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Downregulated connexin32 promotes EMT through
the Wnt/p-catenin pathway by targeting Snail
expression in hepatocellular carcinoma
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Abstract. Hepatocellular carcinoma (HCC) is one of the
common malignances in the world and is associated with high
mortality and poor prognosis, partly due to early invasion
and metastasis. Cx32 has been indicated to be involved in the
progression of many cancers including HCC, but its relation-
ship with tumor invasion and metastasis is still controversial.
In the present study, the downregulated Cx32 in HCC tissue
was found negatively correlated with histological grade and
lymph node metastasis. Cx32 regulated HCC migration and
invasion in vitro and inhibited tumor metastasis in xenograft
models in vivo. We subsequently identified that Cx32 medi-
ated epithelial-mesenchymal transition (EMT) by regulating
Snail expression, and the enhanced Snail was due to activation
of Wnt/f-catenin signaling in response to Cx32 inhibition.
Finally, decreased expression of Cx32 showed strong correla-
tion with loss/reduction of E-cadherin, higher expression of
Snail, and nuclear accumulation of B-catenin in HCC tissues.
Taken together, our results suggest that Cx32 inhibits HCC
invasion and metastasis through Snail-mediated EMT, Cx32
and this signaling pathway molecules may offer potential
targets for HCC cancer therapy.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
malignancy in the world and the second leading cause of
mortality among malignant tumors (1). At present, surgery is
the main strategy for long-term survival of patients with HCC.
However, even with radical resection, 60-70% of patients will
present with recurrence and metastasis within 5 years (2). In
addition, ~80% of patients with HCC have distant metastases
at the time of diagnosis and surgical resection may not be
possible. Palliative care carries a 5-year survival rate of only
5-7% (3). The highly invasive nature of HCC, metastasis and
recurrence are the main causes of poor prognosis and high
mortality. Therefore, effective prevention and treatment for
the invasion and metastasis of HCC are important measures to
improve its prognosis. However, at present, the precise under-
lying molecular mechanisms of HCC invasion and metastasis
remain to be elucidated.

Epithelial-mesenchymal transition (EMT) refers to the
process of transformation of epithelial cells to mesenchymal
phenotypic cells resulting in increased motility and inva-
siveness. During this process, cells lose polarity, cell-cell
adhesion, epithelial markers such as E-cadherin, and acquire
mesenchymal properties with high expression of mesen-
chymal molecular markers including vimentin, Snail, Slug and
Twist (4). A number of studies have shown that EMT plays
a crucial role in liver cancer invasion and metastasis (5-7),
nevertheless, there is a lack of clear picture in HCC of the
overall EMT signaling network. Recently, the potential link
between Connexin (Cx) (8) or gap junction (GJ) (9) and EMT
has been rendered.

Cx, the structural protein of GlJs, exerts its biological
and cellular functions through both GJ-dependent and
GJ-independent pathways (10). In liver tissues and cell lines,
Cx32 and Cx26 are predominantly expressed and contribute
to the major component of hepatocyte GJs (11). Decreased
GJ function caused by not only the reduced Cx expression
level but also their aberrant cytoplasmic localization has been
indicated in carcinogenic processes (10,12). Cx32 is often
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Table I. siRNAs targeting specific genes.

Antisense (5'-3")

Gene Sense (5'-3")

Cx32 siRNA1 GCUCCCUGAAAGACAUACUTT
Cx32 siRNA2 GCCGUCUUCAUGUAUGUCUTT
Cx32 siRNA3 GCAACACAUAGAGAAGAAATT
Snail siRNA1 GCUGCAGGACUCUAAUCCATT
Snail siRNA2 GCCUUCAACUGCAAAUACUTT
Snail siRNA3 CAGAUGUCAAGAAGUACCATT
Control UUCUCCGAACGUGUCACGUTT

AGUAUGUCUUUCAGGGAGCTT
AGACAUACAUGAAGACGGCTT
UUUCUUCUCUAUGUGUUGCTT
UGGAUUAGAGUCCUGCAGCTT
AGUAUUUGCAGUUGAAGGCTT
UGGUACUUCUUGACAUCUGTT
ACGUGACACGUUCGGAGAATT

recognized as a tumor suppressor gene (13,14), however, the
paradigm that Cxs are of universal benefit by restricting tumor
progression has been challenged (10). Several reports suggest
that Cxs might facilitate tumor migration, invasion and metas-
tasis (15-17). Thus, the relationship between Cxs and tumor
invasion, and also the role of EMT in the process are needed
to be clarified.

In the present study, we first defined the expression of Cx32
in HCC tissue samples and its possible relationship with clinico-
pathological parameters. The effect of Cx32 on HCC invasion
and metastasis was observed both in vitro and in vivo. We also
investigated whether Cx32 plays its role by regulating EMT as
well as being a basis for a possible molecular mechanism.

Materials and methods

HCC samples and cell lines. Archival normal liver (20 cases)
and HCC (76 cases) paraffin blocks were collected as described
in an earlier study (18) to determine the relationship of Cx32
expression to clinicopathological parameters. Another set of
34 cases of archival paraffin-embedded formalin-fixed HCC
tissues were also collected at our institution from January
2014 to June 2015 to define the correlation between Cx32 and
other indicators. The use of the tissue samples was approved
by the Medical Ethics Committee of Bengbu Medical College
(Bengbu, China). Human normal hepatic cell line LO2, hepa-
tocellular carcinoma cell lines HepG2, Huh7 and SMMC-7721
were cultured at 37°C in 5% CO, in Dulbecco's modified
Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS; HyClone
Laboratories, Inc., Logan, UT, USA).

Hematoxylin and eosin (H&E) staining and immunohisto-
chemistry (IHC). H&E and THC staining was performed as
previously described (18). The Cx32 immunoreactivity was
performed using a combined scoring system based on the
fraction of positive tumor cells and the predominant staining
intensity in the tumors as described by Regidor et al (19). The
cell membranous staining of E-cadherin was also evaluated
semi-quantitatively and the tumors were divided into two
groups: i) preserved pattern: =75% of tumor cells showed
equivalent membranous staining to adjacent normal bile duct
epithelium; and ii) reduced pattern: <75% of tumor cells

showed membranous staining (20). For Snail and p-catenin,
nuclear staining was considered as positive if at least one
tumor cell had a stained nucleus. The primary antibodies and
dilutions used were as follows: Cx32 (1:100; Sigma-Aldrich,
St. Louis, MO, USA); E-cadherin (1:50; Abcam, Cambridge,
MA, USA); Snail (1:150; Abcam); and B-catenin (1:200; Santa
Cruz Biotechnology, Santa Cruz, CA, USA).

Expression plasmids and gene silencing. The pEX-2 plasmids
containing the full-length cDNA of human Cx32 (Gene ID:
2705) and Snail (Gene ID: 6615), were purchased from Suzhou
GenePharma Co., Ltd. (Suzhou, China). Empty plasmid pEX-2
was used as a negative control. Cx32 and Snail siRNA frag-
ments were also synthesized and supplied by GenePharma. The
specific siRNA sequences are listed in Table I. Transfection
reagent was Lipofectamine™ 2000 (Invitrogen) and experi-
ments were conducted strictly according to the instructions.

Establishment of stable cell line overexpressing hCx32.
Lentivirus particles expressing hCx32 and negative control
(NC) were purchased from GenePharma. Huh7 cells were
seeded in a 24-well plate until the cells grew to 40% confluency
and were then transduced with the lentivirus in the presence
of polybrene (5 pg/ml; Sigma-Aldrich) using Lipofectamine
2000. After 2 days of transfection, the cells were cultured
in a selective medium containing puromycin (0.75 ug/ml;
Sigma-Aldrich). After 2-3 weeks of cultivation, the puromycin-
resistant monoclonal cells were selected and cultured under
the selective pressure of 0.75 pg/ml puromycin to establish the
stable overexpressed LV5-hCx32 cell line (Huh7-hCx32) or
LV5 lentiviral vector cell line (Huh7-vec).

Cell proliferation study by MTT assay. The Huh7 parental and
transfected cells were seeded at 3,000 cells/well into a 96-well
plate and cultured for the indicated time. MTT assay was
performed as previously described (18).

Clone formation assay. The Huh7 parental and transfected
cells were cultured in 6-well plates at 500 cells/well and grown
for 10-14 days at 37°C in 5% CO,. After fixation with methanol,
colonies were stained with 0.1% crystal violet for 10 min and
were washed. The colonies was counted and imaged under a
light microscope.
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Table II. The primers used for qRT-PCR analysis.

1979

Sequence
Gene Sense (5'-3") Antisense (5'-3") Product size (bp)
Cx32 GCGTGAACCGGCATTCTA CCCTCAAGCCGTAGCATTT 295
Snail CGGAAGCCTAACTACAGCGA GGACAGAGTCCCAGATGAGC 151
[B-actin TCCTCCTGAGCGCAAGTACTC GCATTTGCGGTGGACGAT 130

Transwell invasion and wound healing assay. Transwell
invasion assay and wound healing assay were performed as
previously described (21). Invasion assay was performed using
a Transwell system (8 ym pore size; Millipore, Billerica, MA,
USA). Cells were plated onto the upper chamber with Matrigel
(BD Biosciences, San Jose, CA, USA) for 24 h. For the wound
healing assay, photographic images were taken from HCC
and HCC transfected cells at 0 and 24 h under an inverted
microscope.

Western blot analysis, RNA isolation and gRT-PCR assay.
Western blot analysis, RNA isolation and qRT-PCR assay
were described in our previous study (21). The primary
antibodies and dilutions used for western blot assay were as
follows: Cx32 (1:500; Sigma-Aldrich); E-cadherin (1:1,000;
Abcam); vimentin (1:1,000; Abcam); Snail (1:1,000; Abcam);
Slug (1:2,000; Abcam); Twist-1 (1:2,000; Abcam); [3-catenin
(1:500; Santa Cruz Biotechnology); p-p-catenin (Y654) (1:100;
Abcam); Wnt-1 (1:200; Santa Cruz Biotechnology); and [3-actin
(1:500; Santa Cruz Biotechnology). The primers for gqRT-PCR
assay are listed in Table II. Gene and protein expression levels
were normalized to those of internal controls (-actin).

Immunofluorescence. The experimental procedure was
performed according to our previous report (18). The concen-
trations of primary antibodies were used all at 1:200 (diluted
with 2% BSA). Alexa 488- or 568-conjugated secondary anti-
body was added for 1 h in the dark at room temperature. The
cells were examined and photographed under a fluorescence
microscope (Olympus).

In vivo metastasis analysis. Male BALB/c nu/nu nude mice
(5-6-week old) of SPF level were purchased from the Animal
Center of the Chinese Academy of Medical Sciences (Shanghai,
China). Mice were first randomized into two groups, and
the Huh7-hCx32 cells and Huh7-vec cells (1x10%) were then
respectively inoculated subcutaneously into the right side of
the backs of mice to imitate tumor metastasis (n=8 for each
group). The mice were sacrificed after 8 weeks of implanta-
tion, and the tumors, livers and bilateral lungs were removed
and embedded in paraffin for pathological examination. All
animal experiments were approved by the Animal Care and
Use Committee of Bengbu Medical College (Bengbu, China).

Statistical analysis. Results were analyzed with SPSS version
19.0 software (SPSS, Inc., Chicago, IL, USA). Differences
between the groups are illustrated in Table III and evaluated by
y* test. Correlation analysis was performed using the Spearman

Table III. Relationship between Cx32 expression and clinico-
pathological parameters of 76 HCC samples.

Cx32
XZ

Variables n - + value P-value
Age (years)
<60 60 33 27 0.289 0.778
=60 16 10 6
Sex
Male 61 34 27 0.089 1.000
Female 15 9 6
Tumor size (cm)
<5 43 22 21 1.182 0.352
>5 33 21 12
Edmondson type
I-II 48 22 26 6.124 0017*
I-1v 28 21 7
TNM stage
I-II 54 30 24 0.080 0.805
I-1v 22 13 9
Hepatopathy background
Present 60 35 25 0357 0.581
Absent 16 8 8
Lymph node metastasis
Negative 62 31 31 5930 0.018
Positive 14 12
Intrahepatic vascular embolism
Present 20 12 8 0.129 0.796
Absent 56 31 25

1P<0.05; 7 test.

analysis. Numerical data were presented as means + SEM and
compared with unpaired Student's t-test. Differences with
P<0.05 were considered significant.

Results

Expression of Cx32 in HCC and its clinical significance. Our
previous study found that compared with normal liver tissue,
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Figure 1. Cx32 is aberrantly expressed and localized in cell lines and correlates with cell invasiveness. (A) qRT-PCR assay was performed to detect the mRNA
level of Cx32 in human normal hepatic cell line LO2 and HCC cell lines HepG2, SMMC-7721 and Huh7, respectively. (B) Western blot analysis was conducted
to detect the protein level of Cx32 in the above cell lines. (C) Immunofluorescence assay was used to detect the expression and localization of Cx32 in LO2
and SMMC-7721 cells (original magnification, x400). Both membranous (marked by red arrow) and cytoplasmic (marked by white arrow) localization of Cx32
was observed in LO2 cells, while SMMC-7721 cells displayed a decreased Cx32-specific positive spots, predominantly located in the cytoplasm. (D) Transwell
invasion assays of LO2, HepG2, SMMC-7721 and Huh7 cells (original magnification, x400). Data represent the mean + SEM of three to five independent
experiments. "P<0.01 vs. LO2; “P<0.01 vs. SMMC-7721.

the expression of Cx32 in HCC tissue is downregulated,and the = analyzed its relationship to clinicopathological characteristics
positively expressed protein shows significant ectopic expres-  and found that the expression of Cx32 was not correlated with
sion from the cell membrane to the cytoplasm (18). We further  age, sex, tumor size, TNM stage, background of liver disease,
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or vascular embolus (all P>0.05), but negatively correlated
with histological grade and lymph node metastasis (all P<0.05)
(Table III).

To verify the histological results, Cx32 expression in
three HCC cell lines (HepG2, SMMC-7721 and Huh7) and
the normal hepatic cell line (LO2) were examined. Results
showed that Cx32 at mRNA and protein levels in HCC cells
were significantly decreased compared with the LO2 cells
(Fig. 1A and B). Immunofluorescence assay further demon-
strated that Cx32 was expressed in membrane and cytoplasm
of LO2 cells, while Cx32 mainly located in the cytoplasm in
SMMC-7721 cells (Fig. 1C). Thus, we confirmed that Cx32
was downregulated as well as ectopically expressed during
hepatocarcinogenesis.

Cx32 negatively regulates HCC migration and invasion
in vitro and metastases in vivo. Histological results suggested
a potential link between Cx32 and HCC invasive and
metastatic capacities, therefore, relevant in vitro and in vivo
experiments were conducted. As shown in Fig. 1D, LO2 cells
had the highest expression of Cx32 but did not show significant
invasion ability. SMMC-7721 cells had a higher expression of
Cx32 than HepG2 and the HuH-7 cells, but the invasive poten-
tial was significantly lower than that of the latter two HCC
cell lines. To investigate whether Cx32 inhibits malignant
phenotype of HCC cells, we first established SMMC-7721
cells by silencing the Cx32 expression by siRNA. On the
contrary, HepG2 cells were transfected with Cx32 cDNA to
upregulate Cx32 expression. Western blot analysis showed
that the expression of Cx32 was significant downregulated in
SMMC-7721 cells with siRNA1 exhibiting the most inhibition,
while the expression of Cx32 was significantly upregulated in
HepG2 cells following transfection with Cx32 cDNA (Fig. 2A).
Immunofluorescence also confirmed the successful establish-
ment of Cx32 expression-regulated HCC cell models (Fig. 2B).
The invasion ability of SMMC-7721 cells was significantly
enhanced by Cx32 downregulation, and the invasive ability of
HepG2 cells was significantly decreased by Cx32 upregulation
(Fig. 2C). Similar results were also shown in wound healing
assay (Fig. 2D).

To further explore whether Cx32 could inhibit the HCC
metastatic potential in vivo, Huh7-hCx32 and Huh7-vec
cells were transplanted into BALB/c nude mice by subcuta-
neous implantation as described in Materials and methods.
Consistent with previous reports that Cx32 inhibited hepa-
tocellular proliferation (22,23), our in vitro experiments
showed that cell growth and proliferation of Huh7-hCx32
were significantly slower than those of Huh7-vec cells (data
not shown). In vivo experiments showed the mice in both
groups developed tumors, however, the Huh7-hCx32 tumors
were significantly smaller than the Huh7-vec tumors. More
importantly, 6 out of 8 mice in the Huh7-vec group developed
lung metastasis, while no metastasis was observed in the
Huh-hCx32 group (Fig. 2E).

Cx32 affects EMT and MET process in HCC cells. Since the
migration and invasion of tumor cells are closely related to
EMT, we then tested whether Cx32 could affect EMT of HCC
cells. Compared with the NC group, Cx32 downregulation in
SMMC-7721 cells led to apparent changes in the morphology
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compatible with EMT, which included elongated, spindle-
shaped morphology, pseudopodia formation and increased
cell scattering. In contrast, HepG2 cells overexpressing Cx32
became more rounded and showed no/decreased filamentous
or lamellipodia and increased intercellular connectivity
(Fig. 3A). With the downregulation of Cx32, a decreased
expression of E-cadherin and an increased expression of
vimentin were detected in the SMMC-7721 cells. For the
HepG2 cells transfected with Cx32 cDNA, the EMT markers
showed opposite changes (Fig. 3B). Immunofluorescence assay
further confirmed the changes of expression of E-cadherin
and vimentin by Cx32 (Fig. 3C). These results suggest that
downregulation of Cx32 in HCC accelerated cell migration
and invasion accompanied by induction of EMT.

Snail mediates Cx32-regulated EMT in HCC cells. In order
to further clarify the molecular mechanism of EMT regulated
by Cx32, we subsequently investigated the effect of Cx32 on
EMT-related transcription factors Snail, Slug and Twist-1. As
shown in Fig. 4A, Cx32 downregulation in the SMMC-7721
cells led to a significant increase of Snail expression, but not of
Slug and Twist-1. Whereas, overexpression of Cx32 in HepG2
cells resulted in a significant decrease of Snail with no altera-
tion in Slug or Twist-1 expression. Immunofluorescence assay
further demonstrated that Cx32 negatively regulated Snail
expression in both HCC cell lines (Fig. 4B). To assess whether
the expression change of Snail was due to transcriptional regu-
lation, Snail mRNA level was evaluated by qRT-PCR analysis.
As shown in Fig. 4C, the expression of Snail mRNA was also
negatively regulated by Cx32.

To further investigate whether Snail mediates the Cx32-
induced EMT, Snail was knocked down in SMMC-7721
cells using siRNA and overexpressed in HepG2 cells
using cDNA. Knockdown of Snail resulted in reversal of
the Cx32 inhibition induced EMT-associated phenotype
changes including EMT-like morphology, downregulation
of E-cadherin, upregulation of vimentin, and an enhanced
ability of cell invasion in the SMMC-7721 cells (Fig. 4D-F).
Similarly, overexpression of Snail can counteract the
biological effects of upregulation of Cx32 in HepG2 cells
(Fig. 4D-F). These data indicated that Cx32 regulated
EMT-associated invasion in HCC cells by affecting the
expression of Snail.

Wnt signaling is involved in Snail-mediated EMT in HCC
cells. Considering the general function of Cx32 acting as a
membrane protein (10), we hypothesized that Cx32 was more
likely to regulate Snail expression indirectly. B-catenin is
an important epithelial marker which links E-cadherin and
a-catenin to the cytoskeleton to form a complex maintaining
epithelial polarity and intercellular adhesion and is associ-
ated closely to EMT (24). As shown in Fig. 5A, there was no
significant change in the total protein expression of -catenin
by Cx32 regulation, in SMMC-7721 or HepG2 cells. However,
expression of phosphorylated f-catenin (Y654), a status indi-
cating transcriptional activity and nuclear translocation of
[B-catenin (25), was increased in Cx32 downregulated SMMC-
7721 cells and decreased in Cx32 overexpressed HepG2 cells.
A consistent change was also shown for Wnt-1 (Fig. 5A).
The results were confirmed by immunofluorescence assay
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Figure 2. Cx32 inhibits HCC cell migration and invasion in vitro and tumor metastases in vivo. (A) Left panel, western blot analysis was conducted to detect
the inhibitory efficacy of Cx32 siRNA in SMMC-7721 cells. Right panel, western blot analysis was performed to confirm an overexpression of Cx32 in HepG2
cells following transfection by pEX-2/hCx32. (B) Fluorescence images showed decreased Cx32 expression in SMMC-7721 cells transfected with Cx32 siRNA,
and enhanced Cx32 expression in HepG2 cells with Cx32 cDNA transfection, by the immunofluorescence assay (original magnification, x400). (C) Transwell
invasion assay was conducted to measure the invasive capacity of Cx32 downregulated SMMC-7721 and Cx32 overexpressed HepG2 cells (original magnifica-
tion, x200). (D) Wound healing assay was performed to investigate the migratory potential of Cx32 downregulated SMMC-7721 and Cx32 overexpressed
HepG2 cells (original magnification, x100). (E) Upper panel, the pulmonary metastatic nodules with H&E staining were observed under a microscope (original
magnification, x40, x100 and x400, respectively). Blank arrows were used to indicate multiple lung metastases. Lower panel, the mean tumor weight of dif-
ferent groups. NC, negative control; OE, overexpression. Data represent the mean = SEM of three independent experiments. "P<0.01 vs. NC.

by showing a change of nuclear translocation of B-catenin
(Fig. 5B).

In an effort to establish that Snail-mediated EMT in HCC
cells was due to the Wnt signaling pathway activation, the effect
of DKK-1, the inhibitor of the Wnt signaling pathway (26), was
determined. As expected, DKK-1 reversed the EMT phenotype
changes and the enhancement of cell invasion induced by Cx32
downregulation in SMMC-7721 cells (Fig. 5C-E). Moreover,

DKK-1 addition abolished the upregulation of Snail induced
by Cx32 downregulation both in protein and mRNA levels
(Fig. 5F). Taken together, our data indicated that downregula-
tion of Cx32 upregulates Snail expression and promotes EMT
through activation of the Wnt signaling pathway in HCC cells.

Cx32 is associated with EMT markers in HCC tissues. To
obtain clinical evidence of the correlation between Cx32,
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nofluorescence assay. (C-E) SMMC-7721 cells were treated with Cx32 siRNA or (and) DKK-1 (10 zg/ml, 48 h) and the cell morphology was observed (C),
protein extracts were analyzed for the expression of EMT markers by western blot analysis (D), and ability of cell invasion was analyzed by Transwell assay
(E). (F) SMMC-7721 cells were treated with Cx32 siRNA or (and) DKK-1 (10 ug/ml, 48 h), Snail protein expression was determined by western blot analysis
and mRNA expression was determined by real-time PCR. NC, negative control; OE, overexpression; SiC, siRNA of Cx32. Data represent the mean + SEM of
four independent experiments. "P<0.01 vs. no SiC or DKK-1; *P<0.01 vs. SiC.
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B-catenin

Figure 6. IHC staining of Cx32, E-cadherin, Snail and B-catenin in HCC tissues. Co-expression of the four indicators from a high grade HCC which indicates
Cx32 negative expression, E-cadherin reduced membranous staining, Snail positive expression and (3-catenin nuclear staining (original magnification, x100

and x400).

Table IV. The correlation between Cx32 and EMT markers (E-cadherin, Snail and B-catenin) staining in an additional set of 34

HCC samples.

Snail [-catenin
E-cadherin (nuclear) (nuclear)

Loss/reduction  Normal r P-value - + r P-value - + r P-value

Cx32 - 15 5 0.528 0.001 4 16 -0.448 0.008 8 12 -0457 0.007
+ 3 11 9 5 12 2

cytoplasm and nucleus and was recorded as positive in the
nucleus in 21 cases. For 3-catenin staining, 41.18% (14/34)
of HCC cases was positive for nuclear accumulation with
concurrent cytoplasmic staining, while all the other samples
showed membranous localization. When further analyzed in
comparison with expression of EMT markers, Cx32 expres-
sion showed a strong correlation with expression of the loss
or reduction of E-cadherin (r=0.528, P=0.001), nuclear Snail
(r=-0.448, P=0.008), and nuclear accumulation of -catenin
(r=-0.457,P=0.007) (Table IV, Fig. 6).

Discussion

While it has been established that Cx and Cx-mediated GJ
suppress tumor development during hepatocarcinogenesis (11),
the role of Cxs in tumor progression, including invasion and
metastasis is still controversial. Zhao et al (23) demonstrated
the exogenously overexpressed Cx32 protein suppressed the
metastatic ability of human HCC cells both in vitro and in vivo.
The anti-invasive effect of Cx32 has also been reported in
other type of tumors such as kidney (13) and lung (14) cancer,
indicating Cx32 as a tumor suppressor gene. However, accu-
mulating evidence has shown that Cx26 (15) and Cx32 (16) are
highly expressed in lymph node metastases of patients with
lung or breast cancer and correlated with a poor prognosis.
Breast cancer and melanoma cells utilize Cxs to initiate brain
metastasis by enhancing vascular invasion (17). One reason

for the discrepancy in the role of Cxs in tumor progression
is the fact that cancer involves multiple stages from onset to
progression and metastasis and Cxs cannot provide benefit at
all of these stages (10).

The present study observed a negative relationship between
Cx32 expression and lymph node metastasis from clinical data,
and further confirmed the suppressive role of Cx32 in HCC
invasion and metastasis both in vitro and in vivo. Considering
the tumorigenicity and Cx32 expression pattern among the
different cell lines in vitro, we performed in vivo metastasis
analysis using Huh7 cells overexpressing Cx32. However,
using Huh7 Tet-off Cx32 cells, Li et al (27) obtained the oppo-
site result by showing that overexpression of cytoplasmic Cx32
protein induced metastasis in vivo. Regarding the difference
between these two results, it was speculated that it might be
related to the different Cx32 inducible system and cell culture
condition. Cx32 was induced to localize only in cytoplasm in
the latter system, however, in the present study, besides the
increase in amount of Cx32, the possible more formation of
Cx32-mediated GJ that may contribute to the suppression of
metastasis could also play a role. Moreover, the inhibitory role
of Cx32 was also observed in the other two HCC cell lines,
including the SMMC-7721 cells and the HepG2 cells, which is
in line with the recently reported results from Zhao ef al (23).
Our findings are highly favorable from a therapeutic perspec-
tive, because it is difficult to design strategies that could
specifically upregulate Cx32 in a primary HCC tumor while
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decreasing off-target adverse effect due to the cytoplasmic
localization. Thus, the data support the notion of utilizing
Cx32 as a therapeutic target in HCC treatment.

Clarification of the molecular mechanism of Cx32 in
inhibiting invasion and metastasis can help to fully under-
stand the biological effects of this gene in HCC. EMT is an
important basis for obtaining the malignant phenotype of
hepatocytes (4). Moreover, Cx-mediated GJ has recently been
proposed to serve as an intercellular glue to suppress EMT
and cancer metastasis (9), we thus explored the role of EMT
in Cx32-mediated function. Upon the downregulation of Cx32
expression, SMMC-7721 cells gained characteristics of EMT
including apparent changes in morphology, downregulation
of E-cadherin, upregulation of vimentin, enhancement of cell
migration and invasion ability. In contrast, after upregulating
Cx32 in HepG?2 cells, the cells exhibited opposite biological
behavior. The ability of Cx43 to inhibit EMT has been demon-
strated by Yu et al (8), thus, it is not surprising that Cx32, as
an another important member of the Cx family, can also play a
role in EMT process. In the present study, we identified EMT
as novel target for Cx32 action, and for the first time provided
a mechanistic link between Cx32 anti-metastatic activity and
EMT modulation.

Molecular switches for the EMT program are multiple,
in which transcription factors play an important regulatory
role (28). We subsequently found that Cx32 negatively regulate
the expression of Snail but not Slug and Twist-1, and Snail could
counteract Cx32-mediated in vitro biological effects. Snail is
a zinc-finger transcriptional repressor, which has been identi-
fied as a potential oncogene in various tumors (29), capable
of triggering EMT and promoting metastasis in HCC (5,6). In
the present study, the positive rate of nuclear Snail in clinical
specimens of HCC was up to 61.76% (21/34), and was nega-
tively correlated with the expression of Cx32 and E-cadherin.
The data were consistent with a previous report showing Snail,
rather than Slug, downregulates E-cadherin expression and
promotes human HCC invasion (20). Thus, these data clearly
demonstrated that downregulation of Cx32 facilitates HCC
invasion and metastasis through Snail-mediated EMT.

Wht signaling is shown to activate the transcription, protein
stability, as well as nuclear localization of Snail through the
inhibition of GSK3p (30,31). Furthermore, during hepato-
carcinogenesis, it has been indicated that the Wnt/f-catenin
signaling is abnormally activated (32), and GSK-3f inactiva-
tion is associated with low expression of Cx32 (33). Thus, there
is a possible link between Cx32, Wnt signaling and Snail. We
then explored whether Wnt/pB-catenin pathway was involved
in the Cx32-mediated Snail regulation. Together with Wnt-1,
phosphorylated [-catenin (Y654) expression was negatively
regulated by Cx32 in HCC cells, but the total $-catenin protein
level was not changed significantly. Inhibition of canonical Wnt
pathway attenuated the upregulation of Snail and induction of
EMT response to Cx32 downregulation. Moreover, nuclear
accumulation of B-catenin in HCC tissues was directly corre-
lated with the reduced Cx32. These results provide molecular
and clinical evidence to support the fact that Cx32 regulates
Snail expression through the Wnt/B-catenin pathway in HCC.

In conclusion, the present study provides new insight into the
role of Cx32 in EMT and metastasis of HCC. We demonstrated
that downregulation of Cx32 upregulates Snail expression and
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induces EMT in HCC cells through activation of Wnt/B-catenin
pathway. Thus, our data not only provide further evidence of
targeted increase of Cx32 as a beneficial strategy to control
HCC progression and metastasis, but also reveals the underlying
mechanism of a novel Cx32/p-catenin/Snail pathway as a prom-
ising new molecular target against advanced HCC.
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