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Abstract. The signal transducer and activator of transcrip-
tion 3 (STAT3) regulates target gene expression by binding to 
a consensus DNA sequence within the promoter of the target 
genes. The constitutive activation of STAT3 has been shown to 
contribute to tumorigenesis in ovarian cancer and it has been 
reported to be a key factor for drug resistance in ovarian cancer. 
STAT3-specific decoy oligodeoxynucleotides (ODNs) (STAT3 
decoy ODNs) that contain a consensus DNA sequence inhibit 
the transcriptional activity of STAT3, leading to cancer cell 
death. However, their mechanisms of action are unclear and 
little information is available as to the effects and the toxicity 
of STAT3 decoy ODNs in vivo. In this study, we established 
subcutaneous xenografts of SKOV3 human ovarian cancer 
cells in nude mice, evaluated the antitumor effects of STAT3 
decoy ODNs on xenografted nude mice, and investigated the 
mechanisms behind the antitumor effects of STAT3 decoy 
ODNs targeting the STAT3 signaling pathway in vivo. The 
results revealed that the STAT3 decoy ODN inhibited ovarian 
cancer cell growth and promoted ovarian cancer cell apoptosis 
in vivo. Western blot analysis indicated that the STAT3 decoy 
ODN downregulated the protein expression levels of matrix 
metalloproteinase (MMP)-2, MMP-9 and Bcl-2, and upregu-
lated the protein expression levels of caspase-3 in vivo. H&E 
staining was used to detect the side-effects of the STAT3 decoy 
ODN in the vital organs of the nude mice. We found that there 
were no significant abnormalities in the vital organs of the nude 
mice apart from slight inflammation and necrosis in parts of 
the hepatic lobule. The data from the present study suggest that 
decoy ODNs targeting STAT3 may be an effective therapeutic 
approach for the treatment of ovarian cancer in vivo.

Introduction

Epithelial ovarian cancer (EOC) is described as a silent killer 
as patients always present with local invasion or distant metas-
tasis at first diagnosis. In the developed world, ovarian cancer 
is the leading cause of gynecological cancer-related mortality 
among women (1). Surgical cytoreduction and treatment with 
chemotherapeutic agents, such as cisplatin and paclitaxel 
(Taxol), are commonly used to treat this malignancy. However, 
the majority of ovarian cancer survivors eventually suffer 
from recurrent disease that develops resistance to multiple 
chemotherapeutic agents; thus, EOC is a disease with a high 
mortality rate. Long-term survival is achieved in less than a 
third of patients with advanced-stage ovarian cancer (2).

The Janus kinase/signal transducer and activator of tran-
scription (JAK/STAT) signaling pathway is an important 
pathway by which cytokines transfer information from the 
surface of the cell into the nucleus. STAT3 is a crucial member 
of the JAK/STAT signaling pathway. STAT3 has been described 
as a key regulator of cell survival and proliferation (3). It is 
constitutively activated in a variety of tumor cell lines and 
primary tumors, including prostate, breast, head and neck 
cancer, multiple myeloma and glioma (4-7). STAT3 is activated 
by various protein tyrosine kinases, JAK and the proto-onco-
gene tyrosine-protein kinase (Src), as well as membrane-bound 
growth factor receptor tyrosine kinases, such as the epidermal 
growth factor receptor (EGFR) (8,9). Thus, the functions of 
activated STAT3 proteins vary, and include cell growth, differ-
entiation, development, apoptosis and angiogenesis (10,11). The 
constitutive activation of STAT3 has been shown to contribute 
to tumorigenesis in ovarian cancer (12). STAT3 has also been 
reported to be a key factor for drug-resistance in ovarian 
cancer (13). Therefore, STAT3 may be a potential molecular 
target for the treatment of cancer (14).

The constitutive activation of STAT3 in tumor cells points 
to STAT3 as a valuable target for attacking tumor cells. 
Moreover, STAT3 is not essential for the functioning of mature 
cells (15). Thus, it is a highly valuable target for inducing tumor 
cell death; however, STAT3 lacks more specific inhibitors. 
Several strategies have been investigated to target the signaling 
pathway of STAT3, including RNA interference (using siRNA), 
dominant-negative, antisense and ‘decoy’ oligodeoxynucleo-
tides (ODN) technology (16-18). A recent study reported that 
a STAT3 decoy oligonucleotide induced cell death in a human 
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colorectal carcinoma cell line by blocking nuclear transfer (19). 
In our previous study, we utilized the decoy ODN technology 
to examine the effects of a STAT3 decoy ODN on human 
ovarian cancer cells in vitro and found that the STAT3 decoy 
ODN decreased the invasive capability of the cancer cells 
and enhanced the sensitivity of ovarian cancer cells to pacli-
taxel (20). However, there is little information available as to 
the effects of STAT3 decoy ODNs on cancer in vivo, and little 
information as to its toxicity in vivo.

In this study, we established subcutaneous xenografts of 
SKOV3 human ovarian cancer cells in nude mice, examined 
the antitumor effects of STAT3 decoy ODNs on xenografted 
nude mice, investigated the potential mechanisms of the 
STAT3 decoy ODNs, and examined the side-effects of the 
STAT3 decoy ODNs on the vital organs of nude mice.

Materials and methods

Cell line and cell culture. The SKOV3 human ovarian 
epithelial cancer cell line was provided by the Qilu Hospital 
Biotechnology Center, Shandong University, Jinan, China. 
The cells were cultured in RPMI-1640 medium (Gibco-BRL, 
Grand Island, NY, USA) supplemented with 10% heat-inac-
tivated fetal bovine serum (FBS; Gibco-BRL) and incubated 
under standardized conditions (37˚C, 5% carbon dioxide).

STAT3 decoy and scrambled ODN. Phosphorothioate sense 
and antisense strands of STAT3 decoy or scrambled control 
ODNs were synthesized using the Expedite™ Nucleic Acid 
Synthesis System (Sangon Biotechnology, Shanghai, China). 
The STAT3 decoy ODN sequence was 5'-CATTTCCCGTAA 
ATC-3' and 3'-GTAAAGGGCATTTAG-5' and the scrambled 
ODN sequence was 5'-CATCTTGCCAATATC-3' and 
3'-GTAGAACGGTTA TAG-5' (21,22). The sense and antisense 
strands were then prepared by annealing complementary 
single-stranded ODNs by heating to 95˚C for 10 min followed 
by cooling to room temperature slowly over a period of 2 h.

Subcutaneous xenografts in nude mice. Female nude 
mice (BALB/c, 4-5 weeks old) were purchased from the 
Shanghai Experimental Animal Center (Chinese Academy 
of Sciences, Shanghai, China). The mice were housed and 
maintained under specific pathogen-free conditions according 
to the experimental animal guidelines and approved by the 
Institutional Animal Care and Use Committee of Shandong 
University. The tumor model was established according to a 
previous study (23). SKOV3 cells were harvested and resus-
pended in RPMI-1640 medium. A total of 200 µl SKOV3 cells 
(2x107/ml) were injected into the right flanks of the mice. Two 
weeks later, the mice were randomly assigned to 3 groups with 
5 mice in each group (STAT3 decoy ODN treatment group, 
STAT3 scrambled ODN treatment control group and PBS 
treatment control group). ODN (50 µg in 50 µl PBS) was intra-
tumorally injected every other day for 30 days. Tumor sizes 
were measured by length (l) and width (w) every 4 days, and 
the tumor volumes were calculated according to the following 
formula: tumor volume = lw2/2. The mental state, diet and 
stool of the mice were observed daily. Twelve hours after the 
final injection, the mice were sacrificed. The tumors, heart, 
liver and kidneys were removed, parts of them were fixed in 

formalin and embedded in paraffin, and parts of them were 
frozen at -80˚C for western blot analysis. Paraffin sections 
were made from the tumor, heart, liver and kidney tissues of 
the nude mice, and the tissues were stained with hematoxylin 
and eosin (H&E).

TUNEL assay for the detection of apoptosis induced by 
STAT3 decoy ODN in vivo. To detect the poptotic cells in the 
tumor tissues, TUNEL assay, using a Fluorometric TUNEL 
System (KeyGen Biotech, Nanjing, China) was performed 
according to the manufacturer's instructions. The tissue 
sections were rinsed with PBS for 5 min following incubation 
with proteinase K (18 µg/ml) for 20 min, and then blocked 
with fetal bovine serum for 15 min at room temperature. TdT 
reaction mix (50 µl) was added to the sections followed by 
incubation in a humidified chamber for 60 min at 37˚C. The 
the sections were then rinsed with PBS and observed under 
a fluorescence microscope. Cell nuclei with green fluorescent 
staining were defined as TUNEL-positive nuclei. To quantify 
the TUNEL-positive cells, the number of green fluorescence-
positive cells was counted in 5 random fields of view on each 
section at x200 magnification.

Western blot analysis. The tumor tissues were lysed in 
lysis buffer. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed as previously 
described  (24). The whole cell extracts (30 µg/lane) were 
separated by SDS-PAGE and transferred onto nitrocellulose 
membranes (Millipore, Bedford, MA, USA). The membranes 
were blocked in Tris-buffered saline with 5% (w/v) non-fat 
dry milk, and then incubated with a primary antibody against 
β-actin, MMP-2, MMP-9, Bcl-2 and caspase-3 (1:1,000; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 
4˚C. After washing with TBST 3 times, the membranes were 
incubated with horseradish peroxidase-conjugated secondary 
antibody. Immunoreactive proteins were visualized using an 
enhanced chemiluminescence (ECL) detection system (Pierce, 
Rockford, IL, USA). The bands were examined using a densi-
tometer analysis system (Flurochem 9900-50; Alpha Innotech, 
San Leandro, CA, USA). Band density was analyzed using 
BandScan software (Glyko, Novato, CA, USA) and the results 
were expressed as a ratio of the protein of interest/β-actin to 
correct for loading for each sample.

Statistical analysis. All statistical analyses were performed 
using SPSS  17.0 software. All data are expressed as the 
means ± SD of at least 3 independent experiments. The differ-
ences between groups were analyzed using the Student's t-test; 
P-values <0.05 were considered to indicate statistically signifi-
cant differences in all cases.

Results

STAT3 decoy ODN inhibits ovarian cancer cell growth 
in vivo. The SKOV3 cells formed xenografts in the nude mice, 
and the average time taken for the tumors to be formed was 
10-12 days. Images of the xenografted nude mice are shown 
in Fig. 1. Tumor growth curves showed that the growth of the 
tumors treated with the STAT3 decoy ODN was significantly 
inhibited compared with the other treatment groups (Fig. 2). 
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After the treatment was terminated, the average volume of 
the xenografts was as follows: 620±68 mm3 in the PBS group, 
540±55 mm3 in the scrambled group and 226±35 mm3 in 
the decoy group. The average volume of the xenografts in 
the decoy group decreased significantly compared with the 
PBS and scrambled group (P<0.05). However, the difference 
between the PBS and scrambled groups was not statistically 
significant. The average weight of the tumor tissues in the 
decoy group was significantly lower than that in the other 
control groups (P<0.05) (Fig. 3).

STAT3 decoy ODN promotes ovarian cancer cell apoptosis 
in vivo. A fluorometric TUNEL assay was performed to detect 
the apoptotic cells in the tumor tissues of the nude mice. 
Cell nuclei with green fluorescent staining were defined as 
apoptotic cells. TUNEL assay revealed that there were 43±7 
apoptotic cells/high power field (/HPF) in the group treated 
with the STAT3 decoy ODN, while there were 11±3 apoptotic 
cells in the scrambled group and 13±4 apoptotic cells in the 
PBS group (Fig. 4). The difference between the decoy group 
and the other 2 groups was statistically significant (P<0.05). 
These results suggested that the STAT3 decoy ODN promoted 
ovarian cancer cell apoptosis in vivo.

Side-effects of STAT3 decoy ODN on tumor tissues and 
vital organs of nude mice. In the tumor tissue sections, H&E 
staining revealed karyomegaly, anachromasis and karyoki-
nesis in the cancer cells (Fig. 5). Necrosis was observed partly 
in the xenograft tissues. The sections of the heart and kidney 
tissues showed no significant abnormalities. However, 1  in 
5 nude mice treated with the STAT3 decoy ODN had slight 
inflammation and necrosis in parts of the hepatic lobule.

Effects of STAT3 decoy ODN on the protein expression of 
MMP-2, MMP-9, Bcl-2 and caspase-3 in vivo. Western blot 
analysis was used to examine the protein expression of MMP-2, 
MMP-9, Bcl-2 and caspase-3 in the xenograft tissues of the 
nude mice. Compared with the PBS and scrambled treatment 
group, the protein expression level of MMP-2, MMP-9, Bcl-2 
in the STAT3 decoy ODN treatment group was significantly 
downregulated, while the protein expression level of caspase-3 
was significantly upregulated (Fig. 6).

Discussion

STAT3 has been recognized as an oncogene, due to its oncogenic 
role (25). Constitutive STAT3 activation is frequently involved 

Figure 1. Images of mouse xenografts. Mice were subcutaneously injected with SKOV3 human ovarian cancer cells and then treated with either the STAT3 
decoy ODN, the STAT3 scrambled ODN, or PBS.

Figure 2. Tumor growth curves showing that the STAT3 decoy ODN signifi-
cantly inhibited tumor growth compared with the PBS and STAT3 scrambled 
treatment groups.

Figure 3. Average weights of tumor tissues in the 3 treatment groups. The 
average weight of the tumor tissues in the STAT3 decoy ODN treatment 
group was significantly lower than that in the other 2 control groups (*P<0.05).
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in uncontrolled tumor cell proliferation and therefore constitutes 
a valuable target for antitumor therapy (26). Studies have shown 
that elevated levels of total and/or tyrosine phosphorylated 
STAT3 (pSTAT3) in the tumor are associated with decreased 
survival rates in cancer patients, and this suggests that STAT3 
may serve as a therapeutic target (27). A previous study reported 

that STAT3 is associated with the aggressive biological behavior 
of ovarian cancer cells (28). However, the specific mechanisms 
involved are unclear. Decoy ODNs have been shown to effi-
ciently induce cell death in a variety of cellular systems (29) and 
to have potential for the specific targeting of tumor cells. The 
decoy ODN technology is a novel tool, which has advantages of 

Figure 4. TUNEL assay revealed that the STAT3 decoy ODN promoted ovarian cancer cell apoptosis in vivo. Cell nuclei with green fluorescent staining were 
defined as apoptotic cells. The histogram shows that the number of apoptotic cells in the STAT3 decoy ODN treatment group was increased compared with 
the other 2 control groups (*P<0.05).

Figure 5. H&E staining of xenograft tumor tissues of the heart, kidneys and liver in nude mice. (A) Karyomegaly, anachromasis and karyokinesis can be seen 
in the xenograft tumor cells. (B) Necrosis can partly be seen in the xenograft tumor tissues. (C) The liver tissue sections are relatively normal in the nude mice 
treated with the STAT3 decoy ODN, apart from (F) slight inflammation and necrosis in parts of the hepatic lobule. (D and E) sections of heart and liver tissues 
showed no significant abnormalities.
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low cost, specificity, simplicity and effectiveness. Moreover, the 
sequence of decoy ODNs is relatively stable. This technology 
has been successfully used to inhibit STAT3 pathway activation 
in squamous cell carcinoma of the head and neck (SCCHN), 
pancreatic cancer and human lung cancer. However, studies on 
the effects of STAT3 decoy ODNs on ovarian cancer are limited, 
and the biological effects of STAT3 decoy ODNs in vivo have 
not yet been fully elucidated.

In this study, to elucidate the antitumor effects of STAT3 
on ovarian cancer in vivo, we used the novel technology, decoy 
ODNs, to regulate the STAT3 pathway in xenografted nude 
mice. The major findings of the present study were as follows: 
i) STAT3 decoy ODNs inhibited ovarian cancer cell growth 
and promoted ovarian cancer cell apoptosis in vivo; ii) STAT3 
decoy ODNs downregulated the protein expression levels of 
MMP-2, MMP-9, Bcl-2 and upregulated the protein expression 
level of caspase-3 in vivo; iii) STAT3 decoy ODNs may have 
side-effects on the livers of nude mice.

We monitored tumor growth during the treatment period, 
and used tumor growth curves to reflect the inhibitory effects 
of 3 different treatments. The growth curves revealed that 
the growth of the tumors treated with STAT3 decoy ODN 
was significantly inhibited compared with the other treat-
ment groups (Fig. 2). After the treatment was terminated, we 
removed the tumor tissues from the nude mice. The average 
volume and average weight of the tumor tissues in the decoy 
group were significantly lower than those in the other control 
groups (P<0.05). These findings indicated that the STAT3 

decoy ODN inhibited ovarian cancer growth in the nude 
mice. Studies have shown that STAT3 decoy ODNs induce 
cancer cell apoptosis in vitro (20,21). In this study, in order to 
detect the apoptotic cells in the tumor tissues from the nude 
mice, fluorometric TUNEL assay was performed. The results 
revealed that the number of apoptotic cells/HPF in the STAT3 
decoy ODN treatment group was higher than that in the 
PBS and scrambled groups. These results suggested that the 
STAT3 decoy ODN promoted ovarian cancer cell apoptosis 
in vivo. These results are consistent with those of other studies, 
showing that blocking the activation of STAT3 suppresses 
tumor growth and induces tumor cell apoptosis in vivo (22,30).

In this study, we used western blot analysis to detect the 
expression levels of apoptosis-related proteins. The protein 
expression levels of MMP-2, MMP-9, Bcl-2 in the STAT3 decoy 
ODN treatment group significantly decreased, while the protein 
expression level of caspase-3 significantly increased, compared 
with the PBS and scrambled treatment group. MMPs are zinc-
dependent endopeptidases able to degrade components of the 
basement membrane and the extracellular matrix (ECM) (31). 
MMP-2 and MMP-9 are believed to be vital in the invasion 
of malignant tumors and angiogenesis. A previous study found 
that MMP-2 and MMP-9 induced the release of vascular endo-
thelial growth factor (VEGF) in ovarian carcinoma cells, and 
promoted ascite formation (32). Our results demonstrated that 
the intratumoral injection of STAT3 decoy ODN decreased 
the expression of MMP-2 and MMP-9 in the tumor tissues of 
nude mice. This finding suggests that the downregulation of 
MMP-2 and MMP-9 may be one of the mechanisms involved 
in the STAT3 decoy ODN inhibition of cancer cell invasion and 
metastasis. Bcl-2 is a type of anti-apoptotic protein, the tumori-
genic potential of which has been demonstrated in animal 
models and in certain human tumors (33). The anti-apoptotic 
protein, Bcl-2, is associated with the inhibition of apoptosis, 
and its expression correlates with chemoresistance in cancer 
patients. Several studies have demonstrated that the inhibition 
of STAT3 by flavonoids and synthetic compounds results in 
tumor cell apoptosis in vitro (34,35). In our study, we found 
that cancer cell apoptosis was promoted and that the expres-
sion of Bcl-2 was decreased following the treatment of mouse 
xenografts with STAT3 decoy ODN. This result indicates 
that STAT3 decoy ODNs promote cancer cell apoptosis by 
inhibiting the anti-apoptotic protein, Bcl-2, in vivo. Caspase-3 
is a central effector caspase in a number of cell types, leading 
to DNase activation followed by DNA fragmentation  (36). 
Activated caspase-3 has been shown to translocate to the 
nucleus during apoptosis and to play an important role in the 
nuclear changes in apoptotic cells (37). Moreover, our study 
showed that the expression of caspase-3 was downregulated 
following treatment with STAT3 decoy ODNs.

Studies on the toxicity of STAT3 decoy ODNs are limited. 
In this study, we detected the biological effects of STAT3 decoy 
ODNs on heart, liver and kidney tissues from xenografted nude 
mice. In the sections of xenograft tissues (stained with H&E), 
we observed karyomegaly, anachromasis and karyokinesis in 
the cancer cells. Necrosis was observed partly in the xenograft 
tissues. The sections of the heart and liver tissues showed no 
significant abnormalities. However, 1 in 5 nude mice treated 
with STAT3 decoy ODN showed some abnormalities in the 
organs, such as slight inflammation and necrosis in parts of 

Figure 6. Effects of STAT3 decoy ODN on the protein expression of matrix 
metalloproteinase (MMP)-2, MMP-9, Bcl-2 and caspase-3 in vivo. Compared 
with the PBS and scrambled treatment groups, the protein expression level 
of MMP-2, MMP-9, Bcl-2 in the STAT3 decoy ODN treatment group was 
significantly decreased, while the protein expression level of caspase-3 was 
significantly increased.
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the hepatic lobule. These findings suggest that STAT3 decoy 
ODNs may have side-effects on the livers of nude mice. The 
biological effects of STAT3 decoy ODNs on tissues of the 
heart, liver and kidneys in vivo require further investigation.

In conclusion, our study provides evidence that STAT3 
decoy ODNs suppress growth and induce the apoptosis of 
ovarian cancer cells in vivo. The molecular mechanisms behind 
the inhibitory effects of STAT3 decoy ODNs may involve the 
downregulation of the protein expression of MMP-2, MMP-9 
and Bcl-2 and the upregulation of the protein expression of 
caspase-3 in vivo. Moreover, we examined the side-effects of 
STAT3 decoy ODNs on the vital organs of nude mice. We 
found that there were no significant abnormalities in the vital 
organs of the nude mice apart from slight inflammation and 
necrosis in parts of the hepatic lobule. Taken together, the data 
presented in this study demonstrate that the blockade of aber-
rantly activated STAT3 with decoy ODNs may be an efficient 
strategy for the treatment of ovarian cancer in vivo.
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