition acquired in MTT assay. This phenomenon could 

be attributed to the fact that the intrinsic cytotoxicity of 

PEI25K could stimuli an enhanced apoptosis except for the 

p53-dependent apoptosis in cancer cells. In addition, the anti-

proliferation effect was caused not just by the induction of 
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Figure 4 The cell viability assay after PeI25K- and chol-g-PMsc-PPDl-mediated p53 transfection for 48 hours. The mass ratio of PeI25K/plasmid was 1.33. Data are 
presented as mean value ± sD of triplicate experiments. *P,0.05; **P,0.01.
Abbreviation: PeI25K, poly(ethylenimine) with a weight-average molecular weight of 25,000 g/mol.

Figure 5 live/dead staining of Pc-3 cells after p53 gene transfection.
Note: The scale bar is 100 µm.
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Figure 6 Flow cytometric analysis for the cell apoptosis after p53 transfection through annexin V-FITc/PI staining: (A) control; (B) free p53 plasmid; (C) PeI25K/p53; and 
(D) chol-g-PMsc-PPDl/p53.
Abbreviation: PeI25K, poly(ethylenimine) with a weight-average molecular weight of 25,000 g/mol.

cell apoptosis, but other mechanisms might also be involved 

in the induction of anti-proliferation effect such as cell cycle 

arrest. Thus, cell cycle arrest was subsequently determined 

using flow cytometry after p53 gene delivery. As shown in 

Figure 7, after the transfection of exogenous p53 gene using 

Chol-g-PMSC-PPDL or PEI25K, the G1 phase proportion of 

PC-3 cells appeared to have increased in comparison to the 

control group, demonstrating the presence of cell cycle arrest 

triggered by p53 expression. These results were in agreement 

with the general report that p53 gene could induce antiprolif-

erative effect by blocking the cell cycle at G1 or S phase.37,38 

It is worth to be noted that Chol-g-PMSC-PPDL/p53 group 

exhibited slightly higher ratio of G1 phase (57.06%) than 

PEI25K/p53 group (G1 ratio of 51.46%), implying a higher 

induction ability of cell cycle arrest. Thus, the relatively 

higher cell cycle arrest could contribute to the enhanced 

antiproliferative effect induced by Chol-g-PMSC-PPDL/p53 

transfection, filling the gap between the difference in MTT 

assay and cell apoptosis analysis.

To further clarify the mechanism of apoptotic process, the 

expression level of apoptosis-related proteins (procaspase-3, -8,  

and -9) was determined by Western blotting. As shown in 

Figure 3, free plasmid transfection could not alter the expres-

sion level of procaspase-3, while both PEI25K/p53 and Chol-

g-PMSC-PPDL/p53 groups could dramatically decrease 

the procaspase-3 expression. The cleavage of procaspase-3 

meant the activation of caspase-3, which was considered to 

be a key role in caspase family-related apoptotic cascade to 

initiate the apoptotic process. Meanwhile, the procaspase-9 

expression was obviously decreased after p53 transfection, 

suggesting that p53-mediated gene delivery could activate the 

caspase-9 expression and further trigger the mitochondrial-

dependent apoptosis pathway. The enzymatic activities of 

caspase-3 and caspase-9 were detected using the correspond-

ing kits indicating that both of them obviously increased after 

p53 gene transfection (Figure S7), which was consistent with 

Western blotting. In addition, the mitochondrial membrane 

potential was measured after p53 gene transfection using 
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Figure 7 Flow cytometric analysis for the cell cycle arrest of Pc-3 cells after p53 transfection through PI staining (A) and the quantitative analysis (B): (a) control; (b) free 
p53 plasmid; (c) PeI25K/p53; and (d) chol-g-PMsc-PPDl/p53.
Abbreviation: PeI25K, poly(ethylenimine) with a weight-average molecular weight of 25,000 g/mol.

JC-1 probe (Figure S8). The green fluorescence that origi-

nated from monomeric JC-1 could be clearly observed in 

PEI25K/p53 and Chol-g-PMSC-PPDL/p53 groups, indicat-

ing the decreased mitochondrial membrane potential during 

the process of cell apoptosis. All these results demonstrated 

that the carrier-mediated p53 transfection could realize the 

apoptotic response in a mitochondrial-dependent signaling 

pathway. Although the expression level of procaspase-8 

did not appear to be different in Western blotting assay, the 

activities of caspase-8 were measured to have enhanced after 

p53 delivery. The results were probably attributed to the 

detection of procaspase-8, not caspase-8 in Western blotting, 

which could not represent the accurate expression level of 

cleaved caspase-8. The enhanced activity of caspase-8 could 

demonstrate that the carrier-mediated p53 transfection in 

PC-3 cells could also launch the death receptor-mediated 

apoptosis pathway.

Finally, the inhibition of cell migration after p53 trans-

fection was evaluated through wound healing and Transwell 

migration assay. As shown in Figure 8, the cells constantly 
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Figure 8 Wound healing assay of Pc-3 cells after p53 transfection for different time (A) and the quantitative analysis of wound size (B).
Notes: Data are presented as mean value ± sD of triplicate experiments. *P,0.05. The scale bar is 100 µm.
Abbreviation: PeI25K, poly(ethylenimine) with a weight-average molecular weight of 25,000 g/mol.
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migrated to the scratched area in control and free plasmid 

groups during 48 hours, and high density of cells could 

induce the cell death to some extent. As shown in Figure 7, 

the cells constantly migrated to the scratched area in control 

and free plasmid groups during 48 hours. Nevertheless, wider 

wound size was still presented in both Chol-g-PMSC-PPDL/

p53 and PEI25K/p53 groups, indicating that the successful 

p53 expression could achieve higher anti-migration effect 

of tumor cells. Similarly, PC-3 cells exhibited much lower 

invasive ability to cross the membrane to the lower side after 

p53 gene transfection in Transwell migration assay, in which 

Chol-g-PMSC-PPDL-mediated p53 transfection showed 

higher inhibition on migration and invasion than PEI25K 

(Figure S9). Thus, we concluded that the p53 transfection 

mediated by Chol-g-PMSC-PPDL could meanwhile inhibit 

the proliferation and migration, which provided an effective 

strategy for achieving the gene therapy of metastasis-related 

malignant tumors.

Conclusion
In summary, an amphiphilic copolymer cholesterol-g-

poly(amine-co-ester) obtained in a chemoenzymatic route 

was successfully applied in the p53 gene delivery for 

realizing the gene therapy of prostate tumor cells. Com-

pared to PEI25K, Chol-g-PMSC-PPDL exhibited relatively 

higher p53 transfection efficiency and lower cytotoxicity. 

Through the successful intracellular p53 expression, obvi-

ous anti-proliferation and anti-migration effects could be 

achieved to attain the goal of tumor treatment in which the 

anti-proliferation was identified to be associated with the 

induction of cell apoptosis and cell cycle arrest at G1 phase. 

Thus, the cationic poly(amine-co-ester) derivative could 

potentially be used as an effective gene carrier for treating 

cancers and other malignant diseases. The in vivo evaluation 

and detailed mechanism analysis of carrier-mediated p53 

delivery is still underway in our laboratory.
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