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Abstract. The bacterial redox protein azurin selectively 
induces apoptosis in human osteosarcoma U2OS cells. We 
constructed a p53 siRNA to test the role that p53 plays in the 
apoptosis-inducing role of azurin in U2OS cells. Cells treated 
with p53 siRNA and azurin showed more viable cells, a lower 
apoptosis rate, lower caspase-3 activity, and up-regulation of 
bcl-2, downregulation of bax compared to cells treated with 
negative siRNA and azurin. Cells treated with negative siRNA 
and azurin yielded positive TUNEL dying, whereas cells 
treated with p53 siRNA and azurin yielded few positive cells. 
These results suggested that p53 siRNA was capable of inhibi-
ting the apoptosis induced by azurin 2 days after treatment 
with p53 siRNA and azurin. Azurin may induce apoptosis 
through combination with p53. The decrease in p53 protein 
levels did not inhibit cell apoptosis rates, but rather increased 
these rates in U2OS osteosarcoma cells 3 days after treatment 
with p53 siRNA. Since U2OS cells are p53 wild-type cancer 
cells, p53 potentially acts as an oncogene in U2OS osteosar-
coma cells. Treatment with azurin may transform the function 
of p53 from inhibiting to inducing apoptosis.

Introduction

Azurin is a copper-containing protein involved in electron 
transfer during denitrification (1). Previously, purified azurin 
was found to exhibit cytotoxicity to osteosarcoma U2OS 
cells. Azurin selectively induced apoptosis in U2OS cells. 
The induction of apoptosis was closely associated with the 
downregulation of bcl-2, upregulation of bax, and activation 
of caspase‑3 (2). In that study, we also constructed a eukaryo‑
tic expression plasmid containing the azurin gene with an 
influenza virus hemagglutinin 9 peptide HA epitope tag and 
transfected the recombinant plasmid pcDNA3.1(+)/azurin 
into U2OS cells. Transfection of the recombinant plasmid  
pcDNA3.1(+)/azurin significantly induces apoptosis in U2OS 
cells. This is closely associated with the upregulation of the 

transcriptional level of the bax and p53 genes and the down-
regulation of that of the bcl‑2 gene (3). The tumor‑suppressor 
protein p53 is involved in the regulation of cell growth, 
genomic stability and cell death. Previous studies suggested 
that azurin from Pseudomonas aeruginosa is the only 
bacterial protein that is capable of entering cancer cells and 
interacting with p53 to promote cell death (4). Molecular 
interaction between the p53 tumor suppressor and the copper 
protein azurin (AZ) has been shown to enhance p53 stability, 
and thus anti-tumor function, opening new perspectives in 
cancer treatment (5). In the present study, p53 siRNA was 
used to test the function of p53 in the apoptosis-inducing role 
of azurin.

Materials and methods

Materials. Azurin purchased from Sigma (St. Louis, MO, USA) 
was dissolved in RPMI-1640 or Eagle's minimal essential 
medium (MEM) to a final concentration of 1 mg/l and stored 
in a dark‑colored bottle at 4˚C as stock solution. The stock 
was diluted to the required concentration immediately prior to 
use with growth media. Antibodies against bcl-2, bax, p53 and 
actin were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). The annexin V‑FITC kit was purchased 
from BD Biosciences (San Jose, CA, USA). The terminal 
deoxynucleotidyl transferase‑mediated dUTP nick‑end 
labeling (TUNEL) cell apoptosis detection kit and caspase‑3 
activity assay kit were provided by the Beyotime Institute of 
Biotechnology (Haimen, China). p53 siRNA was synthesized 
by Shanghai GenePharma Co., Ltd. The sense primer was 
5'-CUACUUCCUGAAAACAACGdTdT-3', and the anti-sense 
was 5'-CGUUGUUUUCAGGAAGUAGdTdT-3'.

Cell line and culture conditions. U2OS, a human osteo-
sarcoma cell line, was purchased from the American Type 
Culture Collection (ATCC, Rockville, MD, USA). The cells 
were cultured in RPMI-1640 with 10% heat-inactivated fetal 
bovine serum (FBS), 2 mM L‑glutamine, 100 U/ml penicillin, 
and 100 µg/ml streptomycin at 37˚C in a humidified atmo-
sphere containing 5% CO2.

Transfection. Transfection of the U2OS cells was carried 
out in 6-well plates according to the instructions for 
Lipofectamine™ 2000. A total of 4 µg of p53 siRNA and 
the negative control siRNA were transfected separately into 
U2OS cells.
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MTT cell growth assay. The cytotoxic effects of azurin on 
U2OS cells were assessed by MTT assay, which is based on 
the reduction of MTT by the mitochondrial dehydrogenase 
of intact cells to a purple formazan product. The cells were 
suspended in a 96‑well plate (Costar; Corning, NY, USA) at 
a density of 2x104 cells per well. After azurin treatment, the 
medium containing azurin was carefully removed by aspira-
tion. A total of 20 µl of MTT solution (5x103 mg/l) was added 
to each well 4 h before the end of incubation. The supernatant 
was removed and 150 µl DMSO was added to each well. An 
ELISA reader was used to measure the absorbance at 490 nm.

Caspase-3 activity assay. Caspase-3 activity was measured by 
cleavage of chromogenic caspase substrates, Ac‑DEVD‑pNA 
(acetyl‑Asp‑Glu‑Val‑Asp p‑nitroanilide) and Ac‑LEHD‑pNA 
(acetyl‑Leu‑Glu‑His‑Asp p‑nitroanilide). Approximately 50 µg  
of total protein was added to the reaction buffer containing 
Ac‑DEVD‑pNA (2 mM) or Ac‑LEHD‑pNA (2 mM) and incu-
bated for 2 h at 37˚C. The absorbance of yellow pNA cleaved 
from its corresponding precursors was measured using a spec-
trometer at 405 nm. The specific caspase activity, normalized 
for total proteins of cell lysates, was then expressed as a fold 
of the baseline caspase activity of the control cells cultured in 
DMEM with 10% FBS.

TUNEL. The TUNEL method was performed to label the 
3'-end of fragmented DNA of the apoptotic pulmonary arte-
rial smooth muscle cells (PASMCs). The cells treated as 
indicated were fixed with 4% paraformaldehyde/phosphate‑
buffered saline (PBS), rinsed with PBS, then permeabilized 
by 0.1% Triton X-100 for biotin-TUNEL the fragmented 
DNA of the apoptotic cells. Biotin was then conjugated 
with streptavidin‑horseradish peroxidase (HRP) and colored 
with DAB using a TUNEL cell apoptosis detection kit. The 
biotin-labeled TUNEL-positive cells were observed under  
a microscope.

Apoptosis and cell‑cycle analysis were quantified by 
fluorescence‑activated cell sorting (FACS). Determination 
of apoptosis and secondary necrosis utilizes the high affinity 
of annexin V to phosphatidylserine, which is exposed on the 
surface of apoptotic cells. U2OS cells (1x106) were trypsinized 
to detach any adherent cells. Cells were harvested and washed 
in PBS, resuspended in binding buffer (10 mmol/l HEPES/
NaOH, 140 mmol/l NaCl, 2.5 mmol/l CaCl2, pH 7.4), and 
incubated with 0.25 mg/ml fluorescein isothiocyanate (FITC)‑ 
conjugated annexin V and 10 mg/ml propidium iodide (PI). 
The mixture was kept on ice for 5 min and the cell fluores-
cence was measured by two‑parameter flow cytometry 
(FACS Calibur; Becton‑Dickinson, San Jose, CA, USA). 
When green fluorescence (FITC) was plotted against red 
fluorescence (PI), three distinct cell populations were 
detected in a dotplot: viable cells (FITC‑/PI‑), apoptotic cells 
(FITC+/PI‑), and secondary necrotic cells (FITC+/PI+). A 
minimum of 10,000 events was counted per sample and 
data were reported as the percentage of apoptotic cells 
(annexin V‑FITC+/PI‑). Cell‑cycle analysis was also evalu-
ated with FACS using a cell‑cycle analysis kit (Cycle Test 
Plus, Becton‑Dickinson). Cell cycle distribution was based 
on 2N and 4N DNA content for DNA content analysis using 
BD CellQuest software v 6.0. as previously described.

Western blot analysis. Cells were lysed by 200 µl M-PER® 

reagent (Pierce Biotechnology, Rockford, IL, USA). 
Centrifugation was carried out at 14,000 x g for 10 min at 
0˚C. The supernatants were then collected, and the proteins 
were separated on 12% SDS-PAGE. After electrophoresis, the 
protein blots were transferred to a nitrocellulose membrane. 
The membrane was blocked with 5% non‑fat milk in TBST 
and incubated overnight with polyclonal anti‑HA tag antibody 
at 37˚C for 1 h. After 3 washes with TBST, the membrane was 
incubated at 37˚C for 1 h with HRP‑conjugated secondary 
antibody diluted with TBST (1:500). The detected protein 
signals were visualized by an enhanced chemilluminescence 
detection system (Amersham, Arlington Heights, IL, USA).

Statistical analysis. Data are presented as the mean ± SD of 
3 replicates from 4 separate experiments. Collected data are 
expressed as the mean ± SD. Statistical analysis was performed 
by one‑way ANOVA to determine the difference within groups.

Results

MTT of cells treated with p53 siRNA and azurin. U2OS cells 
were transfected with p53 siRNA and negative control siRNA 
separately. Usually, siRNA takes 4‑6 h to enter cells. Azurin 
was added 6 h after siRNA. MTT assays were performed 
after 48 h since azurin shows the greatest effects at this 
time point. The optical density (OD) value is the number of 
viable cells. Azurin was found to decrease the viability of 
cells treated with negative control siRNA (P<0.05) 2 days 
after the beginning of azurin treatment. The viability of 
cells treated with p53 siRNA was found to be higher than 
that of cells treated with p53 siRNA and azurin (P<0.05). No 
significant difference was found between cells treated with 
control siRNA and those treated with p53 siRNA after 2 days 
(P>0.05), but this was not the case after 3 days (P<0.05). 
In addition, after 3 days cells treated with p53 siRNA and 
azurin showed lower levels of cell viability compared to cells 
treated with control siRNA + azurin and cells treated with 
p53 siRNA alone (P<0.05).

Effects of p53 siRNA on morphology of U2OS cells treated 
with azurin. Under the microscope, cells treated with control 
siRNA showed normal morphology. The plate was full of 
living cells after 2 days of growth. The group treated with 
control siRNA and azurin showed few viable cells with 
numerous round, black granules, which consisted of dead 
or apoptotic cells starting to float. The group treated with 
p53 siRNA and azurin had the most viable cells with normal 
cell morphology; however, numerous round, black granules 
were still evident.

Effects of p53 siRNA on apoptosis in U2OS cells treated 
with azurin. U2OS cell apoptosis was measured in a FACS. 
Annexin V‑FITC+/PI‑ exhibited apoptotic cells. Following 
treatment with p53 siRNA and control siRNA for 4-6 h, azurin 
was added. In cells treated with control siRNA and azurin, 
an apoptotic peak was observed and the rate of apoptosis was 
11.26%. In cells treated with p53 siRNA and azurin, the rate 
of apoptosis was 7.73%. Cells treated with negative siRNA 
showed an apoptotic rate of 3.02%.
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Effects of p53 siRNA on TUNEL tests of U2OS cells treated 
with azurin. Apoptotic cells show nuclear fragmentation that 
was end-labeled by biotin-dUTP and colored by DAB. Most 
cells treated with control siRNA and azurin showed deep 
coloration of the nucleus. A few cells treated with p53 siRNA 
and azurin also showed colored nuclei.

Effects of p53 siRNA on protein expression of U2OS cells 
treated with azurin. After 48 h, Western blot analysis showed 
that p53 siRNA had an obvious effect on the bcl-2 and bax 
protein levels in cells treated with azurin. The expression of 
bcl-2 protein increased in U2OS cells treated with p53 siRNA 
and azurin compared to cells treated with negative siRNA 
and azurin, whereas that of bax proteins was reduced, 
suggesting that p53 siRNA inhibited azurin-induced apoptosis 
through the downregulation of bax and upregulation of bcl-2. 
p53 expression in cells treated with p53 siRNA demonstrated 
that p53 siRNA actually interfered with the expression of p53.

Effects of p53 siRNA on caspase-3 activity of U2OS cells 
treated with azurin. Caspase-3 activity was evaluated by 

Beyotime caspase‑3 activity assay kit. The caspase‑3 activity 
of cells treated with control siRNA and azurin was higher 
than that of cells treated with control siRNA only (P<0.05), 
demonstrating the apoptosis-inducing effect of azurin. The 
caspase-3 activity of cells treated with p53 siRNA and azurin 
was lower than that of cells treated with control siRNA and 
azurin (P<0.05), demonstrating the inhibitory effect of p53 
on azurin.

Discussion

p53 is a human tumor suppressor that regulates a number of 
cellular processes such as cell growth, genomic stability, and 
cell death. Studies have demonstrated that the bacterial redox 
protein azurin is capable of entering cancer cells and inducing 
apoptosis through p53 stabilization, resulting in a regression 
of tumor growth (6). The tumor suppressor p53 interacts with 
the redox copper protein azurin forming a complex that is 
crucial to azurin‑induced apoptosis (7). The half‑life of the 
tumor suppressor p53 can be increased by interaction with 
the bacterial protein azurin, resulting in enhanced anti-tumor 

Figure 1. Viability of cells treated with p53 siRNA and azurin. Cells 
were treated with p53 siRNA and control siRNA for 6 h. Azurin was then 
added. Cell viability was measured by a MTT assay 2 days later. (A) Cells 
treated with control siRNA. (B) Cells treated with control siRNA and 
azurin. (C) Cells treated with p53 siRNA and azurin. (D) Cells treated with 
p53 siRNA. 

  A   B   C

Figure 3. Morphology of U2OS cells treated with p53 siRNA and azurin. Cells were treated with p53 siRNA and control siRNA for 6 h. Azurin was then 
added to the final concentration of 50 µg/ml. Cells were observed under a microscope 2 days later. (A) Cells treated with control siRNA. (B) Cells treated with 
control siRNA and azurin. (C) Cells treated with p53 siRNA and azurin. 

Figure 2. Viability of cells treated with p53 siRNA and azurin. Cells 
were treated with p53 siRNA and control siRNA for 6 h. Azurin was then 
added. Cell viability was measured by a MTT assay 3 days later. (A) Cells 
treated with control siRNA. (B) Cells treated with control siRNA and 
azurin. (C) Cells treated with p53 siRNA and azurin. (D) Cells treated with 
p53 siRNA. 
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activity. An understanding of the molecular mechanisms on 
the basis of this phenomenon can facilitate new anti-cancer 
strategies (8).

RNA interference is the process of sequence‑specific, tran-
scriptional/post‑transcriptional gene silencing through siRNA.  
RNA interference is a popular method of regulating gene 
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Figure 5. TUNEL test of U2OS cells treated with p53 siRNA and azurin. Cells were treated with p53 siRNA and control siRNA for 6 h. Azurin was then 
added to the final concentration of 50 µg/ml. Apoptotic cells were labeled using a TUNEL cell apoptosis detection kit 2 days later. (A) Cells treated with 
control siRNA. (B) Cells treated with control siRNA and azurin. (C) Cells treated with p53 siRNA and azurin. 
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Figure 4. Apoptosis of U2OS cells treated with p53 siRNA and azurin. Cells were treated with p53 siRNA and control siRNA for 6 h. Azurin was then 
added to the final concentration of 50 µg/ml. Cells were tested by flow cytometry 2 days later. (A) Cells treated with control siRNA. (B) Cells treated with 
control siRNA and azurin. (C) Cells treated with p53 siRNA and azurin. 
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Figure 8. Apoptosis in cells treated with p53 siRNA and azurin. Cells were treated with p53 siRNA and control siRNA for 6 h. Azurin was then added. Cell 
apoptosis was measured by flow cytometry 3 days later. (A) Untreated control cells. (B) Cells treated with control siRNA. (C) Cells treated with control 
siRNA and azurin. (D) Cells treated with p53 siRNA and azurin. 

Figure 7. Caspase activity of U2OS cells treated with p53 siRNA and azurin. 
Cells were treated with p53 siRNA and control siRNA for 6 h. Azurin 
was then added to the final concentration of 50 µg/ml. Caspase‑3 activity 
was evaluated 2 days later. (A) Cells treated with control siRNA. (B) Cells 
treated with control siRNA and azurin. (C) Cells treated with p53 siRNA 
and azurin. 
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Figure 6. Bcl‑2, bax and p53 expression in U2OS cells treated with 
p53 siRNA and azurin. Cells were treated with p53 siRNA and control 
siRNA for 6 h. Azurin was then added to the final concentration of 50 µg/ml. 
Cell proteins were extracted and separated by SDS-PAGE electrophoresis 
2 days later. (A) Cells treated with control siRNA. (B) Cells treated with 
control siRNA and azurin. (C) Cells treated with p53 siRNA and azurin. 
(D) Cells treated with p53 siRNA. 
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expression. In the present study, we constructed p53 siRNA 
that would interfere with p53 expression. p53 siRNA 
combines with p53 mRNA and inhibits its translation, 
reducing p53 protein levels. In this study, cells treated with 
p53 siRNA and azurin showed more living cells, a lower 
rate of apoptosis, lower caspase-3 activity, upregulation of 
bcl-2, and downregulation of bax compared to cells treated 
with negative siRNA and azurin. Cells treated with nega-
tive siRNA and azurin exhibited positive TUNEL death, 
whereas cells treated with p53 siRNA and azurin exhibited 
few positive cells.

Bax is a crucial mediator and the loss of this pro-apoptotic 
protein contributes to drug resistance in human cancers (9). 
As a tumor suppressor, Bax mediates p53-induced apoptosis 
and increases sensitivity to chemotherapy-induced apoptosis 
(10,11). Bcl‑2 is an anti‑apoptotic protein. When it is activated 
or prevalent, apoptosis is inhibited. The abnormal overexpres-
sion of bcl-2 has frequently been observed in various types 
of human cancer. It has been suggested that p53 siRNA is 
capable of inhibiting azurin-induced apoptosis. Azurin may 
induce apoptosis through the combination with p53.

Azurin is not capable of inducing apoptosis without the 
p53 protein, if azurin's effect is p53‑dependent. However, the 
tumor suppressor protein p53 is known to either induce apop-
tosis or arrest growth depending on cellular background (12). 
p53 siRNA decreases p53 protein levels, and this decrease 
in p53 is capable of inhibiting cancer cell apoptosis. When 
p53 siRNA was transfected into U2OS cells, it increased the 
viability of cells treated with azurin over that of cells treated 
with negative siRNA and azurin. This increase was caused 
by the decrease in p53 protein rather than by the decrease in 
the combination of azurin and p53 protein as follows: After 
2 days of treatment, the viability of cells treated with nega-
tive siRNA and that of cells treated with p53 siRNA were 
identical, showing no significant difference (Fig. 2). The 
decrease in p53 protein caused by p53 siRNA suggested that 
no functional effect was evident. Three days later, however, 
the viability of cells treated with p53 siRNA was lower than 
that of cells treated with negative siRNA (P>0.05). This 
reduction suggested that the decrease in p53 protein did not 
cause cell survival but rather cell death. This may explain 
the reason for the rate of apoptosis in cells treated with 
p53 siRNA and azurin was 66.08%, greater than that of cells 
treated with negative siRNA and azurin, 42.22%, 3 days later 
(Fig. 8).

p53 siRNA decreased levels of p53 protein (Fig. 6), but 
the decrease did not have any functional effect 2 days after 
treatment. The functional effect was observed 3 days later. 
The decrease in p53 protein levels did not inhibit cell apop-
tosis, but rather promoted cell apoptosis. Since U2OS cells 
are p53 wild‑type cancer cells, it is likely that p53 plays the 
role of oncogene in U2OS osteosarcoma cells. Azurin treat-
ment may transform the function of p53 from inhibiting 
apoptosis to inducing apoptosis. In this study, cells treated 
with p53 siRNA and azurin were found, 2 days later, despite 
the fact that the p53 protein itself decreased in cell numbers.

p53 siRNA inhibited azurin-induced apoptosis. Azurin 
may induce apoptosis through a combination with p53. The 
decrease in p53 protein levels did not inhibit cell apoptosis, 
but rather promoted cell apoptosis in U2OS osteosarcoma 
cells 3 days after treatment. Since U2OS cells are p53 
wild-type cancer cells, p53 plays a potential role as an onco-
gene in U2OS osteosarcoma cells. Azurin treatment may 
transform the function of p53 from inhibiting apoptosis to 
inducing apoptosis.
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