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Effect of STAT3 decoy oligodeoxynucleotides mediated by
ultrasound-targeted microbubbles combined with ultrasound
on the growth of squamous cell carcinoma of the esophagus
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Abstract. Effect of STAT3 decoy oligodeoxynucleotides
(ODN) transduced by ultrasound microbubbles combined
with ultrasound on the growth of esophageal squamous cell
carcinoma and its mechanism were analyzed. EC9706 cells
were cultured in vitro and divided into four groups: group E
(ultrasound microbubble + ultrasound irradiation), group P
(liposome + ultrasound irradiation), group C (ultrasound), and
group CC (ultrasound microbubbles). Mutant ODNs were used
in groups E and P and the control group was group EC and PC,
respectively. Immunofluorescence assay and flow cytometry
were used to detect the transfection efficiency of each group.
MTT colorimetric assay was performed to analyze the inhibi-
tion rate in each group. The effect of STAT3 decoy ODN on
the proliferation of esophageal squamous carcinoma cells was
calculated. Revese transcription-quantitative PCR (RT-qPCR)
and western blotting were performed to detect the expression
of the STAT signaling pathway downstream of gene expres-
sion levels. The model of subcutaneous transplantation of
nude mice was used to show the effect of different transfec-
tions and STAT3 decoy ODN on the weight and volume of
the transplanted tumor in mice. The cell inhibition rate was
higher in group E than in groups P (F=8.382, P<0.001) and
CC (F=6.469, P<0.001). Compared with groups EC, PC
and C, respectively, the mRNA expression of STAT3, bcl-xLL
and Cyclin D1 decreased in groups E, P and CC (F=5.328,
P<0.001). The weight and volume of nude mice in groups E,
P and CC exhibited an inhibitory effect on the weight and
volume of nude mice. Ultrasound irradiation combined with
ultrasound microbubbles is an effective transfection method.
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The transfection of STAT3 decoy ODN can significantly inhibit
the activity of esophageal squamous cell carcinoma cells and
enhance apoptosis of cells, which has potential clinical value.

Introduction

As the main pathological type of esophageal cancer, esopha-
geal squamous cell carcinoma has led to high morbidity and
mortality in China for many years. Its clinical manifesta-
tions are mainly progressive dysphagia and difficulties in
swallowing food. At present, the clinical treatments for
esophageal squamous cell carcinoma are surgery, radiotherapy
and chemotherapy. In recent years, with the advancement of
social development and medical conditions, the surgical skill
of esophageal cancer has been continuously improved, and
radiotherapy equipment and novel chemotherapy drugs have
also been continuously updated. However, the mortality rate
for esophageal squamous cell carcinoma has not been signifi-
cantly improved. Latest studies have suggested that the 5-year
survival rate is only 20% (1-3). As a result, the treatments for
esophageal squamous cell carcinoma need to be improved.
Hao et al (4) pointed out that the occurrence and development
of esophageal squamous cell carcinoma are associated with
multiple risk factors. Apart from dietary habits and chemical
factors, gene deletion and abnormal expression should also be
considered. As early as 2012, Zhang et al (5) pointed out in a
study that STAT3 activation can cause abnormal proliferation
and transformation of esophageal squamous carcinoma cells.
Moreover, a study conducted by Katsha ez al (6) also suggested
that the competitor of STAT3, STAT3 decoy oligodeoxynucle-
otides (ODN), can slow the growth of cancer cells. Therefore,
determining how to safely and effectively introduce STAT3
decoy ODN into target cells and target tissues has become
a hot spot in recent clinical research. Although conventional
viral vectors have certain transfection efficiency, the defects of
poor targeting and low safety cannot be ignored. Furthermore,
although liposome transfection is relatively common and the
technology is widely implemented, transfection efficiency
remains low. Ultrasound-targeted microbubbles combined
with ultrasound have become a new research direction in
China. A large number of studies have confirmed that it can
safely and effectively increase gene transfection. However,



2152

its effect on squamous cell carcinoma through the mediation
of STAT3 decoy ODN is rare, and merely few reports have
been published worldwide. Therefore, the purpose of the
present study was to explore the effect of ultrasound-targeted
microbubbles combined with ultrasound on the growth of
esophageal squamous cell carcinoma and its mechanisms, in
order to provide a new direction for the treatment of esopha-
geal squamous cell carcinoma.

Materials and methods

Main materials. Human esophageal squamous carcinoma cell
line EC9706 was provided by the Chinese Academy of
Sciences Cell Bank (Shanghai, China). RPMI-1640 medium
and fetal bovine serum were purchased from Gibco (Thermo
Fisher Scientific, Inc., Waltham, MA, USA), and the trypsin
and MTT kits were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The DAB chromogenic reagent kit (PA110) was
purchased from Tiangen Biotech Co., Ltd., (Beijing, China),
while the RIPA protein lysate (product no. POO13B) and
dimethyl sulfoxide (product no. ST038) were manufactured by
Biyuntian Biotech Co., Ltd. (Shanghai, China). Rabbit
anti-STAT3 polyclonal antibody, mouse anti-p-STAT3
(705-tyrosine phosphorylation site) monoclonal antibody, and
horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody were purchased from Signalway Antibody LLC
(College Park, MD, USA). The ultrasound contrast agent
SonoVue (lyophilized preparation) was purchased from Bracco
SpA (Milan, Italy), while the Lipofectaine™ 2000 transfection
kit for cationic liposomes was obtained from Invitrogen
(Thermo Fisher Scientific, Inc.). The ODNs and its mismatch
control sequences were designed by Shanghai Shenggong
Biological Engineering Co., Ltd. (Shanghai, China). All base
sequences were modified by total phosphorothioation. The
STAT3 decoy ODN sequence was 5'-CATTTCCCGTA
AATC-3' and 5-CATTTACGGGAAATG-3', and was labeled
with FITC. The double-stranded mutant ODN control sequence
was 5'-CATTTCCTTAAATC-3' and 5-GATTTAAGGGAA
ATG-3'.

The main instruments include an Olympus fluorescence
inverted microscope (Olympus Corporation, Tokyo, Japan),
an ultrasound therapeutic apparatus (Taizhou People's
Hospital, Taizhou, China), an ABI 7500 real-time fluores-
cence quantitative PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.), an Annexin V-FITC/PI apoptosis kit
(Hangzhou MultiSciences [Lianke] Biotech Co., Ltd.,
Hangzhou, China), a CGZZ Ultrasonic gene transfection
instrument (Ultrasonographic Image Research Institute,
Chongging Medical University, Chongqing, China; ultrasonic
transmitting frequency, 300-1,000 kHz; sound intensity range,
0.25-2.50 W/cm), and a Synergy HT Multi-dection microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA).

The study was approved by the Ethics Committee of
Ningbo No. 2 Hospital (Ningbo, China).

Cell culture. Cells were cultured in RPMI-1640 medium
(100 pg/ml of streptomycin + 100 U/ml of penicillin) containing
10% high-quality fetal bovine serum, and maintained at a
specific condition of 37°C with 5% CO, saturation humidity.
Then, cells that adherently grew were closely observed, and
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the culture fluid was changed every two days. When ~80%
confluence was reached, cells were digested with trypsin
(0.25%) and passaged. Exponentially growing cells were
selected for subsequent experiments.

Preparation of microbubbles. The diameter of the ultrasound
contrast agent SonoVue was 2-5 ym, and the average diameter
~2.5 pm. The surface had phospholipids, and was filled with
SF6. Before implementation, 5 ml of 0.9% physiological saline
was used to dissolute and dilute the SonoVue, and vigorously
shaken until the freeze-dried powder completely dissolved into
a microbubble suspension. According to previous experiments,
the optimal microbubble concentration was 20%.

Groups for the experiment. The present study was divided into
three groups: the experimental group, the positive control group
and the blank control group. The experimental group included
the following sub-groups: Group E, STAT3 Decoy ODN + ultra-
sound microbubble contrast agent mixed solution + ultrasound
irradiation; Group EC, mutant ODN + ultrasonic microbubble
contrast agent mixed solution + ultrasonic irradiation. The
positive control groups were as follows: Group P, STAT3 decoy
ODN + liposomal mixture + ultrasound irradiation; Group PC,
mutant ODN + liposomal mixture + ultrasound irradiation.
The blank control groups were as follows: Group C, STAT3
decoy ODN + ultrasound irradiation; Group CC, STAT3 decoy
ODN + ultrasound microbubble contrast agent mixed solution.

Cell transfection and ultrasonic irradiation. The sense and
antisense STAT3 decoy ODN was solubilized with pH 8.0
Tris-HC]1 EDTA solution (I mmol/l), respectively. Then,
this was annealed at 90°C to form a double strand, keeping
the temperature down at 5°C every 15 min, and the reactant
mixture was stored at 4°C.

The transfection operations for groups E and EC were as
follows: serum-free RPMI-1640 nutrient solution was used to
adjust the concentration of ODN and 1 ml of ultrasonic micro-
bubble suspension to 100 pmol. The above two liquids were
respectively mixed, gently shaken, and subsequently placed
on ice for 20 min. The STAT3 decoy ODN (mutant ODN)-
microbubble mixture was mixed with cells at a density of
1x10° while being exposed to ultrasound (frequency, 1 MHz;
irradiation intensity, 0.5 W/cm?; duration time, 10 sec; interval,
10 sec; total irradiation time, 1 min). After 6 h of reaction, the
sealing membrane was removed, and the medium containing
10% fetal bovine serum was replaced by incubating at 37°C in
a 5% CO, incubator.

For groups P and PC, liposome transfection was
performed, according to the kit instructions. Then, 2-4 ug
of STAT3 decoy ODN/mutant ODN (100 pmol) and 5 pl of
Lipofectamine were respectively dissolved in serum-free
and antibiotic-free medium, and mixed were thoroughly.
Afterwards, this was allowed to stand for 5 min, and was
incubated at room temperature for 20 min. Then, cells were
diluted to adjust the density to 1x10°. Next, the STAT3 decoy
ODN-liposome mixture was mixed with cells and placed
at 37°C. Then, ultrasonic irradiation was performed at the
same conditions as above, incubated for another 6 h, and the
RPMI-1640 medium containing 10% fetal bovine serum was
replaced for further culture.
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For group C, 100 pmol of ODN was mixed with EC9706
esophageal squamous carcinoma cells at a density of 1x10°,
and subjected to ultrasound irradiation under the above condi-
tions. After 6 h, the serum that contained the RPMI-1640
medium was replaced. For group CC, the same procedure was
performed as that in groups E and EC, except for the ultra-
sound irradiation.

Detection after transfection. After 48 h of operating, according
to the above, the cells were observed and photographed under
an inverted fluorescence microscope (magnification, x400).
Then, 10 fields were randomly selected from each slide, and
the transfection rate was calculated by the ratio of the number
of green fluorescence cells and the number of total cells.

Detection of cell apoptosis by flow cytometry. Cells were
collected after digestion, cultured for 24 h, washed with pre-
chilled 4°C PBS twice, and the supernatant was discarded.
Then, 70% ethanol was used to fix cells. Next, the samples were
centrifuged at 5,013 x g for 10 min at 28°C and resuspended
in 500 pl of binding buffer to a cell density of 1x10 cells/ml.
Subsequently, 5 ul of FITC-labeled Annexin V mixture and
10 pl of propylene iodide (PI; 1 yg/ml) solution were added
and carefully mixed. After 15 min of dark reaction at room
temperature, 400 ul of 1X binding buffer was added. After the
full reactions, BD Accuri™ C6 Flow Cytometer (BD, Loveton
Circle, USA) was used to detect 1x10* cells per sample.

Cell survival curve measurement by MTT assay. The log
phase growth of EC9706 cells was diluted to 1x10%/1 of cell
suspension, and inoculated on 96-well plates at 200 ul per
well. Then, the diluted STAT3 decoy ODN, mutant ODN, lipo-
somes and ultrasonic microbubble mixture was added into the
corresponding wells after 24 h of incubation. Each group was
set up with six duplicate wells, and 150 pl of culture medium
was added. The control group consisted of an equal volume of
dimethyl sulfoxide and serum-free medium without any treat-
ment. The change in culture fluid at 12, 24, 48 and 72 h after
the start of the culture observed, and 20 pl of MTT (5 mg/ml)
was simultaneously added at room temperature for another 4 h.
Then, the supernatant was carefully discarded, and 150 ul of
DMSO was added. Subsequently, dimethyl sulfoxide (150 ul)
was added, and lightly shaken for 10 min until the crystals
were dissolved. The absorbance (A) of each well was measured
using a microplate reader at 490 nm. The formula was: Cell
inhibition rate % = (A control group - A experimental group)/A
control group x100%.

Revese transcription-quantitative PCR (RT-gPCR). Cells were
lysated with TRIzol reagent. Then, the lysate was transferred to a
centrifuge tube, chloroform was added, and the supernatant was
taken after shaking and centrifugation at 12,000 x g for 15 min
at 4°C. Next, the upper RNA was extracted and an equal volume
of isopropanol was added. The mixture was centrifuged at
12,000 x g for 10 min at 4°C after mixing well. Then, the precipi-
tate was collected, washed with 75% ethanol, and air-dried and
dissolved in DEPC to synthesize the cDNA by reverse transcrip-
tion. The internal reference gene was f-actin. The reaction
conditions were as follows: pre-denaturation at 95°C for 2 min,
denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec,
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extension at 72°C for 1 min with 35 cycles, and finally, extension
at 72°C for 10 min. The Ct values of the internal reference genes
and the genes of the respective groups were measured, and the
relative expression levels of the target gene were calculated using
the formula 2244 (7). The experiment was repeated three times.
In the present experiment, the internal reference gene and target
gene primer sequences are presented in Table 1.

Western blotting. Each group of cells was washed three times
with pre-chilled PBS. The RIPA lysate was added to extract the
total tissue protein, according to protein kit instructions. The
BCA kit was used to quantitatively analyze the protein concen-
tration. Then, 20 ug of cellular total protein was respectively
taken from each group for 10% SDS-PAGE separation. The
semi-dry method was used to separate the protein, followed by
transmembrane at a constant-voltage electrophoresis of 100 V.
Then, 5% skim milk powder was used for blocking for ~1 h,
and reacted overnight with p-STAT3 primary antibody
(dilution, 1:250; cat. no. 4905) and STAT3 primary antibody
(dilution, 1:600; cat. no. BF0374) for 2 h at a temperature of
4°C. Subsequently, the membrane was washed with TBST, and
goat anti-mouse IgG secondary antibody (dilution, 1:1,000;
cat. no. FO106B) added at 37°C and incubated for 1 h. The
color was developed using a DAB kit and analyzed using
Image J software. The experiment was repeated three times.
The expression level of each detection factor was evaluated
using the gray ratio of the target gene bands and -actin bands.

Nude mouse model of subcutaneous transplantation tumor.
Forty BALB/c female nude mice, aged 4-6 weeks with mean
body mass 19.35+0.46 g were provided by Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Art. no. 401). During
the feeding process, the temperature was maintained between
24-26°C with a suitable humidity (55-70%), free access to food
and water and a daily 12 h light/dark cycle. Before the experi-
ment, all the mice were adaptively fed for one week. After being
anaesthetized via inhalation with 2% isoflurane, the mice were
placed in the supine position and were depilated for ultrasound
irradiation. The EC9706 single cell suspension was prepared
and resuspended with PBS. Then, cell density was adjusted to
5x107 cells/ml. All treatments were performed on a clean bench.
Subsequently, 75% alcohol was used to partially sterilize the
mice. Under sterile conditions, 0.2 ml of a single cell suspension
was subcutaneously injected on the right side. Tumors formed
after one week of cell inoculation. When the tumors grew to
~100 mm?, mice with strong tumor growth were selected and
sacrificed. Then, the necrotic tissue was removed, washed
with physiological saline, cut into 2-mm?* uniform pieces, and
inoculated on the right back of the nude mice. The animals
were kept under the conditions of SPF with unlimited feeding.
Mice were observed after 10 days. A total of 30 nude mice with
a tumor size of ~100-200 mm?® were selected and randomly
divided into six groups, with five mice in each group. Mice in
the experimental group were slowly injected by each mixture
(all, 0.25 ml) using a 1-ml syringe through the tail vein, while
mice in the control group were injected with an equal volume of
saline. After the injection, the ultrasound machine was immedi-
ately used three times, except for the CC group (output, 0.5 W/
cm?; duration, 20 sec; interval, 20 sec). After the end of irradia-
tion, mice were routinely reared, and the length and width of
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Table I. Primer sequences of RT-qPCR.
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Primers Sequences (5'-3") Size (bp)
STAT3 F: GGAGGAGGCATTCGGAAAG R: TCGTTGGTGTCACACAGAT 110
Cyclin D1 F: CTTCATTCTCCTTGTTGTTGGT R: GATTATTGGGGTATAAAATCCTCT 163
Bcl-xLL F: TGACGTGGACATCCGCAAAG R: CTGGAAGGTGGACAGCGAGC 211
[-actin F: GGCATCGTGATGGACTCCG R: GCTGGAAGGTGGACAGCGA 138

F, forward; R, reverse.

Figure 1. Analysis of immunofluorescence results after transfection of STAT3 decoy ODN. (A) The detection results of E group after fluorescence transfection.
(B) The detection results of P group after fluorescence transfection. (C) The detection results of CC group after fluorescence transfection. ODN, oligodeoxy-

nucleotides.

the transplanted tumor were measured every three days using
a vernier caliper. Tumor volume = tumor length x width? x 1/2.
The experiment ended at 15 days after inoculation, and the nude
mice were sacrificed by cervical dislocation. The tumors of the
nude mice were excised and weighed to calculate for the tumor
inhibition rate. The tumor inhibition rate % = (tumor mass of the
control group - tumor mass of the experimental group)/tumor
mass of the control group x100%.

Statistical analysis. The data obtained from the experiment
were analyzed using SPSS 19.0 software (IBM Corp.,
Armonk, NY, USA). Quantitative data were expressed as
mean + standard deviation (mean + SD). Variance analysis
was used to determine the immunofluorescence and flow
cytometry results after transfection in each group. Pairwise
comparison was performed using the SNK-q test. Repeated
calculation of variance was performed to analyze the
difference in the inhibition rate of the different groups of cells
at corresponding time-points, and explore the effect of the
overexpression by different methods to transfect STAT3 decoy
ODN on the proliferation of cancer cells. At the same time,
variance analysis was used to evaluate the RT-qPCR detection
and western blotting results. Furthermore, the SNK-q test was
used to analyze the differences in the expression levels of
gene products in each group, thereby exploring the possible
mechanism of STAT3 decoy ODN.

Results

Detection of transfection efficiency using an inverted fluo-
roscope. At 48 h after transfection, green fluorescence was
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Figure 2. Comparison of the transfection rate of STAT3 decoy ODN in each
group. “P<0.05, compared with groups P and E; °P<0.05, compared with
groups CC and E; “P<0.05, compared with groups CC and P. ODN, oligode-
oxynucleotides.

observed in the E, P and CC groups. Most of the antisense
STAT3 ODNSs labeled with FITC entered the cells, and were
mainly located in the nucleus. However, the fluorescence
intensity and quantity were different. After comparison, it
was found that the E group had higher fluorescence intensity
and quantity (Fig. 1), while this was slightly weaker in the
CC group than in the P group. The fluorescence transfec-
tion rates of these three groups were as follows: E group,
25.39+1.05%; P group, 18.68+2.34%; CC group, 12.15+2.27%.
The difference was statistically significant (F=3.737, P=0.014).
Obvious fluorescent markers were not revealed in the rest of
the groups (Fig. 2).

Flow cytometry analysis results. The flow cytometry results
are presented in Fig. 3. The successful transfection of
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Figure 3. Analysis of flow cytometry results after transfection of STAT3 decoy ODN. (A) Group EC apoptosis test results. (B) Group PC apoptosis test results.
(C) Group C fluorescence detection results after transfection. (D) Group CC apoptosis test results. (E) Group P apoptosis test results. (F) Group E fluorescence

detection results after transfection. ODN, oligodeoxynucleotides.

STAT3 decoy ODN promoted apoptosis in EC9706 cells.
Furthermore, the number of apoptotic cells increased by
10.70+2.64 and 6.44+3.03% in the E and P groups, respec-
tively, when compared with the corresponding control groups.
The apoptosis rate in group E increased by 6.48+2.00%, when
compared with group P. The apoptosis rate in the CC group
was only 5.34+1.28%. Furthermore, the apoptosis rates in
the EC, PC and C groups were 2.36+0.22, 1.71+£0.13, and
2.00+£0.97%, respectively. The variance analysis revealed
F=1.483, P=0.329. Furthermore, there was no statistical differ-
ence among groups (Figs. 3 and 4).

Changes in cell proliferation activity in each group over time.
The MTT assay results revealed that the proliferation activities
of cells were inhibited to varying degrees in groups E, P and
CC, and the maximum inhibition rate was present at 72 h after
culture. Repeated variance analysis among groups revealed
that the inhibition rate was higher in group E than in group P
(F=8.382, P<0.001) and group CC (F=6.469, P<0.001). Next,
the inhibition rate of each group was compared under different
time-points. As shown in Table II, compared with the corre-
sponding control groups, the value-added inhibitory rates of
groups E, P and CC increased at 24,48 and 72 h after transfec-
tion, and the difference was statistically significant (P<0.05).
Furthermore, group E had the lowest value-added activity at
the above time-points (P<0.05), while the value-added inhibi-
tion rate of groups EC, PC and C slightly fluctuated over time.
The value changes were not obvious, and the difference was
not statistically significant (P>0.05) (Table III).

Detection of relative mRNA expression in each group
by RT-gPCR. The PCR results revealed that the relative
content of STAT3 mRNA in groups E, P and CC decreased
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Figure 4. Comparison of apoptosis rates in each group. “‘P<0.05, compared
with groups P and E; "P<0.05, compared with groups CC and E; °P<0.05,
compared with groups CC and P.

after transfection with STAT3 decoy ODN. At the same
time, the mRNA levels of bcl-xL and Cyclin D1 were also
downregulated. The variance analysis revealed that the
difference was statistically significant (F=5.328, P<0.001).
Furthermore, the comparison between groups revealed that
the expression levels of the STAT3, Cyclin D1 and bcl-xL
gene products in group E were greater than those in group P,
and these relative expression levels decreased by 12.9, 14.6
and 11.3%, respectively, with significant differences (P<0.05).
In group E, STAT3 mRNA was downregulated by 17.1%,
Cyclin DI mRNA was downregulated by 20.1%, and bcl-xLL
mRNA was downregulated by 15.4%, when compared with
group CC. The rest of the groups did not reveal any significant
changes (Fig. 5).
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Table II. Comparison of cell inhibition rates in each group at different time-points.

Groups 12h 24h 48 h 72 h
Group E 0.203+0.043 0.248+0.036*" 0.459+0.043° 0.584+0.031%**
Group EC 0.177+0.025 0.182+0.055 0.173+0.036 0.156+0.030
Group P 0.194+0.031 0.225+0.027¢ 0.348+0.027¢ 0.432+0.041°¢
Group PC 0.192+0.026 0.202+0.052 0.177+0.031 0.186+0.047
Group C 0.206+0.039 0.209+0.043 0.276+0.035 0.339+0.035
Group CC 0.195+0.024 0.198+0.020 0.202+0.027 0.184+0.050

Fpp=8.382, P, ;<0.001; Fy, (=6.469, Py <0.001; Fr;=4.332, Pr,=0.002. “P<0.05, compared with groups P and E; "P<0.05, compared with

groups CC and E; °P<0.05, compared with groups CC and P.

Table III. The difference in mean mass and tumor inhibition rate of xenografts in nude mice.

Variables Group E Group EC Group P Group PC Group C Group CC  F(y») P-value
Tumor quality (g) 0.553+0.029** 0.846x0.038 0.572+0.023¢ 0.874£0.026 0.796+0.011 0.715+0.033 6.938 <0.001
Inhibition rate (%) 27 4.50 19 2.30 6.20 12

SNK-Q test: “P<0.05, compared with groups P and E; °P<0.05, compared with groups CC and E; °P<0.05, compared with groups CC and P.

E=3 STAT3/B-actin

1.57 P p-STAT3/B-actin
= E=1 D1/B-actin
£
=]

8 g
< =
r4 =
@ s
E |. E
[+}] :l =
2 HE
i u|E
] ql=
e o :: =
QQQ, @0 QQQ QO Q(; 00
o R o RN & K
0‘ ‘0 0‘ o‘so 0‘ 0‘\0

Figure 5. Relative mRNA expression levels in each group after transfection.
*P<0.05, compared with groups P and E; °P<0.05, compared with groups CC
and E; “P<0.05, compared with groups CC and P.

STAT3 and p-STAT3 protein content assay in each group.
Western blotting results revealed that after 72 h of transfection,
the contents of STAT3 and p-STAT3 proteins significantly
decreased in groups E, P and CC, when compared with the
other three groups. The ultrasound contrast agent, the ultra-
sound contrast agent combined with ultrasound irradiation, and
liposome all significantly reduced the expression of STAT3
and p-STAT3, and the difference was statistically significant
(F=3.795, P=0.032). Furthermore, the protein expression level
was the lowest in group E, followed by the P group, while the
protein expression levels in groups EC, PC and C were similar
(P>0.05) (Figs. 6 and 7).

1 2 3 4 5 6
STAT3 o = s Sees GEND GEED GnuD

PSTAT3 st g SN G 0
B-actin e G GEND SN S S

Figure 6. Analysis of western blotting results in each group. Lane 1, E group;
lane 2, P group; lane 3, CC group; lane 4, EC group; lane 5, PC group;
lane 6, C group.

Effect of different transfection methods on tumor growth activity
in nude mice. The growth changes of the transplanted tumors
in each group of nude mice were observed after inoculating and
culturing with different transfection methods. From the overall
growth trend, the tumor volume of nude mice in groups EC, PC
and C grew rapidly, and the amplitude was large. Furthermore,
the tumor volume in nude mice in the corresponding control
groups exhibited a growing trend, but the growth was slow. The
volume of tumor growth in group E was the lowest, followed by
group P. In addition, the analysis of changes in tumor volume
at the different time-points in each group revealed that the
transplanted tumors in each group shared a similar volume
on the 3rd day after inoculation, and the difference was not
statistically significant (P>0.05). However, on the 9th day after
inoculation, the volume of transplanted tumors in each group
of nude mice came to be significantly different, and the volume
in groups E, P and CC was significantly smaller than that in the
corresponding control groups (P<0.05). At 9th, 12th and 15th
day after inoculation, the tumor volume in group E was the
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Figure 7. STAT3 and p-STAT3 protein level results in each group. *P<0.05,
compared with groups P and E; ®P<0.05, compared with groups CC and E;
‘P<0.05, compared with groups CC and group P.
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Figure 8. Comparison of the size of xenografts in nude mice. *P<0.05, com-
pared with groups P and E; °P<0.05, compared with groups CC and E.

lowest, when compared with groups P and CC, and the differ-
ence was statistically significant (P<0.05). After stripping the
tumors of each group, a statistically significant difference was
shown in the mass of these tumors (F=6.938, P<0.001). The
tumors in group E had the lowest mass and the highest inhibi-
tion rate (P<0.05). The tumor masses in groups P and CC were
smaller than that in the rest of the groups, and the inhibition
rate was significantly increased (P<0.05) (Fig. 8).

Discussion

Multiple studies have indicated that the sustained activation
of STAT3 has a close relationship with the occurrence and
development of various tumors such as gastric, esophageal,
breast, and liver cancer (8). Blocking the continuous activation
of STAT?3 has been considered to be an effective treatment,
and STAT3 decoy ODN is a continuously mature blocking
method that can weaken downstream biochemical reactions
by downregulating the hyperphosphorylation of intracellular
STAT3 protein to inhibit the proliferation activity of tumor
cells (9,10). Therefore, the competitive blocking method of
inhibiting tumor proliferation through the transfection of
STAT3 decoy ODN has been highly valued. Determining
how to safely and efficiently transfer STAT3 decoy ODN into
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cells has become a new challenge. The commonly used gene
transfection carriers in the laboratory are mainly viral vectors
and non-viral vectors. However, the safety and immunoge-
nicity of viral vectors are difficult to guarantee. The liposomes
and plasmids commonly found in non-viral vectors are easily
degraded. Hence, transfection efficiency is not high, and the
therapeutic effect is poor (11,12). In recent years, ultrasound
microbubbles combined with ultrasound irradiation has been
widely used as a new transfection tool in basic research.
Kodama et al (13) demonstrated that it can significantly
improve transfection efficiency in vivo. Furthermore, the study
conducted by Masuda et al (14) also pointed out that the use
of ultrasound contrast agents has no toxic side effects on the
human body. Compared with viral vectors, this safety problem
can be solved. In addition, the ultrasonic instrument is conve-
nient to operate, and can accurately control the energy output
index. Furthermore, it can be used for different cells to match
the relatively accurate safety parameter range, which is better
than electroporation (physical method). Generally, it does not
cause damage to tissues (15). However, few studies have been
conducted on the effects on esophageal squamous cell carci-
noma cells, in which ultrasound microbubbles combined with
ultrasound irradiation transfected with STAT3 decoy ODN
and conventional carrier-liposomes were compared.

The present study compared several transfection methods.
The positive control group commonly used liposome combined
with ultrasound irradiation. In order to exclude the interference
from other factors such as ODN, mispaired ligands were used
as intragroup controls. From the results of the immunofluo-
rescence detection, liposomes, ultrasound microbubbles and
ultrasound microbubbles combined with ultrasound irradiation
can successfully transfect ODNs into cancer cells, indicating
that liposomes and ultrasound microbubbles are all effective
transfertools. Among these, ultrasound microbubbles combined
with ultrasound irradiation had the highest transfection rate,
and liposome combined ultrasound irradiation had a lower
transfection rate. Czarnota et al (15) suggested that the rational
use of ultrasound irradiation can enhance the ability of cells to
take up carrier-gene complexes, while enhancing the ability of
the nucleus to take up genes. This may be one of the reasons for
the significant increase in ultrasound microbubble transfection
efficiency under ultrasound irradiation. The flow cytometry
and MTT assay analysis results revealed that the three groups
of cancer cells successfully transfected with STAT3 decoy
ODN had an increased rate of apoptosis at the early stages, and
cell proliferation activity gradually decreased, suggesting that
the antisense transfection was successful and STAT3 decoy
ODN was active. The STAT3 ODNs transfected into cells can
downregulate the expression and activation of STAT3 protein,
resulting in the subsequent expression of related genes that can
promote apoptosis of esophageal cancer cells and inhibit their
proliferation (16). Apoptosis in the E group was the highest,
but the proliferation activity was the lowest, suggesting that
ultrasonic microbubbles combined with ultrasound irradiation
is a more effective and safe method, compared with traditional
lipofection. However, further studies are needed.

P-STAT3 is formed by persistently activated STAT3,
and plays a role in upregulating the expression of bcl-xL and
Cyclin D1 after binding the target gene in the nucleus. The
change in STAT3 expression interferes with the process of cell
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proliferation and differentiation, reduces apoptosis of tumor
cells and causes carcinogenesis (17). The present study found
that the expression levels of STAT3 and p-STAT3 protein in
cancer cells transfected with STAT3 decoy ODN significantly
decreased. At the same time, bcl-xL and Cyclin D1 mRNA levels
were also significantly downregulated. Therefore, STAT3 decoy
ODN has an inhibitory effect on esophageal squamous carci-
noma cells grown in vitro. A study conducted by Liu et al (17)
demonstrated that antisense ODN STAT3 can inhibit tumor cell
activity, but does not have any adverse effects on normal cells.
Therefore, it can be used as an effective tumor-targeting therapy,
providing new ideas for human antitumor therapy. The protein
and mRNA expression in each group was shown to be lower in
the E group, and later in the positive control P group. Therefore,
it can be considered that ultrasound microbubbles combined
with ultrasound irradiation can reduce STAT3 phosphorylation
to inhibit the expression of downstream anti-apoptotic genes.
Hence, it has value in the prevention and treatment of esopha-
geal squamous cell carcinoma. The nude mouse model with
transplanted tumor suggested that ultrasound microbubbles
combined with ultrasound irradiation transfected with STAT3
decoy ODN had inhibitory effects on the growth of transplanted
tumors in nude mice, and its intensity of action was higher than
that of liposome-transfected STAT3 decoy ODN.

In conclusion, the present study confirms that ultrasound
irradiation combined with ultrasound microbubbles is an
effective transfection method. Transfection of STAT3 decoy
ODN can significantly inhibit the activity of esophageal squa-
mous carcinoma cells and enhance apoptosis. Hence, it has a
potential clinical therapeutic value.
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