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ABSTRACT

Osteosarcoma is a high-grade bone sarcoma with strong invasive ability. However, 
treatment with traditional chemotherapeutic drugs is limited by low tolerability and 
side effects. Resveratrol has been reported previously to have selective antitumor 
effect on various tumor cells while little is known about its effects and underlying 
mechanism in osteosarcoma biology. In this study, we found that resveratrol inhibits 
proliferation and glycolysis, induces apoptosis and reduces the invasiveness of U2-
OS cells in vitro. After treatment with resveratrol, the expression of related Wnt/β-
catenin signaling pathway target genes, such as β-catenin, c-myc, cyclin D1, MMP-2 
and MMP-9, was downregulated and an increased E-cadherin level was observed as 
well. Additionally, the dual luciferase assay results also indicated that resveratrol 
suppressed the activity of Wnt/β-catenin signaling pathway. Interestingly, we 
noticed that the expression of connexin 43 (Cx43) increased with the prolongation of 
resveratrol treatment time. To further investigate the relationship between Cx43 and 
the Wnt/β-catenin signaling pathway in osteosarcoma, we used lentiviral-mediated 
shRNA to knockdown the expression of Cx43. Knockdown of Cx43 activated the 
Wnt/β-catenin signaling pathway, promoted proliferation and invasion, and inhibited 
apoptosis of U2-OS cells. Taken together, our results demonstrate that the antitumor 
activity of resveratrol against U2-OS cells in vitro occurs through up-regulating Cx43 
and E-cadherin, and suppressing the Wnt/β-catenin signaling pathway. Moreover, 
Cx43 expression is negatively related to the activity of the Wnt/β-catenin pathway 
in U2-OS cells.

INTRODUCTION

Osteosarcoma is the most frequent primary 
malignant bone tumor derived from bone mesenchymal 
stem cells, and caused by genetic and epigenetic changes 
that block osteoblast differentiation and result in a high 
potential for local invasion and distant metastasis [1, 2]. 
It mostly occurs in regions of active bone growth, such as 
the knee joint, distal femur and upper tibia, with a peak 

incidence in children and adolescents [3]. Many genes, 
proteins and signaling pathway changes have been found 
in osteosarcoma, but the pathogenesis of osteosarcoma is 
quite complex and has not yet been clarified [4]. Currently, 
the main treatment regimen for osteosarcoma consists 
of three parts: preoperative chemotherapy, resection 
of lesion and postoperative chemotherapy, with other 
treatments including chemoembolization, radiofrequency 
ablation, immunologic therapy, and targeted gene therapy 
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[5, 6]. Although the use of multiple chemotherapeutics 
has increased the 5-year survival rate of patients to 60–
70%, the 5-year survival of osteosarcoma patients with 
metastasis or recurrence is only 10–20% [7, 8]. Therefore, 
it is of practical significance to identify new drugs with 
selective cytotoxicity as well as study the molecular 
mechanism of osteosarcoma.

Resveratrol, a natural polyphenol derived from 
grapes, mulberries, peanuts and other plant sources, 
has recently attracted great attention as an important 
chemopreventive agent due to its anticancer property 
[9–11]. The anticancer properties of resveratrol include 
inhibition of the proliferation of a wide variety of human 
tumor cells, such as breast cancer, liver cancer and 
uterine cancer [10, 12]. This effect may be related to 
the capacity of resveratrol to modulate glucose uptake 
and lactate production [13, 14]. Moreover, resveratrol 
and its compounds recently underwent a phase I clinical 
trial as a novel drug for anticancer therapy in men with 
biochemically recurrent prostate cancer [15]. However, 
the molecular mechanism responsible for the antitumor 
activity of resveratrol on osteosarcoma has not been fully 
elucidated.

Connexin 43 (Cx43) is an important component 
of gap junction intercellular communication (GJIC). 
Cx43/GJIC plays a key role in physiological functions, 
such as maintaining intercellular information and energy 
exchange, regulating cell growth and differentiation, and 
maintaining tissue homeostasis [16, 17]. Loss of Cx43 is 
critical to tumor progression as it allows the cells to escape 
growth control, resulting in uncontrolled cell proliferation 
and abnormal differentiation [18]. At the same time, 
numbers of studies have reported that the vast majority of 
human tumors show absent expression of Cx43 [19, 20]. 
Qin H et al. reported that overexpression of Cx43 genes in 
human breast tumor cells results in suppression of tumor 
growth in vivo [21]. In addition, Coleus forskohlii Briq 
can inhibit the proliferation, migration and invasion of 
osteosarcoma in rats by up regulating the expression of 
Cx43 [22]. Despite extensive studies indicating Cx43 has 
an anticancer effect on a wide range of human cancers, its 
role in osteosarcoma and the underlying mechanisms are 
unclear.

The Wnt/β-catenin signaling pathway is an ancient 
and evolutionary pathway that regulates key aspects of 
embryonic development and adult homeostasis [23]. 
Recent studies show that Wnt/β-catenin is not only closely 
related to tumorigenesis and bone development, but also 
plays an important role in tumor stem cell biology [24, 25], 
which also makes the Wnt/β-catenin signaling pathway a 
hot topic in osteosarcoma research. Without Wnt ligands, 
cytoplasmic β-catenin undergoes phosphorylation and 
degradation by a destruction complex composed of GSK-
3β, adenomatous polyposis coli and axin [26]. In contrast, 
when Wnt ligands bind to their cell surface receptors, 

causing inactivation of GSK-3β, unphosphorylated 
β-catenin accumulates in the cytoplasm and translocates 
to the nucleus [27, 28], where it binds to T-cell factor/
lymphocyte enhancer factor (TCF/LEF) and activates 
transcription of Wnt target genes, such as c-myc, cyclin 
D1 and matrix metalloproteinase (MMPs) [26].

In this study, we evaluate the effects of resveratrol 
on U2-OS cells in vitro and investigate the underlying 
mechanism involved in this process. Moreover, we also try 
to further clarify about the role of Cx43 in osteosarcoma 
and its relationship to the Wnt/β-catenin pathway.

RESULTS

Resveratrol inhibits the proliferation and 
glycolysis of U2-OS cells, and knockdown of 
Cx43 promotes the proliferation of U2-OS cells

CCK-8 assay results showed that resveratrol 
inhibited U2-OS cell proliferation with a decreasing 
trend of concentration- and time- dependency (Figure 
1A, P<0.05). However, the viability of cells was reduced 
obviously after treatment with 12 μg/ml resveratrol for 
72 h, which indicated a high rate of cell death and the 
IC50 of resveratrol for U2-OS cell lines was found to 
be 12.28μg/ml after 48 h treatment. Based on this, we 
selected 6 μg/ml or 12 μg/ml resveratrol to treat cells 
for 24 h, and 12 μg/ml resveratrol to treat cells for 24 h 
or 48 h in the following experiments. The influence of 
resveratrol on colony formation by U2-OS cells was also 
observed (Figure 1C). The cloning efficiency of U2-OS 
cells was clearly decreased with increasing concentration 
(Figure 1E, P<0.01). Cx43 knockdown, NTC and blank 
groups were grown in 96-well plates for 24, 48, 72 and 96 
h. Theproliferation of the shCx43 cells was significantly 
higher than either the blank or NTC group (Figure 1B, 
P<0.05). The influence of knockdown of Cx43 on the 
colony forming abilities of U2-OS cells was observed by 
performing colony formation assays (Figure 1D). Similar 
to the proliferation results, the cloning efficiency of Cx43 
knockdown cells was significantly higher than either 
untreated or scrambled shRNA-expressing cells (Figure 
1F, P<0.05). Furthermore, resveratrol inhibits glucose 
uptake and lactate production in U2-OS cells (Figure 1 
G/H, P<0.05).

Resveratrol alteres the morphology of U2-OS 
cells and induces apoptosis, and knockdown of 
Cx43 reduces apoptosis

Following treatment with 6 μg/ml and 12 μg/ml 
resveratrol for 24 h, U2-OS cells were observed by bright 
field microscopy at 40×, 100× and 200×. The number of 
cells decreased gradually, and the morphology of U2OS 
cells changed from an oval to spindle shape. DAPI 



Oncotarget111421www.impactjournals.com/oncotarget

Figure 1: Resveratrol inhibits the proliferation and glycolysis of U2-OS cells, and knockdown of Cx43 promotes the 
proliferation of U2-OS cells. (A) The inhibiting effect of resveratrol on U2-OS cell proliferation, mean ± SD, n = 3, *P<0.05, **P<0.01, 
vs. 0 μg/ml group. (B) Proliferation of U2-OS cells among the untreated, NTC and shCx43 groups, mean ± SD, n = 3, *P<0.05, **P<0.01, 
vs. untreated group (blank). #P<0.05 vs. NTC group. (C and D) A macrograph of U2-OS cell colony formation following treatment with 
resveratrol (C) and Cx43 knockdown (D). (E) Cloning efficiencies of U2-OS cells following addition with resveratrol, mean ± SD, n = 
3, **P<0.01, vs. 0 μg/ml group. ##P<0.01 vs. 6 μg/ml group. (F) Cloning efficiencies of Cx43 knockdown U2-OS cells, mean ± SD, n = 
3, *P<0.05, vs. untreated group. #P<0.05 vs. NTC group. (G) Effect of resveratrol on glucose uptake of U2-OS cells, mean ± SD, n = 3, 
*P<0.05, **P<0.01, vs. 0 μg/ml group. #P<0.05 vs. 6 μg/ml group. (H) Effect of resveratrol on lactate production of U2-OS cells, mean ± 
SD, n = 3, *P<0.05, **P<0.01, vs. 0 μg/ml group. #P<0.05 vs. 6 μg/ml group.
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staining is a classic method to reflect the morphological 
changes of the cell nucleus during apoptosis. At high 
magnification (400×), we observed that cells presented 
typical apoptotic morphological changes, which included 
chromatic agglutination, karyopyknosis, and nuclear 
fragmentation (Figure 2A). Next, we detected apoptosis 
by flow cytometryfollowing Alexa Fluor647-conjugated 
Annexin V and PI double staining. After treatment with 
6 μg/ml and 12 μg/ml resveratrol for 24 h, apoptosis 
increased with increasing concentration (Figure 2B 
and 2C, P<0.01). Knockdown of Cx43 decreased cell 
apoptosis compared with the untreated and NTC groups 
(Figure 2D and 2E, P<0.01).

Resveratrol suppresses the migration and 
invasion of U2-OS cells, and knockdown of Cx43 
enhances the migration and invasion of U2-OS 
cells

Cells were treated with 0, 6 and 12 μg/ml 
resveratrol for 24 and 48 h. With increased treatment 
time and concentration, the migration of U2-OS cells 
was suppressed (Figure 3A and 3B, P<0.01). Consistent 
with the scratch test, the transwell invasion assay 
indicated that the number of U2-OS cells that invaded 
from the Matrigel into the substratum of the membrane 
was obviously decreased after treatment (Figure 3E 
and 3F, P<0.01). Knockdown of Cx43 enhanced the 

Figure 2: Resveratrol alters the morphology of U2-OS cells and induces apoptosis, and knockdown of Cx43 reduces 
apoptosis. (A) Changes in cell morphology caused by increasing concentrations of resveratrol. (B and C) Analysis of apoptosis of U2-OS 
cells by flow cytometry, mean ± SD, n = 3, **P<0.01, vs. 0 μg/ml group. ##P<0.01 vs. 6 μg/ml group. (D and E) Analysis of apoptosis of 
Cx43 knockdown U2-OS cells, mean ± SD, n = 3, **P<0.01, vs. untreated group. ##P<0.01 vs. NTC group.
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migration of cells compared with the untreated and 
NTC groups (Figure 3C and 3D, P<0.01). Consistent 
with the scratch test, the transwell invasion assay also 

indicated that the invasion of cells expressing shCx43 
was higher than untreated and NTC cells (Figure 3G and 
3H, P<0.01).

Figure 3: Resveratrol suppresses the migration and invasion of U2-OS cells, and knockdown of Cx43 enhances the 
migration and invasion of U2-OS cells. (A and B) Changes of U2-OS cell migration following treatment with resveratrol, mean ± SD, 
n = 3, **P<0.01, vs. 0 μg/ml group. ##P<0.01 vs. 6 μg/ml group. (C and D) The changes of Cx43 knockdown U2-OS cell migration, mean 
± SD, n = 3, **P<0.01, vs. untreated group. ##P<0.01 vs. NTC group. (E and F) Changes of U2-OS cell invasion following treatment with 
resveratrol, mean ± SD, n = 3, **P<0.01, vs. 0 μg/ml group. ##P<0.01 vs. 6 μg/ml group. (G and H) Changes of Cx43 knockdown U2-OS 
cell invasion, mean ± SD, n = 3, **P<0.01, vs. untreated group. ##P<0.01 vs. NTC group.
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Figure 4: Resveratrol suppresses the Wnt/β-catenin signaling pathway. (A) With or without pretreatment with CHIR-99021, 
the changes in TOP/FOP flash ratios of U2-OS cells following treatment with 0, 6 or 12 μg/ml resveratrol for 24 h, without pretreatment 
with CHIR-99021, mean ± SD, n = 3, *P<0.05, **P<0.01, vs. 0 μg/ml group. ##P<0.01 vs. 6 μg/ml group; pretreatment with CHIR-99021, 
mean ± SD, n = 3, *P<0.05, **P<0.01, vs. 0 μg/ml + CHIR-99021 group. #P<0.05 vs. 6 μg/ml + CHIR-99021 group. (B) Changes in mRNA 
expression of Cx43, E-cadherin, β-catenin, c-myc, cyclin D1, MMP-2 and MMP-9 after treatment with 12 μg/ml resveratrol for 24 and 
48 h, *P<0.05, **P<0.01, vs. 0 h group. ##P<0.01 vs. 24 h group. (C and D) Changes in protein expression of Cx43, E-cadherin, β-catenin, 
c-myc, cyclin D1, MMP-2 and MMP-9 after treatment with 12 μg/ml resveratrol for 24 and 48 h, *P<0.05, **P<0.01, vs. 0 h group. #P<0.05, 
##P<0.01 vs. 24 h group.

Resveratrol suppresses activity and downstream 
gene expression of the Wnt/β-catenin signaling 
pathway, and enhances Cx43 and E-cadherin 
gene expression

Previous studies have reported that abnormal 
activation of the Wnt/β-catenin signaling pathway plays 
an important role in osteosarcoma pathogenesis. We 

investigated whether resveratrol had an effect on the Wnt/β-
catenin signaling pathway by using the TOP/FOP flash dual-
luciferase reporter gene assay in U2-OS cells. Figure 4A 
shows that without CHIR-99021, an inhibitor of GSK-3β, 
resveratrol was able to suppress Wnt/β-catenin signaling by 
down-regulating the TOP/FOP flash ratio in a concentration-
dependent manner (P<0.05). In addition, after pretreatment 
with CHIR-99021, the TOP/FOP flash ratio first increased, 
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but then declined in a concentration-dependent manner 
after resveratrol treatment (P<0.05). To further study the 
underlying mechanism by which resveratrol inhibits U2-OS 
cells, we characterized the mRNA and protein expression 
changes of Cx43, E-cadherin, and downstream target genes 
of the Wnt/β-catenin signaling pathway, which included 
β-catenin, c-myc, cyclin D1, MMP-2 and MMP-9, using 
quantitative real-time polymerase chain reaction (QRT-
PCR) and western blot assays. The results showed that with 
increasing treatment time of resveratrol, the expression levels 
of mRNA and protein for Cx43 and E-cadherin increased, 
but the mRNA and protein expression of β-catenin, c-myc, 
cyclin D1, MMP-2 and MMP-9 decreased (Figure 4B, 4C 
and 4D, P<0.05).

Knockdown of Cx43 enhances the activity of the 
Wnt/β-catenin pathway, promotes downstream 
gene expression of the Wnt/β-catenin signaling 
pathway, and inhibits E-cadherin gene 
expression

The above results prompted us to evaluate the 
biological role of Cx43 in U2-OS cells. In order to further 
investigate the role of Cx43 in osteosarcoma progression 
and its relationship to the Wnt/β-catenin signaling pathway, 
we established Cx43 knockdown U2-OS cells by infection 
with lentiviruses expressing Cx43 shRNA. Viral efficacy 
was tested using MOIs of 0, 25, 50, 75 and 100 to infect 
U2-OS cells. The virus had no effect on cell viability and 
approximately 90% of U2-OS cells were GFP-positive 
at 72 hours after lentivirus transduction at 100 MOI 
(Figure 5A). Therefore, for knockdown studies, lentivirus 
transduction was carried out at 100 MOI, and cell lines 
stably expressing Cx43 shRNA were selected by culture in 
1 μg/ml puromycin for 7 days. Figure 5C, 5D and 5E show 
that the mRNA and protein expression levels of Cx43 were 
efficiently knocked down in U2-OS cells compared with 
untreated and scrambled shRNA-expressing cell (P<0.01). 
Figure 5B shows that without XAV939, an inhibitor of 
β-catenin, knockdown of Cx43 was able to activate the 
activities of Wnt/β-catenin signaling, as judged by the up-
regulation the TOP/FOP flash ratio (P<0.01). In addition, 
after treatment with XAV939, the TOP/FOP flash ratio 
was dropping overall, but the TOP/FOP flash ratio in the 
Cx43 shRNA-expressing group was still significantly 
higher than that in the untreated and NTC groups P<0.01). 
To investigate whether the expression of Cx43 is also 
associated with Wnt/β-catenin signaling, we detected the 
mRNA and protein expression changes of E-cadherin, and 
the downstream target genes of Wnt/β-catenin signaling 
pathway, including β-catenin, c-myc, cyclin D1, MMP-2 
and MMP-9, using QRT-PCR and western blot assays. After 
knockdown of Cx43, the expression levels of mRNA and 
protein of E-cadherin genes decreased, but the mRNA and 
protein expression of β-catenin, c-myc, cyclin D1, MMP-2 
and MMP-9 were up-regulated compared with untreated and 

NTC cells (Figure 5C, 5D and 5E, P<0.05). These results 
suggest that Cx43 expression is negatively related to the 
activity of the Wnt/β-catenin pathway in U2-OS cells.

DISCUSSION

Osteosarcoma is the most common clinical primary 
malignant bone tumor and is characterized by the 
proliferation of neoplastic cells, producing immature bone or 
osteoid tissue, with a high propensity for neovascularization 
and high-risk distant metastasis [29]. Resveratrol is a natural 
polyphenols derived from a variety of plants, which affects 
all stages of carcinogenesis (initiation, promotion, and 
progression) by modulating a variety of critical signaling 
pathways [30, 31]. Ko YC et al. [32] reported that resveratrol 
induced differentiation and apoptosis in anaplastic large-cell 
lymphoma cells by enhance the expression of death receptor 
Fas/CD95. Benitez DA et al. [33] also indicated that the 
regulation of prostate cancer cells survival by resveratrol 
involves inhibition of nuclear transcription factor-κB (NF-
κB). The study of Yang YT et al. [34] demonstrated that 
resveratrol inhibits invasion of human lung adenocarcinoma 
cells by suppressing the MAPK pathway. In this study, we 
explored the effect of resveratrol on osteosarcoma cells 
and investigating the related mechanisms involved in this 
process.

We show that resveratrol treatment reduces the 
proliferation of cells in a time- and concentration-dependent 
manner, and decreases the cell cloning efficiency. Moreover, 
our data indicated that the glucose uptake and lactate 
production were inhibited by resveratrol treatment in U2-
OS cells, which was consistent with the previous study 
that resveratrol inhibited glycolysis in other cancers [13, 
35]. At the same time, we observed that the morphology 
of U2-OS cells changes from an oval to spindle shape, 
similar to bone mesenchymal stem cells, after treatment 
with resveratrol. DAPI staining showed that resveratrol 
treatment led to karyopyknosis, chromatic agglutination 
and nuclear fragmentation, which are typical apoptotic 
morphological changes [36]. Flow cytometry analysis also 
indicated that the apoptosis of U2-OS cells is increased by 
resveratrol treatment. Cell migration is the basis of tissue 
development and underlies pathological conditions, such as 
tumor invasions, the key process of cancer metastasis [37]. 
The effects of resveratrol on migration and invasion of U2-
OS cells were assessed through a scratch test and transwell 
invasion assay. The results showed that the migration of 
U2-OS cells is inhibited and the number of cells that move 
from the Matrigel into the substratum of the membrane is 
decreased by resveratrol application. Therefore, we conclude 
that resveratrol suppresses the proliferation, glycolysis, 
migration and invasion of U2-OS cells and induces 
apoptosis.

Previous studies have reported that the Wnt/β-catenin 
signaling pathway is widely expressed in bone tissue and 
cells, and its aberrant activation is closely associated with 



Oncotarget111426www.impactjournals.com/oncotarget

the progression of osteosarcoma [25, 38]. In this study, 
we explored the effect of resveratrol on the Wnt/β-catenin 
signaling pathway by using the TOP/FOP flash plasmid 
dual-luciferase reporter assay, which is a classical method to 
evaluate the transcriptional activity of TCF/LEF in Wnt/β-
catenin signaling [39]. The TOP/FOP flash ratio dramatically 
decreased in a resveratrol concentration-dependent manner, 
demonstrating that the transcriptional activity of TCF/LEF 
is suppressed by resveratrol. We also show that even when 

Wnt/β-catenin signaling is pre-activated by CHIR-99021, 
the TOP/FOP flash ratio is still reduced by resveratrol 
treatment. Therefore, we speculated that resveratrol may 
inhibit the activity of the Wnt/β-catenin signaling pathway 
and the expression of its related genes, such as E-cadherin, 
β-catenin, c-myc, cyclin D1, MMP-2 and MMP-9.

E-cadherin is a transmembrane glycoprotein that 
regulates cell recognition, migration, differentiation and 
the formation of tissues and organs, and the complex 

Figure 5: Knockdown of Cx43 enhances Wnt/β-catenin pathway activity. (A) Fluorescence pictures of virus-infected U2-OS 
cells at different MOIs. (B) With or without treatment with XAV939, the changes of TOP/FOP flash ratios of Cx43 knockdown U2-OS 
cells, without treatment with XAV939, mean ± SD, n = 3,**P<0.01, vs. untreated group. ##P<0.01 vs. NTC group; treatment with XAV939, 
mean ± SD, n = 3, **P<0.01, vs. untreated group + XAV939. ##P<0.01 vs. NTC group + XAV939. (C) Changes in mRNA expression of 
Cx43, E-cadherin, β-catenin, c-myc, cyclin D1, MMP-2 and MMP-9 in Cx43 knockdown U2-OS cells, mean ± SD, n = 3,**P<0.01, vs. 
untreated group. ##P<0.01 vs. NTC group. (D and E) Changes in protein expression of Cx43, E-cadherin, β-catenin, c-myc, cyclin D1, 
MMP-2 and MMP-9 in Cx43 knockdown U2-OS cells, mean ± SD, n = 3,**P<0.01, vs. untreated group. ##P<0.01 vs. NTC group.
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formed by E-cadherin and β-catenin is the molecular 
basis for maintenance of normal polarity and intercellular 
adhesion by epithelial cells [40]. A decrease of E-cadherin 
expression is closely related to tumor development, 
invasion and metastasis [41], and studies have shown that 
E-cadherin inhibits the Wnt/β-catenin pathway through 
its binding at the C-terminal domain of β-catenin at the 
plasma membrane, thereby sequestering β-catenin from 
the cytoplasmic pool [42]. β-Catenin is a crucial signaling 
molecule in the Wnt/β-catenin signaling pathway, and 
dephosphorylation of β-catenin at Ser33, Ser37, and 
Thr41 activates β-catenin [43]. C-myc is an important 
member of the proto-oncogene family that regulates 
cell proliferation, differentiation, and programmed cell 
death [44]. Its overexpression is one of the most common 
changes in the development of human cancers, and studies 
also show that the suppression of the c-myc oncogene 
induces cellular senescence in diverse tumor types, 
including osteosarcoma [45]. Cyclin D1 is a key cell-
cycle regulator, and its overexpression can shorten the cell 
cycle and lead to abnormal cell proliferation, inducing a 
variety of tumors, including osteosarcoma [46, 47]. Matrix 
metalloproteinases (MMPs) can degrade almost all the 
extracellular matrix components, and play a vital role in 
tumor invasion and metastasis [48, 49]. In osteosarcoma 
patients, MMP-2 and MMP-9 are generally overexpressed 
[50].

The mRNA and protein expression of genes related 
to the Wnt/β-catenin signaling pathway were detected 
by QRT-PCR and western blot. As expected, both assays 
indicated that with the prolonging of treatment time 
of resveratrol, the mRNA and protein expression of 
E-cadherin was increased, but the mRNA and protein 
expression of β-catenin, c-myc, cyclin D1, MMP-2 and 
MMP-9 were down-regulated. Additionally, we also found 
that the levels of active and total β-catenin were decreased 
in response to varying treatment times. These results 
further demonstrate that resveratrol suppresses the activity 
of the Wnt/β-catenin signaling pathway.

Cx43 is one of the vital gap junction proteins. 
Currently, the role of Cx43 as a tumor suppressor has been 
supported by most studies [19, 20]. In recent years, the 
absence of of Cx43 expression has been observed in many 
types of cancers, including breast cancer, colorectal cancer 
and esophageal cancer [19, 20, 51], suggesting that Cx43 
may play an important role in tumorigenesis. In our QRT-
PCR and Western blot experiments, we showed that the 
activity of the Wnt/β-catenin signaling pathway decreases 
after resveratrol treatment while the mRNA and protein 
expression of Cx43 is significantly increased, suggesting 
that Cx43 may be negatively related to the activity of the 
Wnt/β-catenin pathway in U2-OS cells. However, the role 
of Cx43 in osteosarcoma and its relationship with Wnt/β-
catenin pathway remains unclear.

Subsequently, through shRNA knockdown of 
Cx43, we find that the mRNA and protein expression 
of E-cadherin is decreased, but the mRNA and protein 
expression of β-catenin, c-myc, cyclin D1, MMP-2 and 
MMP-9 are upregulated. In addition, we also find that 
the levels of active and total β-catenin are increased. 
Moreover, the dual-luciferase assay results show that 
the TOP/FOP flash ratio increases whereas knockdown 
of Cx43, even after inhibition of β-catenin by XAV939, 
the TOP/FOP flash ratio was dropping overall, but the 
TOP/FOP flash ratio in the Cx43 knockdown group 
is still significantly higher than that in untreated and 
scrambled shRNA-expressing groups. These results 
indicate that knockdown of Cx43 can activate the Wnt/
β-catenin signaling pathway, and Cx43 may negatively 
regulate Wnt/β-catenin signaling pathway in U2-OS cells. 
Furthermore, our results also demonstrate that knockdown 
of Cx43 enhances the proliferation, migration and invasion 
of U2-OS cells, and reduces apoptosis.

In summary, we demonstrate that the antitumor 
activity of resveratrol against osteosarcoma U2-OS cells 
in vitro is achieved by up-regulating Cx43 and E-cadherin 
expression, and suppressing the Wnt/β-catenin signaling 
pathway. Moreover, knockdown of Cx43 can activate the 
Wnt/β-catenin signaling pathway, suggesting that Cx43 

Table 1: PCR primer sequences for quantitative real-time polymerase chain reaction

Gene Forward primer sequence Reverse primer sequence

Cx43 GGGTGACTGGAGCGCCTTAG TTATCTCAATCTGCTTCAAG

E-cadherin GCCGCTGGCGTCTGTAGGAA TGACCACCGCTCTCCTCCGA

β-catenin AAAATGGCAGTGCGTTTAG TTTGAAGGCAGTCTGTCGTA

C-myc CCACACATCAGCACAACTACG CCGCAACAAGTCCTCTTCAG

Cyclin D1 TCGGGAGAGGATTAGGTTCC GTCACTGGATGGTTTGTTGG

MMP-2 GACCACAGCCAACTACGATG CACAGTCCGCCAAATGAAC

MMP-9 CATCGTCATCCAGTTTGGTGT AGGGTTTCCCATCAGCATT

GAPDH CCCTTCATTGACCTCAACTAC CCACCTTCTTGATGTCATCAT
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expression is negatively related to the activity of the Wnt/
β-catenin pathway in U2-OS cells.

MATERIALS AND METHODS

Cell culture

Human osteosarcoma U2-OS cell lines, derived from 
the Cell bank of Chinese Academy of Sciences (Shanghai, 
China), were cultured in RPMI 1640 medium (Gibco, 
NY, USA) containing 10% (v/v) fetal bovine serum (FBS, 
Gibco, NY, USA), and 1% (v/v) penicillin-streptomycin 
solution (Hyclone, UT, USA). Cells were cultured in 
a humidified incubator, containing 5% CO2, at 37°C. 
Resveratrol was purchased from Sigma-Aldrich Chemical 
Co. (CA, USA), and the purity was approximately 99%, 
as analyzed by HPLC. Resveratrol was dissolved in 
DMSO (Sigma, CA, USA) and diluted with medium. As a 
vehicle control, cultured cells were incubated in medium 
containing DMSO at a final concentration of less than 
0.1%.

Lentivirus infection

Lentiviral vectors (H1/GFP&Puro) carrying 
CX43 short-hairpin RNAs (Cx43 shRNAs), termed 
sh1 (5‘- GAACCTACATCATCAGTAT -3’), sh2 
(5‘- GGCTAATTACAGTGCAGAA -3’) and sh3 (5‘- 
CAGTCTGCCTTTCGTTGTA-3’), were constructed 
by GenePharma (Suzhou, China) to knockdown CX43 
expression. A vector containing scrambled shRNA 
(5‘-CAACAAGATGAAGAGCACCAA -3’), termed 
NTC (a negative control), was also constructed. The 
virus titer used for infection was 109 TU/ml. U2-OS cells 
were inoculated into 6-well plates at a density of 4×105 
per well and allowed to attach overnight. Then cells were 
cultured with medium containing 5 μg/ml polybrene 
(Sigma, CA, USA) and incubated for one hour prior 
to addition of lentivirus at a multiplicity of infection 
(MOI) between 25 to 100. The incubation medium was 
replaced with fresh medium 24 hours after infection, and 
then cells were screened with medium containing 1 μg/
ml puromycin (Sigma, CA, USA) for 7 days to construct 
stable expression cell lines for functional analysis. The 
fluorescence of GFP was detectable using an inverted 
fluorescence microscope (Nikon, Tokyo, Japan). Our 
preliminary experimental results showed that sh1 and 
sh2 significantly knocked down CX43 (88% and 62%, 
respectively), while sh3 had no obvious efficiency. No 
knockdown was observed in NTC group. Therefore, we 
chose sh1 as target sequence for the formal experiment.

Cell counting kit-8 proliferation assay

For the resveratrol group, U2-OS cells were 
inoculated in a 96-well dish at a final density of 5×103 
cells/well and incubated for 24 h. Then cells were treated 

with resveratrol at varying concentrations (0, 6, 12, 18, 
24 μg/ml) for 24, 48 and 72 h. For lentivirus-transduced 
cells, cell lines stably expressing Cx43 shRNA (shCx43), 
scrambled shRNA (NTC), and normal U2-OS cells 
(blank), were grown in 96-well plates for 24, 48, 72 and 
96 h (initially planted at 5×103 cells/well). Thereafter, 
cell viability was determined by a Cell Counting 
Kit-8 (Dojindo, Kumamoto, Japan) according to the 
manufacturer’s instructions, and absorption at 450 nm 
was determined for each sample using a 96-well plate 
microplate reader (Thermo Scientific, MA, USA). Cell 
viability (%) = [OD (treated)-OD (blank)]/[OD (control)-
OD (blank)] ×100%.

Colony formation assay

For the resveratrol group, 100 U2-OS cells were 
inoculated into 6-well plates and incubated overnight, then 
the cells were treated with 0, 6 or 12 μg/ml resveratrol and 
cultured for 12 days, during which the medium containing 
the corresponding concentrations of resveratrol was 
refreshed every 2 days. For the lentivirus-infected groups, 
100 cells of shCx43, NTC and blank groups were plated in 
a 6-well plate and maintained in medium containing 10% 
FBS for 12 days. Thereafter, the colonies were fixed with 
4% paraformaldehyde for 20 min and stained with 0.5% 
crystal violet for 15 min. Colonies with than 50 cells were 
scored, and the number of clones was counted in triplicate 
wells.

Glucose uptake and lactate production assays

U2-OS cells were seeded in 10 cm plates and 
incubated overnight, then the cells were treated with 0, 
6 or 12 μg/ml resveratrol and cultured for 24 h. Cells 
were trypsinized and seed in 6-well plates (4×105 cells/
well) with fresh medium for 12 h. Glucose and lactate 
levels were measured in medium using the Automatic 
Biochemical Analyzer 7180 (HITACHI, Tokyo, Japan). 
The results were normalized by the protein amounts of 
each sample.

DAPI staining

U2-OS cells were inoculated in 24-well plates and 
treated with 0, 6 or 12 μg/ml resveratrol for 24 h, then cells 
were rinsed three times with phosphate-buffered saline 
(PBS), and 0.2% Triton X-100 was added to permeabilize 
the cell membrane for 15 min, and DAPI (Beyotime, 
Shanghai, China) was added to stain nuclei for 15 min 
in the dark. Cell nuclei were observed and photographed 
using an inverted fluorescence microscope.

Apoptosis analysis by flow cytometry

For the resveratrol group, U2-OS cells were 
inoculated into 12-well plates overnight, then exposed 
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to 0, 6 or 12 μg/ml resveratrol for 24 h. Subsequently, 
the cells were collected and resuspended in 400 μl of 1× 
binding buffer. Then 100 μl cell suspension was placed 
in a 5 ml flow tube, 5 μl Annexin V/Alexa Fluor647 
(Beijing 4A Biotech Co., Beijing, China) was added, and 
the mixture was incubated at room temperature for 5 min 
in the dark. Thereafter, 10 μl propidium iodide (PI) and 
400 μl PBS were added. The fluorescence intensity of the 
cells was analyzed immediately using a BD AccuriTM C6 
(BD, NJ, USA) flow cytometer. For lentivirus-infected 
cells, stably expressing cell lines (shCx43, NTC) and 
blank groups were assessed for cell apoptosis analysis as 
described above.

Wound healing scratch test

For Resveratrol group, U2-OS cells were inoculated 
into a 6-well plate and incubated for 24 h. A 200 μl of 
pipette tip was used for scratching, then the medium 
was discarded and cells were rinsed twice by PBS. 
Subsequently, cells were treated with 0, 6 and 12 μg/ml 
resveratrol for 24 and 48 h. Resveratrol was diluted with 
medium containing 2% FBS to eliminate the possible 
influence of cell media on proliferation. The migration of 
cells in each group was observed and photographed under 
an inverted fluorescence microscope. Image J software 
was used to measure scratch areas, and the migration 
of osteosarcoma cells was expressed as the ratio of the 
distance moved (= [D (different time points) - D (0 h)] / 
D (0 h)).

Transwell invasion assay

For the resveratrol group, U2-OS cells were starved 
in serum-free medium for 24 h and then resuspended 
in serum-free medium containing 0, 6 or 12 μg/ml 
resveratrol, and the cell density adjusted to 3 × 105 cells/
ml. Then, 100 μl cell suspension was added into the upper 
chamber of a transwell pre-coated with Matrigel (BD, NJ, 
USA), while the lower chamber was filled with 600 μl 
of medium containing 20% FBS as the chemo-attractant. 
After incubation for 24 h, the non-invaded cells of the 
upper chamber were carefully removed with sterile swabs, 
and invaded cells were fixed with 4% paraformaldehyde 
for 20 min and stained with 0.5% crystal violet for 15 
min, then rinsed thrice with PBS. Using an inverted 
microscope, 5 fields were randomly selected for each 
group, and the numbers of cells went through Matrigel 
were counted under high magnification (200×).

Dual luciferase assay

U2-OS Cells were inoculated in a 96-well 
(5×103 cells/well) and were incubated for 24 h, and 
then transfected with 200 ng TOP-Flash/FOP-Flash 
(Millipore, MA, USA), and 20 ng pRL-TK vector 
expressing Renilla luciferase (Promega, WI USA) 

following the recommended protocol using Lipofectamine 
3000 (Thermo Scientific, MA, USA) for another 24 h. 
Subsequently, the assays were divided into four groups: 
resveratrol (0, 6 or 12 μg/ml resveratrol for 24 h), CHIR-
99021 (inhibitor of GSK-3α/β, Selleck, TX, USA) + 
resveratrol (the cells were pretreated with 10 μm CHIR-
99021 for 24 h to activate the Wnt/β-catenin signaling 
pathway); lentivirus infection (shCx43, NTC and Blank), 
and lentivirus infection + XAV939 [(inhibitor of β-catenin, 
Selleck, TX, USA), the cells were treated with 10 μm 
XAV939 for 24 h to suppress the Wnt/β-catenin signaling 
pathway]. The OD values of the TOP flash and the FOP 
flash were detected by a dual-luciferase reporter assay 
system (Promega, WI, USA) from cell lysates, and the 
TOP/FOP ratio reflected the activity of the Wnt/β-catenin 
signaling pathway.

Quantitative real-time polymerase chain reaction 
(QRT-PCR)

Total RNA was extracted with an RNA extraction kit 
(TaKaRa, Shiga, Japan) according to the manufacturer’s 
instructions, and total RNA concentration was determined 
with a SmartSpec Plus spectrophotometer (BIO-RAD, 
CA, USA). First-strand cDNA was synthesized using 
PrimeScript™ RT Master Mix (TaKaRa, Shiga, Japan) 
from 1000 ng total RNA in a 20 μl total reaction volume. 
QRT-PCR was performed with SYBR® Premix Ex 
Taq™ (TaKaRa, Shiga, Japan) using a CFX96 QPCR 
Detection System (BIO-RAD, CA, USA) in a total 
reaction volume of 25 μL. Primer sequences are listed 
in Table 1. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the internal control, and relative 
gene expression levels were calculated by means of the 2-

ΔΔCt method. Each experiment was performed at least three 
times independently.

Western blot analysis

Total protein was extracted with RIPA lysis buffer 
(Beyotime, Shanghai, China) containing 1% (v/v) protease 
inhibitor cocktail (Bimake, TX, USA) according to the 
manufacturer’s protocol. The protein concentration was 
detected using a BCA Kit (Beyotime, Shanghai, China). 
All the samples were mixed with 5×sodium dodecyl 
sulfate (SDS) loading buffer (1:4), boiled for 10 min and 
stored at −80°C for later use. Equal amounts of protein 
were separated on SDS-PAGE gels (8–10% separation gel) 
and transferred onto polyvinylidene fluoride membranes 
(PVDF, Millipore, MA, USA). After blocking in 5% 
nonfat milk for 1 h at room temperature, membranes were 
incubated with corresponding rabbit primary antibodies 
overnight at 4°C. Antibodies included rabbit anti-Cx43, 
rabbit anti-E-cadherin, rabbit anti-β-catenin, rabbit anti-
active β-catenin, rabbit anti-c-myc, rabbit anti-cyclin 
D1, rabbit anti-MMP-2, rabbit anti-MMP-9 (1:1000, 
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Cell Signaling Technology, MA, USA), and rabbit anti-
GAPDH (1:1000, Panera, GuangZhou, China). GAPDH 
was used as the internal control for the total protein. 
Secondary antibody used was horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG (1:10000, Jackson, 
PA, USA). Protein bands were visualized using an 
enhanced chemiluminescence reagent (Thermo Scientific, 
MA, USA), imaged with Bio-Rad ChemiDoc-XRS+ 
(BIO-RAD, CA, USA), and analyzed using Image Lab 
software (BIO-RAD, CA, USA).

Statistical analysis

Data are presented as the means ± standard deviation 
(SD) of three independent experiments, and were analyzed 
with SPSS 19.0 software (SPSS Inc., IL, USA). Statistical 
analysis was calculated using Student’s two-tailed t-test, 
one-way or two-way analysis of variance (ANOVA). A p-
value <0.05 was considered statistically significant.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of 
interest.

FUNDING

The study is supported by National Natural Science 
Foundation of China (81341103, 81271947, 81702110), 
Administration of Traditional Chinese Medicine of 
Guangdong Province, China (20131248, 20142084), 
The Department of Education, Guangdong Government, 
under the Top-Tier University Development Scheme for 
Research and Control of Infectious Diseases (2015092, 
2016011), and the Natural Science Foundation of 
Guangdong Province, China (2014A030313467).

REFERENCES

1. Basu-Roy U, Basilico C, Mansukhani A. Perspectives 
on cancer stem cells in osteosarcoma. Cancer Lett. 2013; 
338:158-167.

2. Benjamin RS. Osteosarcoma: better treatment through 
better trial design. Lancet Oncol. 2015; 16:12-13.

3. Lamoureux F, Trichet V, Chipoy C, Blanchard F, Gouin 
F, Redini F. Recent advances in the management of 
osteosarcoma and forthcoming therapeutic strategies. 
Expert Rev Anticancer Ther. 2007; 7:169-181.

4. Moore DD, Luu HH. Osteosarcoma. Cancer Treat Res. 
2014; 162:65-92.

5. Gutowski CJ, Basu-Mallick A, Abraham JA. Management 
of bone sarcoma. Surg Clin North Am. 2016; 96:1077-1106.

6. Tan ML, Choong PF, Dass CR. Osteosarcoma: conventional 
treatment vs. gene therapy. Cancer Biol Ther. 2009; 
8:106-117.

7. Anninga JK, Gelderblom H, Fiocco M, Kroep JR, Taminiau 
AH, Hogendoorn PC, Egeler RM. Chemotherapeutic 
adjuvant treatment for osteosarcoma: where do we stand? 
Eur J Cancer. 2011; 47:2431-2445.

8. Li CJ, Liu XZ, Zhang L, Chen LB, Shi X, Wu SJ, Zhao 
JN. Advances in bone-targeted drug delivery systems for 
neoadjuvant chemotherapy for osteosarcoma. Orthop Surg. 
2016; 8:105-110.

9. Garcia-Conesa MT. Dietary polyphenols against metabolic 
disorders: how far have we progressed in the understanding 
of the molecular mechanisms of action of these compounds? 
Crit Rev Food Sci Nutr. 2017; 57:1769-1786.

10. Su D, Cheng Y, Liu M, Liu D, Cui H, Zhang B, Zhou S, 
Yang T, Mei Q. Comparision of piceid and resveratrol in 
antioxidation and antiproliferation activities in vitro. PLoS 
one. 2013; 8:e54505.

11. Momtaz S, Niaz K, Maqbool F, Abdollahi M, Rastrelli 
L, Nabavi SM. STAT3 targeting by polyphenols: novel 
therapeutic strategy for melanoma. Biofactors. 2016; 
43:347-370.

12. Sexton E, Van Themsche C, LeBlanc K, Parent S, Lemoine 
P, Asselin E. Resveratrol interferes with AKT activity 
and triggers apoptosis in human uterine cancer cells. Mol 
Cancer. 2006; 5:45.

13. Gomez LS, Zancan P, Marcondes MC, Ramos-Santos 
L, Meyer-Fernandes JR, Sola-Penna M, Da Silva D. 
Resveratrol decreases breast cancer cell viability and 
glucose metabolism by inhibiting 6-phosphofructo-1-
kinase. Biochimie. 2013; 95:1336-1343.

14. Leon D, Uribe E, Zambrano A, Salas M. Implications of 
Resveratrol on Glucose Uptake and Metabolism. Molecules. 
2017.

15. Paller CJ, Rudek MA, Zhou XC, Wagner WD, Hudson TS, 
Anders N, Hammers HJ, Dowling D, King S, Antonarakis 
ES, Drake CG, Eisenberger MA, Denmeade SR, et al. A 
phase I study of muscadine grape skin extract in men with 
biochemically recurrent prostate cancer: Safety, tolerability, 
and dose determination. Prostate. 2015; 75:1518-1525.

16. Saez JC, Berthoud VM, Branes MC, Martinez AD, Beyer 
EC. Plasma membrane channels formed by connexins: their 
regulation and functions. Physiol Rev. 2003; 83:1359-1400.

17. Batra N, Kar R, Jiang JX. Gap junctions and hemichannels 
in signal transmission, function and development of bone. 
Biochim Biophys Acta. 2012; 1818:1909-1918.

18. Shen Y, Khusial PR, Li X, Ichikawa H, Moreno AP, 
Goldberg GS. SRC utilizes Cas to block gap junctional 
communication mediated by connexin43. J Biol Chem. 
2007; 282:18914-18921.

19. Grek CL, Rhett JM, Bruce JS, Ghatnekar GS, Yeh ES. 
Connexin 43, breast cancer tumor suppressor: missed 
connections? Cancer Lett. 2016; 374:117-126.

20. Sirnes S, Bruun J, Kolberg M, Kjenseth A, Lind GE, 
Svindland A, Brech A, Nesbakken A, Lothe RA, Leithe E, 
Rivedal E. Connexin43 acts as a colorectal cancer tumor 



Oncotarget111431www.impactjournals.com/oncotarget

suppressor and predicts disease outcome. Int J Cancer. 
2012; 131:570-581.

21. Qin H, Shao Q, Curtis H, Galipeau J, Belliveau DJ, Wang 
T, Alaoui-Jamali MA, Laird DW. Retroviral delivery of 
connexin genes to human breast tumor cells inhibits in 
vivo tumor growth by a mechanism that is independent of 
significant gap junctional intercellular communication. J 
Biol Chem. 2002; 277:29132-29138.

22. Geng S, Sun B, Liu S, Wang J. Up-regulation of connexin 
43 and gap junctional intercellular communication by 
Coleusin Factor is associated with growth inhibition in 
rat osteosarcoma UMR106 cells. Cell Biol Int. 2007; 
31:1420-1427.

23. MacDonald BT, Tamai K, He X. Wnt/beta-catenin 
signaling: components, mechanisms, and diseases. Dev 
Cell. 2009; 17:9-26.

24. Cai Y, Cai T, Chen Y. Wnt pathway in osteosarcoma, 
from oncogenic to therapeutic. J Cell Biochem. 2014; 
115:625-631.

25. Rubin EM, Guo Y, Tu K, Xie J, Zi X, Hoang BH. Wnt 
inhibitory factor 1 decreases tumorigenesis and metastasis 
in osteosarcoma. Mol Cancer Ther. 2010; 9:731-741.

26. Liu C, Li Y, Semenov M, Han C, Baeg GH, Tan Y, Zhang 
Z, Lin X, He X. Control of beta-catenin phosphorylation/
degradation by a dual-kinase mechanism. Cell. 2002; 
108:837-847.

27. Cong F, Varmus H. Nuclear-cytoplasmic shuttling of Axin 
regulates subcellular localization of beta-catenin. Proc Natl 
Acad Sci U S A. 2004; 101:2882-2887.

28. Bienz M. The subcellular destinations of APC proteins. Nat 
Rev Mol Cell Biol. 2002; 3:328-338.

29. Tang N, Song WX, Luo J, Haydon RC, He TC. 
Osteosarcoma development and stem cell differentiation. 
Clin Orthop Relat Res. 2008; 466:2114-2130.

30. Kraft TE, Parisotto D, Schempp C, Efferth T. Fighting 
cancer with red wine? Molecular mechanisms of resveratrol. 
Crit Rev Food Sci Nutr. 2009; 49:782-799.

31. Gullett NP, Ruhul Amin AR, Bayraktar S, Pezzuto JM, Shin 
DM, Khuri FR, Aggarwal BB, Surh YJ, Kucuk O. Cancer 
prevention with natural compounds. Semin Oncol. 2010; 
37:258-281.

32. Ko YC, Chang CL, Chien HF, Wu CH, Lin LI. Resveratrol 
enhances the expression of death receptor Fas/CD95 and 
induces differentiation and apoptosis in anaplastic large-cell 
lymphoma cells. Cancer Lett. 2011; 309:46-53.

33. Benitez DA, Hermoso MA, Pozo-Guisado E, Fernandez-
Salguero PM, Castellon EA. Regulation of cell survival by 
resveratrol involves inhibition of NF kappa B-regulated 
gene expression in prostate cancer cells. Prostate. 2009; 
69:1045-1054.

34. Yang YT, Weng CJ, Ho CT, Yen GC. Resveratrol analog-3, 
5, 4'-trimethoxy-trans-stilbene inhibits invasion of human 
lung adenocarcinoma cells by suppressing the MAPK 

pathway and decreasing matrix metalloproteinase-2 
expression. Mol Nutr Food Res. 2009; 53:407-416.

35. Gwak H, Haegeman G, Tsang BK, Song YS. Cancer-
specific interruption of glucose metabolism by resveratrol is 
mediated through inhibition of Akt/GLUT1 axis in ovarian 
cancer cells. Mol Carcinog. 2015; 54:1529-1540.

36. Inbal B, Bialik S, Sabanay I, Shani G, Kimchi A. DAP 
kinase and DRP-1 mediate membrane blebbing and the 
formation of autophagic vesicles during programmed cell 
death. J Cell Biol. 2002; 157:455-468.

37. Friedl P, Wolf K. Plasticity of cell migration: a multiscale 
tuning model. J cell Biol. 2010; 188:11-19.

38. Tian J, He H, Lei G. Wnt/beta-catenin pathway in bone 
cancers. Tumour Biol. 2014; 35:9439-9445.

39. Gao Z, Xu Z, Hung MS, Lin YC, Wang T, Gong M, Zhi X, 
Jablon DM, You L. Promoter demethylation of WIF-1 by 
epigallocatechin-3-gallate in lung cancer cells. Anticancer 
Res. 2009; 29:2025-2030.

40. Izaguirre MF, Casco VH. E-cadherin roles in animal 
biology: a perspective on thyroid hormone-influence. Cell 
Commun Signal. 2016; 14:27.

41. Lu MH, Fan MF, Yu XD. NSD2 promotes osteosarcoma 
cell proliferation and metastasis by inhibiting E-cadherin 
expression. Eur Rev Med Pharmacol Sci. 2017; 
21:928-936.

42. Su YJ, Chang YW, Lin WH, Liang CL, Lee JL. An aberrant 
nuclear localization of E-cadherin is a potent inhibitor of 
Wnt/beta-catenin-elicited promotion of the cancer stem cell 
phenotype. Oncogenesis. 2015; 4:e157.

43. Persad A, Venkateswaran G, Hao L, Garcia ME, Yoon J, 
Sidhu J, Persad S. Active beta-catenin is regulated by the 
PTEN/PI3 kinase pathway: a role for protein phosphatase 
PP2A. Genes Cancer. 2016; 7:368-382.

44. Carroll PA, Eisenman RN. Growing old with Myc. Cell. 
2015; 160:365-366.

45. Wu CH, van Riggelen J, Yetil A, Fan AC, Bachireddy P, 
Felsher DW. Cellular senescence is an important mechanism 
of tumor regression upon c-Myc inactivation. Proc Natl 
Acad Sci U S A. 2007; 104:13028-13033.

46. Zhang Y, Wang S, Li L. EF hand protein IBA2 promotes 
cell proliferation in breast cancers via transcriptional control 
of cyclin D1. Cancer Res. 2016; 76:4535-4545.

47. Wang W, Zheng K, Pei Y, Zhang X. Histone demethylase 
JARID1B is overexpressed in osteosarcoma and upregulates 
cyclin D1 expression via demethylation of H3K27me3. 
Oncol Res. 2017.

48. Xu D, McKee CM, Cao Y, Ding Y, Kessler BM, Muschel 
RJ. Matrix metalloproteinase-9 regulates tumor cell 
invasion through cleavage of protease nexin-1. Cancer Res. 
2010; 70:6988-6998.

49. Fan S, Liao Y, Liu C, Huang Q, Liang H, Ai B, Fu 
S, Zhou S. Estrogen promotes tumor metastasis 
via estrogen receptor beta-mediated regulation of 



Oncotarget111432www.impactjournals.com/oncotarget

matrix-metalloproteinase-2 in non-small cell lung 
cancer. Oncotarget. 2017; 8:56443-56459. https://doi.
org/10.18632/oncotarget.16992.

50. Felx M, Guyot MC, Isler M, Turcotte RE, Doyon J, Khatib 
AM, Leclerc S, Moreau A, Moldovan F. Endothelin-1 (ET-
1) promotes MMP-2 and MMP-9 induction involving the 

transcription factor NF-kappaB in human osteosarcoma. 
Clin Sci. 2006; 110:645-654.

51. Shi H, Shi D, Wu Y, Shen Q, Li J. Qigesan inhibits 
migration and invasion of esophageal cancer cells via 
inducing connexin expression and enhancing gap junction 
function. Cancer Lett. 2016; 380:184-190.


