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Abstract: Herein, a polyethylenimine derivative N-acetyl-l-leucine-polyethylenimine (N-Ac-

l-Leu-PEI) was employed as a carrier to achieve the delivery of DNAzyme targeting aurora 

kinase A using PC-3 cell as a model. Flow cytometry and confocal laser scanning microscopy 

demonstrated that the derivative could realize the cellular uptake of nanoparticles in an energy-

dependent and clathrin-mediated pathway and obtain a high DNAzyme concentration in the 

cytoplasm through further endosomal escape. After DNAzyme transfection, expression level 

of aurora kinase A would be downregulated at the protein level. Meanwhile, the inhibition of 

cell proliferation was observed through 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide and cell colony formation assay, attributing to the activation of apoptosis and cell cycle 

arrest. Through flow cytometric analysis, an early apoptotic ratio of 25.93% and G2 phase of 

22.58% has been detected after N-Ac-l-Leu-PEI-mediated DNAzyme transfection. Finally, 

wound healing and Transwell migration assay showed that DNAzyme transfection could 

efficiently inhibit the cell migration. These results demonstrated that N-Ac-l-Leu-PEI could 

successfully mediate the DNAzyme delivery and downregulate the expression level of aurora 

kinase A, triggering a significant inhibitory effect of excessive proliferation and migration of 

tumor cells.

Keywords: gene therapy, DNAzyme, aurora kinase A, N-acetyl-l-leucine-polyethylenimine, 

cell proliferation, cell migration

Introduction
Prostate cancer is the second most frequently diagnosed cancer in men that severely 

influences the quality of life,1,2 and developing an effective treatment for prostate cancer 

is a challenging issue to be addressed. In recent years, gene therapy based on specific 

targets has emerged as a promising technique for treating cancers.3 Aurora kinase A is a 

centrosome-associated kinase that has vitally important regulation function in centrosome 

maturation and spindle assembly.4 Its overexpression has been demonstrated to be 

highly associated with the progression and malignant phenotypes of prostate cancer.5–7 

The abnormal expression of aurora kinase A would enhance the Mdm2-mediated p53 

ubiquitination and induce the chromosomal instability leading to aneuploidy and onco-

genic transformation.8 Thus, the knockout or inhibition of aurora kinase A will be a 

potential strategy for prostate cancer therapy. For instance, over a dozen small-molecule 

inhibitors of aurora kinase A have been developed and showed preclinical and clinical 

efficacy and will potentially be employed as treatment options for cancers.9

To date, there have been various strategies to achieve gene knockout such as small 

interfering RNA,10 micro-RNA,11 antisense oligonucleotide,12 and deoxyribozyme 
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(DNAzyme).13 DNAzymes are single-stranded, synthetic 

DNA catalysts engineered to comprise a catalytic core of 

approximately 15 deoxyribonucleotides, and they could 

bind to complementary sequences through Watson–Crick 

base pairing and cleave target messenger RNA (mRNA) 

in an RNase-independent manner.14 Compared with small 

interfering RNA and micro-RNA, DNAzymes possessed 

excellent features of lower synthetic cost, higher stability, 

and more flexible rational design,15,16 and thus, they could be 

employed as potential therapeutic molecules to inhibit the 

cancer-associated gene expression. For instance, DNAzymes 

targeting c-myc have been demonstrated to inhibit the prolif-

eration of tumors both in vitro and in vivo.17,18 However, due 

to the inherent instability and negatively charged backbone, 

DNAzymes usually possessed limited cellular uptake and 

bioavailability,19 and it is necessary to exploit delivery systems 

for improving DNAzyme-based therapeutic efficiency.

Nonviral carriers, especially cationic polymers, have 

been widely used as gene delivery systems owing to their 

low immunogenicity, high gene-loading capacity, flexible 

designability, and low production cost.20,21 Branched polyeth-

ylenimine with a weight-average molecular weight of 25 kDa 

(PEI25K) has shown excellent properties in gene transfec-

tion, as its high positive charge and proton buffering capacity 

can condense nucleic acids, protect them against nuclease’s 

degradation, and further facilitate the cellular uptake and 

endosomal escape.22–25 However, excessive positive charge 

of PEI25K can cause the destruction of cell membrane and 

nonspecific interaction with negatively charged proteins in 

serum,26 which will lead to high cytotoxicity, serum insta-

bility, and rapid clearance by reticuloendothelial system. 

To overcome these disadvantages, chemical modification 

of PEI25K to improve its transfection efficiency and/

or decrease its cytotoxicity has been widely investigated 

especially through the grafting of hydrophobic groups or 

polymers.27–30 In our previous research, a derivative N-acetyl-

l-leucine-polyethylenimine (N-Ac-l-Leu-PEI) has been 

constructed through the chemical modification of PEI25K 

with hydrophobic N-Ac-l-Leu, and the carrier possessed 

favorable transfection efficiency and biocompatibility and 

could successfully realize the p53 gene delivery to inhibit 

the proliferation of tumor cells.31

In the present research, the derivative N-Ac-l-Leu-

PEI was employed as a carrier to achieve the delivery of 

DNAzyme targeting aurora kinase A, using prostate tumor 

cell line PC-3 as a model. The cellular uptake and intracellu-

lar distribution of DNAzyme were evaluated by flow cytom-

etry and confocal laser scanning microscopy. Finally, the 

inhibition of cell proliferation and migration after DNAzyme 

transfection was systematically investigated.

Materials and methods
Materials
The DNAzyme targeting aurora kinase A, fluorescein 

isothiocyanate (FITC)-labeled DNAzyme, and inactive 

DNAzyme were synthesized by Beijing Genomics Institute 

(Beijing, People’s Republic of China) as follows:

DNAzyme (Dz): 5′-TTAACAGGGGCTAGCTACAAC

GACCTGAAAT-3′;
Inactive DNAzyme (iDz): 5′-TTAACAGGGGCTAAC

TACAACGACCTGAAAT-3′.
Branched PEI25K and N-Ac-l-Leu were purchased 

from Sigma-Aldrich (St Louis, MO, USA) and used as 

received. The derivative N-Ac-l-Leu-PEI was constructed 

according to our previous report31 and stored in our labo-

ratory. Dulbecco’s Modified Eagle’s Medium (DMEM) 

and fetal bovine serum (FBS) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) and 4,6-diamidino-2-phenylindole were purchased 

from Amersco (Solon, USA). Lipofectamine™2000 and 

Lyso-Tracker Red were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA), and polyvinylidene fluo-

ride membrane was obtained from Millipore (Billerica, MA, 

USA). Annexin V-FITC/propidium iodide (PI) apoptosis 

detection kit and cell cycle detection kit were purchased 

from Bestbio (Shanghai, People’s Republic of China). The 

antibodies against matrix metalloproteinase-9 (MMP-9), 

aurora kinase A, and β-actin, horseradish peroxidase 

(HRP)-labeled goat anti-rabbit immunoglobulin G and 

HRP-labeled goat anti-mouse immunoglobulin G were 

obtained from Abcam (Hongkong). All the other chemicals 

were of the highest reagent grade commercially available 

and used as received.

gel retardation assay
The N-Ac-l-Leu-PEI/Dz nanocomplexes were prepared by 

gently mixing the carrier N-Ac-l-Leu-PEI and DNAzyme 

together at different mass ratios and incubated at room 

temperature for 30 minutes before use. The particle size 

and zeta potential were determined using a Zetasizer Nano 

ZS90 (Malvern Instruments Ltd, Malvern, UK). The bind-

ing ability of N-Ac-l-Leu-PEI with DNAzyme was then 

assessed by 1.5% agarose gel electrophoresis in Tris-acetate- 

ethylenediaminetetraacetic acid buffer solution (80 V, 

15 minutes).
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cellular uptake of N-ac-l-leu-PeI/Dz 
nanocomplex
The cellular uptake of N-Ac-l-Leu-PEI/Dz was investigated 

by flow cytometric analysis. For the assay, PC-3 cells were 

seeded into a 6-well plate at a density of 1.5×105 cells/well 

in 2 mL DMEM containing 10% FBS and incubated at 37°C 

for 24 hours. Afterward, the medium was removed, and the 

cells were washed with phosphate buffer saline (PBS), and 

1 mL DMEM was added into the well. The cells were then 

incubated with N-Ac-l-Leu-PEI/Dz nanocomplex (6:1 wt/wt, 

1 μg DNAzyme) for 1 hour, 4 hours, and 6 hours. Finally, the 

cells were collected and analyzed by flow cytometry using a 

FACS Calibur instrument (BD Biosciences, San Jose, CA, 

USA). To detect the endocytosis mechanism of N-Ac-l-Leu-

PEI/Dz nanocomplex, three inhibitors were used according to 

the previous studies:32,33 10 μg/mL chlorpromazine (Aladdin, 

Shanghai, People’s Republic of China), a clathrin-mediated 

endocytosis inhibitor; 150 μM genistein (Aladdin), a 

caveolae-mediated endocytosis inhibitor; and 50 μM wort-

mannin (J&K Scientific Ltd, Beijing, People’s Republic of 

China), a macropinocytosis inhibitor. The inhibitors were 

added to the medium and incubated for 30 minutes, and then 

N-Ac-l-Leu-PEI/Dz nanocomplex was added into the system. 

In addition, low temperature was employed for investigating 

the dependence of endocytosis on energy metabolism.34 The 

cells were collected and analyzed by flow cytometry using a 

FACS Calibur instrument (BD Biosciences).

Intracellular distribution of N-ac-l-leu-
PeI/Dz nanocomplex
The PC-3 cells were seeded on sterilized coverslips, 

which were then put into the wells of 6-well plates 

(1.0×105 cells/well) and incubated for 24 hours before 

DNAzyme transfection. The wells were incubated with 

N-Ac-l-Leu-PEI/Dz (6:1 wt/wt, 1 μg DNAzyme) in 1 mL 

serum-free medium for 1 hour and 4 hours, and lysosomes 

were stained with Lyso-Tracker Red for 0.5 hour. Subse-

quently, the cells were washed with PBS twice and fixed 

with 75% ethanol, and the cellular nuclei were stained with 

4,6-diamidino-2-phenylindole. Finally, the coverslips were 

taken out of well, placed on slides, and analyzed using LSM 

710 confocal laser scanning microscope (Carl Zeiss Micros-

copy LLC, Jena, Germany).

cell proliferation assay
The effect of N-Ac-l-Leu-PEI/Dz transfection on the cell 

proliferation was examined by MTT assay. PC-3 cells were 

seeded into a 96-well plate at a density of 1.0×104 cells/well 

in 200 μL DMEM containing 10% FBS. After incubating 

at 37°C for 24 hours, the medium was removed, and the 

cells were washed with PBS twice and treated with N-Ac-

l-Leu-PEI/Dz nanocomplex harboring different amounts of 

DNAzyme in 100 μL serum-free DMEM. After 6 hours, the 

medium was replaced with 200 μL DMEM containing 10% 

FBS, and the cells were cultured for 24 hours or 72 hours. 

Subsequently, 20 μL of MTT solution (5 mg/mL in PBS) 

was added to each well, and the plate was incubated for an 

additional 4 hours. The MTT solution was then removed 

from each well, and 150 μL dimethylsulfoxide was added to 

dissolve the formazan crystals. The plate was incubated for 

an additional 10 minutes, and the absorbance at 492 nm was 

recorded using a GF-M3000 microplate reader (Shandong, 

People’s Republic of China). The cell viability (%) was 

calculated as A
sample

/A
control

, where A
sample

 and A
control

 were the 

absorbance values of the treated and untreated cells, respec-

tively. Herein, the difference between cell viabilities of the 

carriers (N-Ac-l-Leu-PEI or Lipofectamine™2000) and 

corresponding transfection nanocomplexes was employed 

to evaluate the effect of DNAzyme transfection on cell 

proliferation.

cell colony formation assay
For the cell colony formation assay, PC-3 cells were seeded 

into a 6-well plate and transfected with N-Ac-l-Leu-PEI/Dz 

nanocomplex (6:1 wt/wt, 6 μg DNAzyme) in 1 mL serum-

free DMEM. After 6 hours, the medium was replaced with 

DMEM containing 10% FBS and the cells were further cul-

tured for 24 hours. Then the cells were digested with 0.25% 

trypsin solution and seeded into a 6-well plate at a density of 

3.0×103 cells/well. After being cultured for 2 weeks, the cells 

were stained with 0.1% crystal violet, and the purple cluster 

representing cell colonies were eluted with 33% acetic acid 

solution. The absorbance at 578 nm of eluent was recorded 

using a GF-M3000 microplate reader (Shandong, People’s 

Republic of China).

Western blotting assay
The PC-3 cells were transfected with N-Ac-l-Leu-PEI/

Dz in serum-free DMEM for 6 hours and subsequently 

cultured in DMEM containing 10% FBS for 24 hours. 

Then the cells were harvested, washed with ice-cold PBS 

twice, and lysed with radio immunoprecipitation assay lysis 

buffer on ice for 2 hours. The lysates were centrifuged at 

12,000 rpm for 10 minutes, and the supernatants were col-

lected. For Western blotting analysis, an equal amount of 

protein was subjected to electrophoresis on sodium dodecyl 
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sulfate–polyacrylamide gel electrophoresis and transferred 

to polyvinylidene fluoride membrane by electroblotting. 

The membrane was blocked with PBS containing 5% nonfat 

milk and 0.1% Tween-20 (PBST) at room temperature for 

1 hour and then incubated with desired antibodies (antiau-

rora kinase A or anti-MMP-9 antibody) at 4°C overnight. 

After being washed with PBST twice, membranes were 

incubated with appropriate HRP-labeled secondary antibody 

at room temperature for 1 hour, and specific proteins were 

detected by enhanced chemical luminescence (Pierce). The 

protein expression level was normalized against the β-actin 

expression, and relative expression level of proteins was 

calculated through Tanon 1600 gel-imaging system and 

Tanon Cis 4.0 software.

Induction of cell apoptosis by DNazyme 
transfection
The cell apoptosis induced by DNAzyme transfection was 

analyzed using an Annexin V-FITC/PI apoptosis detection 

kit. PC-3 cells were seeded in a 6-well plate at a density 

of 2.0×105 cells/well and incubated for 24 hours before 

transfection. The transfection was performed using N-Ac-

l-Leu-PEI/Dz nanocomplex (6:1 wt/wt, 6 μg DNAzyme) in 

serum-free DMEM for 6 hours. After incubating in DMEM 

containing 10% FBS for 24 hours, cells were harvested, 

washed with PBS twice, and resuspended in binding buf-

fer according to the manufacturer’s protocols. The cells 

were then incubated with Annexin V-FITC and PI at room 

temperature for 20 minutes in the dark. The apoptosis was 

determined by analyzing 15,000 gated cells through FACS 

caliber (BD Biosciences) and Cell Quest software (BD 

Biosciences).

Induction of cell cycle arrest by DNazyme  
transfection
For cell cycle analysis, PC-3 cells were seeded in a 6-well 

plate at a density of 2.0×105 cells/well and incubated for 

24 hours before transfection. The transfection was performed 

using N-Ac-l-Leu-PEI/Dz nanocomplex (6:1 wt/wt, 6 μg 

DNAzyme) in serum-free DMEM for 6 hours. After incubat-

ing in DMEM containing 10% FBS for 24 hours or 48 hours, 

the cells were collected, washed with PBS twice, suspended 

in 0.5 mL solution containing 10 μL RNase A (25 μg/mL) 

and 10 μL PI (50 μg/mL), and incubated at 37°C for an addi-

tional 30 minutes in the dark. The cell cycle was monitored 

by analyzing 15,000 gated cells using FACS caliber (BD 

Biosciences) and ModFitLT 2.0 (Verity Software House, 

Topsham, ME, USA).

Wound healing assay
The wound healing assay was performed to evaluate the 

effect of DNAzyme transfection on the migration of PC-3 

cells. Briefly, the cells were seeded into a 24-well plate at 

a density of 2.0×104 cells/well in 2 mL DMEM containing 

10% FBS and cultured to 90% confluence. The cell mono-

layer was subjected to a mechanical scratch wound using 

a sterile pipette tip, and the cells were washed with PBS 

twice. The cells were then treated with N-Ac-l-Leu-PEI/Dz 

nanocomplex in serum-free DMEM for 6 hours and further 

incubated in 10% FBS-containing DMEM for different time. 

The digitized images of wound area were captured with 

IX71 fluorescence microscopy (Olympus, Tokyo, Japan). 

Three representative zones were chosen to measure the 

average length of cell migration at each time point through 

Image-Pro Plus 6.0 software (Media Cybernetics, Silver 

Spring, USA).

Transwell migration assay
The cell migration assay was performed using Transwell 

chamber (Costar, Corning, NY, USA). The DNAzyme 

transfection was conducted as described earlier, and then a 

total of 1.0×105 cells were resuspended in 200 μL serum-free 

DMEM and added to the upper chamber with 8-μm pores, 

with 600 μL DMEM in the lower chamber. The cell migra-

tion was conducted at 37°C for 24 hours, and nonmigrating 

cells on the top of membrane were carefully removed by 

mechanical wiping. Cells that have migrated to the lower 

surface of membrane were fixed with 75% ethanol, stained 

with 0.1% crystal violet, and detected in a random objec-

tive field (200× magnification) using an IX71 fluorescence 

microscopy (Olympus, Tokyo, Japan).

statistical analysis
All the experiments were performed in at least three individu-

als with each assay, and the data were presented as mean ± 

standard deviation. Significant differences among groups 

were determined by using the unpaired Student’s t-test, and 

P0.05 was considered to be the statistical significance.

Results and discussion
cellular uptake and intracellular 
distribution of N-ac-l-leu-PeI/Dz
The derivative N-Ac-l-Leu-PEI was synthesized by 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-

hydroxysuccinimide-mediated couple reaction between 

PEI25K and hydrophobic N-Ac-l-Leu according to the 

previous research.31 The particle size and zeta potential of 
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nanocomplex formed by N-Ac-l-Leu-PEI with DNAzyme at 

different mass ratios were determined (Table 1). The nano-

particles could be formed with a size range of 99–190 nm, 

and the particle size exhibited a decreasing tendency with 

an increasing ratio of polymer, indicating that DNAzyme 

was gradually packaged and condensed. Meanwhile, the 

nanoparticles formed by N-Ac-l-Leu-PEI and DNAzyme 

showed a positively charged state and zeta potential values 

increased with the increasing ratio of polymer, ranging 

from +15 mV to +23 mV. Thus, the particle size and zeta 

potential made these nanoparticles suitable for efficient 

endocytosis and further transfection. The binding affinity of 

N-Ac-l-Leu-PEI with DNAzyme was examined by agarose 

gel retardation assay (Figure 1). It was obviously observed 

that complete DNAzyme retardation could be achieved at a 

critical mass ratio of 2.0, indicating the formation of stable 

N-Ac-l-Leu-PEI/Dz nanopolyplex. Compared with plasmid 

DNA (critical mass ratio of 0.6–0.8),31 N-Ac-l-Leu-PEI 

exhibited a relatively weaker binding ability for single-

stranded oligoDNA segment.

The cellular uptake of N-Ac-l-Leu-PEI/Dz nanocom-

plex was investigated using FITC-labeled DNAzyme 

through flow cytometry. As shown in Figure 2, intracellular 

accumulation of FITC-labeled nanoparticles was clearly 

observed, and the fluorescence intensity exhibited an 

increasing tendency with the elongation of incubation time, 

which was consistent with the quantitative analysis of mean 

fluorescence intensity. Notably, N-Ac-l-Leu-PEI could 

mediate the cellular uptake of DNAzyme at a higher level 

than Lipofectamine™2000, when the cells were incubated 

with corresponding nanoparticles for 6 hours. To determine 

the mechanism of cellular uptake, PC-3 cells were treated 

with a series of inhibitors and under low temperature, and 

then the fluorescence intensity of FITC-labeled DNAzyme 

was analyzed by flow cytometry (Figure 3). As the endocytic 

uptake was an energy-dependent procedure and could be 

strongly inhibited by low temperature,35,36 the cellular uptake 

of N-Ac-l-Leu-PEI/Dz nanocomplex was performed at 4°C 

to check whether the internationalization processed in an 

energy-dependent manner. In comparison to 37°C, the cel-

lular uptake of nanoparticles was significantly inhibited at 

4°C, indicating that the N-Ac-l-Leu-PEI/Dz nanocomplex 

was internalized inside the cells via an energy-dependent 

pathway. To elucidate the cellular uptake pathway, the 

interaction between N-Ac-l-Leu-PEI/Dz nanocomplex 

and cell membranes was investigated by treating cells with 

different inhibitors of clathrin-mediated endocytosis (chlo-

rpromazine), caveolae-mediated endocytosis (genistein), 

and macropinocytosis (wortmannin) and then analyzed by 

flow cytometry. Clearly, chlorpromazine showed an inhi-

bition on the endocytosis, and relatively lower inhibiting 

effect was observed in wortmannin-treated group, whereas 

genistein had no effects on the endocytosis of nanoparticles. 

Thus, clathrin-mediated endocytosis played a key role in 

the endocytosis of N-Ac-l-Leu-PEI/Dz nanocomplex, and 

macropinocytosis was also involved in the endocytosis of 

nanoparticles, whereas the endocytosis was conducted in a 

caveolae-nondependent pathway.

After the successful endocytosis, the intracellular distri-

bution of N-Ac-l-Leu-PEI/Dz was studied through confo-

cal laser scanning microscopy (Figure 4). When the cells 

were treated with nanoparticles for 1 hour, almost no green 

fluorescence of FITC-labeled DNAzyme was detected. After 

4 hours, green fluorescence could be clearly observed and 

did not overlap with red fluorescence of Lyso-Tracker Red, 

indicating that the nanoparticle could achieve the endosomal 

escape of DNAzyme. As described earlier, the endocytosis 

of N-Ac-l-Leu-PEI/Dz was mainly in a clathrin-mediated 

pathway, and the nanoparticles would be internalized and 

localized within endocytic vesicles (endosomes or lyso-

somes), which produced an environment for the DNAzyme 

Table 1 Particle size and zeta potential of N-ac-l-leu-PeI/Dz 
nanocomplex

N-Ac–l-Leu-PEI/Dz  
(wt/wt)

Particle  
size (nm)

Zeta  
potential (mV)

1:1 190.3±8.1 14.8±3.1
2:1 163.0±6.2 16.4±2.4
4:1 137.8±4.9 20.9±1.6
6:1 98.5±10.2 23.1±3.0

Abbreviation: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine.

Figure 1 gel retardation assay for the nanocomplexes of N-ac-l-leu-PeI with 
DNazyme at different mass ratios.
Abbreviation: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine.
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Figure 3 effects of different inhibitors on the endocytosis of N-ac-l-Leu-PEI/Dz using flow cytometric analysis (A) and the quantitative analysis of mean fluorescence 
intensity (B).
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; FITC, fluorescein isothiocyanate; h, hour.

Figure 2 Flow cytometric analysis of the cellular uptake of N-ac-l-Leu-PEI/Dz (A) and the quantitative measurement of mean fluorescence intensity (B).
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; FITC, fluorescein isothiocyanate; h, hour.

degradation. Thus, the derivative N-Ac-l-Leu-PEI could 

not only mediate the efficient endocytosis of DNAzyme but 

also protect the cargo from degradation, which represented 

an extremely important step for its action in the cytoplasm 

before degradation.

Inhibition of cell proliferation by N-ac-l-
leu-PeI/Dz nanocomplex
To access the biological role of DNAzyme targeting 

aurora kinase A, the cell viabilities of PC-3 cells after 

DNAzyme transfection were studied by MTT assay 
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(Figure 5). Compared with naked DNAzyme, N-Ac-l-

Leu-PEI-mediated DNAzyme delivery could highly inhibit 

the cell viabilities, and the values exhibited a declining 

tendency with the increasing amount of DNAzyme. For 

instance, treating with 6 μg/mL DNAzyme for 24 hours 

would lead to cell viability of 71%, and the concentration 

was selected for further investigation. Notably, N-Ac-l-

Leu-PEI/Dz transfection showed a stronger inhibitory 

effect than commercial reagent Lipofectamine™2000 after 

24-hour treatment, whereas the inhibition was more obvi-

ously in Lipofectamine™2000/Dz group after 72 hours. 

Further, the colony formation assay also showed that 

compared with control, N-Ac-l-Leu-PEI/Dz transfection 

could obviously achieve the reduction in colony forma-

tion, much stronger than Lipofectamine™2000/Dz group 

(Figure 6). All these results demonstrated that N-Ac-l-

Leu-PEI-mediated DNAzyme delivery could highly inhibit 

the proliferation of tumor cells. For inactive DNAzyme 

Figure 4 clsM images of the intracellular distribution of N-ac-l-leu-PeI/Dz nanocomplex for 1 hour and 4 hours.
Notes: Blue, nuclei (DAPI); red, lysosome (Lyso-Tracker Red); green, DNAzyme (FITC-labeled). The boxed areas represent the enlarged cells to show the intracelluar 
distribution of nanocomplex.
Abbreviations: clsM, confocal laser scanning microscopy; N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; h, hour; DaPI, 4,6-diamidino-2-phenylindole; FITc, 
fluorescein isothiocyanate.

Figure 5 cell viabilities of Pc-3 cells treated with N-ac-l-Leu-PEI/Dz nanocomplex (wt/wt, 6:1) with different amounts of DNAzyme for 24 hours (A) and 72 hours (B).
Notes: The data presented the difference between cell viabilities of the carriers and corresponding transfection nanocomplex. The data were expressed as mean value ± sD 
of three experiments, and significance was determined by a Student’s t-test (*P0.05, compared with naked Dz group).
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; sD, standard deviation.
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(iDz) group, an inhibition of colony formation could be 

observed, much lower than Lipofectamine™2000/Dz 

and N-Ac-l-Leu-PEI/Dz groups. The phenomenon was 

probably caused by iDz’s cleavage of target mRNA due 

to a simple antisense effect, especially at a high concen-

tration of DNAzyme, which was consistent with previous 

reports.37,38 To elucidate whether the inhibition of cell pro-

liferation was triggered by DNAzyme-induced gene knock-

out, the expression level of aurora kinase A was evaluated 

at the protein level through Western blotting. As shown in 

Figure 7, N-Ac-l-Leu-PEI/Dz and Lipofectamine™2000/

Dz groups could efficiently downregulate the expression 

level of target aurora kinase A, whereas the iDz transfec-

tion showed a relatively weak inhibition on the expression 

of aurora kinase A with 87% of original expression level. 

The decreased expression induced by iDz transfection 

was mainly caused by the simple antisense effect,37,38 

accounting for the slight inhibition of cell proliferation and 

colony formation described earlier. Meanwhile, DNAzyme 

delivery mediated by N-Ac-l-Leu-PEI could inhibit the 

expression level of aurora kinase A in a higher level than 

Lipofectamine™2000 did.

Figure 6 The inhibition of colony formation (A) and the absorbance at 578 nm of eluent (B) after DNazyme transfection.
Notes: The data were expressed as mean value ± SD of three experiments, and significance was determined by a Student’s t-test (*P0.05, compared with control).
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; sD, standard deviation.

β

Figure 7 Western blotting (A) and quantitative analysis (B) for the expression level 
of aurora kinase a and MMP-9 after DNazyme transfection.
Notes: 1: No treatment; 2: N-ac-l-leu-PeI/Dz; 3: lipofectamine™2000/Dz; and 
4: N-ac-l-leu-PeI/iDz.
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; iDz, inactive 
DNazyme; MMP-9, matrix metalloproteinase-9.
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Previous research has confirmed that the overexpression 

of aurora kinase A is involved in the centrosome abnormal-

ity and chromosome instability in various tumors,39 and 

decreasing the expression level of aurora kinase A will 

trigger the cell apoptosis and cell cycle arrest. The apop-

totic death in PC-3 cells induced by DNAzyme transfec-

tion was evaluated using Annexin V-FITC/PI staining and 

followed by FACS analysis (Figure 8). Compared with the 

control, Lipofectamine™2000/Dz and N-Ac-l-Leu-PEI/

Dz transfection groups could efficiently induce cell apop-

tosis, with early apoptotic cells (Annexin V-FITC positive 

and PI negative) of 18.20% and 25.30%, respectively. In 

contrast, the derivative and iDz transfection could trigger 

relatively weak cell apoptosis with early apoptotic ratios of 

10.95% and 14.32%, respectively. The apoptosis induction 

mediated by iDz transfection could also be attributed to 

the partial cleavage of aurora kinase A mRNA owing to 

the simple antisense effect.37,38 Furthermore, the cell cycle 

analysis was performed via flow cytometry to elucidate 

whether the antiproliferative effect of DNAzyme trans-

fection was associated with cell cycle arrest (Figure 9). 

Compared with the control, DNAzyme delivery would lead 

to a significant increase in the G2 phase, indicating that 

downregulating the expression level of aurora kinase A 

could cause the disruption of cell cycle transition and 

an arrest in G2 phase. In addition, the cell cycle arrest 

exhibited a dose- and time-dependent manner, and the G2 

phase could be obtained with 22.58% after treating with 

N-Ac-l-Leu-PEI/Dz with 6 μg DNAzyme for 48 hours. 

In conclusion, DNAzyme delivery mediated by N-Ac-

l-Leu-PEI could efficiently induce the inhibition of cell 

proliferation, attributing to the induction of cell apoptosis 

and cell cycle arrest.

Inhibition of cell migration by N-ac-l-
leu-PeI/Dz nanocomplex
In prostate cancers, metastasis-related recurrence is still 

common and responsible for the prostate cancer-associated 

mortality.6 Herein wound healing and Transwell migration 

assay were employed to determine whether DNAzyme 

transfection could affect the cell migration. Compared 

with the control, the wound size exhibited a slightly 

reduced trend after DNAzyme delivery, implying that 

the transfection of DNAzyme targeting aurora kinase A 

could weaken the cell migration (Figure 10). Additionally, 

N-Ac-l-Leu-PEI/Dz exhibited a highest inhibitory effect, 

much stronger than Lipofectamine™2000/Dz and N-Ac-

l-Leu-PEI/iDz groups. Interestingly, the wound size in 

Lipofectamine™2000/Dz transfection group increased after 

50 hours, and the unique phenomenon was probably caused 

Figure 8 Induction of apoptosis in PC-3 cells treated with DNAzyme transfection determined by flow cytometry.
Notes: (A) No treatment; (B) treatment with N-ac-l-Leu-PEI; (C) treatment with N-ac-l-Leu-PEI/iDz; (D) treatment with Lipofectamine™2000/Dz; and (E) treatment 
with N-ac-l-leu-PeI/Dz.
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; iDz, inactive DNAzyme, PI, propidium iodide; FITC, fluorescein isothiocyanate.
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by the higher cytotoxicity of Lipofectamine™2000, trigger-

ing the death of neighboring cells. Finally, we detected the 

inhibition of cell migration after DNAzyme transfection 

through Transwell migration assay, in which the represen-

tative images of migrated cells at the bottom of membrane 

were stained with crystal violet. As shown in Figure 11, the 

number of migrated cells was much lower in the cells treated 

with Lipofectamine™2000 or N-Ac-l-Leu-PEI-mediated 

DNAzyme delivery, suggesting that the reduction of aurora 

kinase A could suppress the cell migration. Meanwhile, 

the expression level of MMP-9, a key regulator for cell 

migration,40 was dramatically decreased after DNAzyme 

transfection (Figure 7), which was probably associated with 

the inhibition of cell migration.

Figure 10 Wound healing assay (A) and quantitative wound size (B) after DNazyme transfection.
Notes: 1: No treatment; 2: lipofectamine™2000/Dz; 3: N-ac-l-leu-PeI/Dz; 4: N-ac-l-leu-PeI/iDz; and 5: N-ac-l-leu-PeI. The data were expressed as mean value ± sD of 
three experiments, and significance was determined by a Student’s t-test (*P0.05, compared with control).
Abbreviations: N-ac-l-leu-PeI, N-acetyl-l-leucine-polyethylenimine; sD, standard deviation; h, hour.
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Conclusion
The derivative N-Ac-l-Leu-PEI could efficiently achieve the 

delivery of DNAzyme targeting aurora kinase A into tumor 

cells. Through the DNAzyme transfection, excessive prolif-

eration and migration of tumor cells have been successfully 

inhibited. Thus, DNAzyme targeting aurora kinase A can 

potentially solve the most important problems of malignant 

tumors, and the PEI derivative-mediated DNAzyme delivery 

will be a promising therapeutic technique for treating cancers 

and other diseases.
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