
Abstract. Recent evidence suggests that a member of the gap
junction protein family, connexin (Cx) 32, acts as a tumor
suppressor gene against lung adenocarcinoma. However, the
precise mechanism remains unclear. In this study, we tried to
explore the mechanism for the Cx32-dependent tumor-
suppressive effect in lung adenocarcinoma. To perform this
study, we established a stable clone of the human lung
adenocarcinoma cell line, A549 in which the Cx32 gene was
expressed. Cx32 expression in A549 cells reduced anchorage-
independent growth and development of tumors in a xenograft
model. Additionally, Cx32 induced contact inhibition of
growth and reduced invasive activity in A549 cells. The
tumor-suppressive effects of Cx32 depended on the inhibition
of Src activity. These events were confirmed by an Src
inhibitor (PP1) and siRNA for Cx32. These results suggest
that the Cx32-dependent tumor-suppressive effect in A549
cells is explained by the inhibition of Src activity.

Introduction

Gap junctional intercellular communication (GJIC) has been
considered the only route allowing direct transfer of small
metabolites between cells to maintain homeostasis in multi-
cellular organisms (1). The gap junction is made up of juxta-
posed transmembrane hemichannels (connexons) provided
by adjacent cells where each connexon consists of six
connexin (Cx) protein subunits (2). So far, cDNAs from at least
20 different Cx molecules have been cloned in humans (3).
Different combinations of Cx molecules in different tissues
contribute to cell differentiation and cell growth control (4).

Vast lines of evidence strongly support the hypothesis that
Cx genes act as tumor-suppressor genes (5). Tumor-promoting
agents and oncogenes disrupt Cx-mediated GJIC, whereas
anti-tumor agents such as retinoids up-regulate the GJIC (6).
Decreased or diminished expression and function of Cx
genes are usually observed in most tumor cells (7,8).
Furthermore, cells derived from the Cx43 gene knockout
mice had a higher tendency for tumorigenesis compared to
those of the wild-type (9). More direct evidence for the tumor-
suppressive effect of Cx genes has been obtained by
transfection of the genes into non-communicating tumor cells
(10). In the transfected tumor cells, Cx genes conferred a
reduced growth rate in culture as well as in nude mice. Recent
studies including our report have suggested that not all Cx
genes are able to exert a tumor-suppressive effect on a given
tumor, but rather there seems to be a Cx-cell type compatibility
for this effect (11,12). That is, Cx exerts growth control only
in tissues or cell types in which the particular Cx is naturally
expressed. In addition to Cx43, it has been demonstrated that
Cx32 is mostly down-regulated in lung adenocarcinoma and
that this Cx acts as a tumor suppressor in a mouse model of
human lung adenocarcinoma (13,14). However, the tumor-
suppressive effect of Cx32 compared with the suppressive
effect of Cx43 on lung cancer remains to be clarified. (15). 

In a recent report, it has been demonstrated that the proto-
oncogene product, pp60c-src (Src), which is a member of the
non-receptor tyrosine kinase, is activated in lung adeno-
carcinoma and that the activation plays a critical role in the
progression of the adenocarcinoma (16). A previous report
has suggested that inhibition of GJIC by src gene product is
required for cell transformation (17). On the contrary, we
have recently reported that Cx32 reduces the appearance of
malignant phenotypes in renal cell carcinoma cells via the
inactivation of Src (18). Collectively, these reports suggest
that re-expression of Cx32 induces the inactivation of Src,
leading to attenuation of malignant phenotypes in lung
adenocarcinoma cells. The present study was undertaken to
examine this hypothesis. 

Materials and methods

Cell culture and treatment. A549, a human lung adeno-
carcinoma cell line was obtained from Riken cell bank
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(Saitama, Japan), and maintained in media and culture
conditions as described. The cells were cultured in DMEM
medium (Invitrogen, San Diego, CA) supplemented with
10% fetal calf serum (FCS) and penicillin-streptomycin on
standard plastic tissue culture dishes and incubated in an
atmosphere of 95% air/5% CO2 at 37˚C. PP1 (BIOMOL,
Plymouth Meeting, PA) and PP3 (Calbiochem, La Jolla, CA)
were used as an Src inhibitor and a negative control of PP1,
respectively. A549 cells have invasive and metastatic
phenotypes (19), and we confirmed that they have no
expression of the Cx32 and Cx43 genes (unpublished data).
Therefore, we selected this cell line to perform this study.

Constructs and transfect. The human Cx32 cDNA insert
containing the entire coding region (18) was subcloned into
the expression vector pcDNA3 (Invitrogen) at the KpnI-BamHI
site, and the sequence of construct pcDNA3-Cx32 was
confirmed by DNA sequencing. Parental cells were transfected
with either 3 μg of Cx32 cDNA or empty pcDNA3 vector, as
a control using Gene Jamar transfect reagent (Stratagene,
La Jolla, CA). After 48 h, the cells were selected in culture
medium containing 0.8 mg/ml G418 (Sigma, St. Louis, MO)
for10 days. In order to avoid clonal variations by selection,
we pooled all of the surviving clones and used the resulting
heterogeneous population to examine the tumor-suppressive
effects of Cx32. 

Measurement of GJIC. To measure GJIC of the cells, 5%
neurobiotin (Vector Laboratories, Burlingame, CA) and 0.4%
rhodamine dextran (Molecular Probes, Eugene, OR) in
phosphate-buffered saline (PBS) was microinjected into a
single cell (12). Dye transfer was quantified by counting the
number of fluorescent cells surrounding an injected cell under
a phase contrast and fluorescence microscope (Olympus,
Tokyo, Japan). The average number of communicating cells
was determined from 20 injections.

Estimate of saturation density and anchorage-independent
cell growth. Cells (3x104) were seeded on a 60-mm culture
dish with the culture medium at day 0 of the experiment.
Saturation density was determined by counting cell numbers
at day 10 of the experiment. Anchorage independency was
performed in soft agar as described previously (20). Briefly,
1x104 cells were seeded in 2 ml culture medium containing
0.3% agar on a solidified (0.5% agar) basal layer (3 ml) in the
same medium in 6-well plates. Three wells were prepared for
each cell group. Two weeks after seeding, colonies
containing at least 20 cells were counted. The cells were
seeded in triplicate in all experiments.  

Tumorigenicity assay in nude mice. Aliquots of 1x107 cells of
each cell group in Matrigel (BD Biosciences, Bedford, MA)
were subcutaneously injected into the backs of three 5-
week-old BALB/c An-nu/nu athymic mice (Japan Clea,
Tokyo, Japan). At week 4 after subcutaneous injection,
tumors were carefully removed after sacrificing the mice and
then weighed. 

Estimation of invasive capacity. Invasion assay was performed
essentially as described previously using a Matrigel invasion

chamber (Becton Dickinson, Bedford, MA) (21). The ability
of the cells to invade the substratum was tested by using an
established growth factor for epithelial cells, epidermal growth
factor (21). The invasion index (%) was determined as the
number of invasive cells divided by the number of invasive
and non-invasive cells x 100. 

Immunoblot analysis. Anti-Cx32 and anti-ß-actin were
purchased from Sigma. Anti-E-adherin, anti-·-catenin, and
anti-ß-catenin were obtained from Cell Signaling Technology
(Beverly, MA). Immunoblot anlysis was performed as
previously described (12). Briefly, cell lysate was prepared in
cell lysis extraction reagent (Sigma), and 20 μg total protein
extract from each sample was loaded onto 5% or 10% SDS-
polyacrylamide gel. After electrophoresis, proteins were
transferred to nitrocellulose membranes. The blots were
incubated with each primary antibody. Each immunoreactive
band was detected using the ECL system (Amersham, UK)
and a cooled CCD camera-linked Cool Saver system (Atto,
Osaka, Japan). Molecular sizing was performed using a
Rainbow MW marker (Amersham). Protein concentrations
were determined using DC protein assay system (Biorad,
Hercules, CA).

Estimation of Src activity. The cells were plated in 6-well
plates in culture medium for 24 h, lysed and immuno-
precipitated with anti-Src antibody as described previously.
The immuno-complex was used as an enzyme source to
determine Src activity. The reaction mixture contained Src
immuno-complex, 250 ng poly(Glu4-Tyr) peptide-biotin
conjugate, 10 mM MgCl2, 1 mM MnCl2, 1 mM Dithiothreitol,
200 μM ATP, and 20 mM Tris-HCl buffer (pH 7.4), and the
reaction was performed at 37˚C for 15 min. After the reaction,
Src activity was estimated by enzyme-linked immunosorbent
assay (ELISA) using the tyrosine kinase assay kit for
chemiluminescent detection (Upstate, Charlottesville, VA,
USA), according to the manufacturer's instructions.

siRNA treatment. The Cx32 gene was down-regulated by
siRNA for Cx32 (Qiagen, MD, USA) as previously described
(18). In brief, Cx32-transfected A549 cells (A549-Cx32) were
seeded into 6-well plates 24 h prior to transfection with siRNA
(4 μg/plate), and the transfection was carried out in a 70%
confluent status. At 48 h after siRNA treatment, the expression
level of Cx32 protein was determined by immunoblot
analysis, and Src activity was measured as mentioned above.

Isolation of total RNA and real-time PCR. Total RNA was
isolated by using an SV Total RNA isolation system
(Promega, Madison, WI, USA) and cDNA was synthesized as
previously described (12). Real-time PCR was performed by
using an ABI PRISM 7000 sequence detection system
(Applied Biosystems Japan Ltd., Tokyo, Japan) and SYBR
Premix Ex Taq™ (TaKaRa Bio Inc., Shiga, Japan) according to
the manufacturers' instructions. The primers used were:
glycer-aldehyde-3-phosphate dehydrogenase (GAPDH),
accession no. (BC023632), sense (nucleotides 737-756), anti-
sense (nucleotides 916-897); PAI-1, accession no. (M16006),
sense (nucleotides 887-905), anti-sense (nucleotides 1012-991);
uPA, accession no. (BC013575), sense (nucleotides 1672-
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1690), anti-sense (nucleotides 1847-1828); and uPAR,
accession no. (BC002788), sense (nucleotides 529-549), anti-
sense (nucleotides 698-678).

Statistical analysis. Data were analyzed by one-way ANOVA
followed by Student's t-test or Dunnett's multiple-range test.
P values ≤0.05 were considered significant.

Results

In order to elucidate the tumor-suppressive mechanism of
Cx32 against lung adenocarcinoma cells, we transfected
human Cx32 cDNA into a human lung adenocarcinoma cell,
A549, which lacked endogenous Cx32. Initially, we checked
the expression of Cx32 and the restoration of GJIC capacity
in A549 cells. As shown in Fig. 1, in mock-transfected A549
cells (A549-mock), the expression of Cx32 was not detected
and the GJIC was extremely low. However, we confirmed
the expression of Cx32 as well as the restoration of GJIC
capacity in the transfected cells (A549-Cx32). These results
suggest that the expression of Cx32 relates to the restoration
of GJIC capacity in A549 cells. Next, we examined the
tumor-suppressive effects of Cx32 in vitro as well as in vivo.
Cx32 reduced not only anchorage-independent growth but
also the development of tumor in a xenograft model using
nude mice (Fig. 2). These results indicate that Cx32 acts as a
tumor-suppressor gene against A549 cells.

We have reported that Cx32 acts as a tumor-suppressor
gene in renal cell carcinoma via the inactivation of Src (18),
and the activation of Src is a critical step to induce the
appearance of malignant phenotypes in lung adenocarcinoma
cells including A549 cells (16,19,22). From these reports, we
examined if the inactivation of Src could contribute to the
tumor-suppressive effect of Cx32 on A549 cells. First, we
checked the effect of Cx32 on Src activity in A549 cells. As
shown in Fig. 3a, the expression of Cx32 reduced Src activity
in A549 cells with a statistical significance. On the contrary,
Src activity in A549-Cx32 was significantly increased under
silencing of Cx32 by siRNA treatment (Fig. 3b). These
results suggest that Cx32 reduces Src activity in A549 cells.
It is well known that the reduction of contact inhibition and
increase of invasive capacity are typically malignant
phenotypes of cancer cells (20,23) and that the activation of
Src is associated with the appearance of such malignant
phenotypes (24). Thus, finally, we investigated if Cx32 could
suppress the appearance of the two malignant phenotypes in
A549 cells via the inactivation of Src. As shown in Fig. 4a,
the expression of Cx32 as well as the inhibition of Src activity
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Figure 2. Anchorage-independent growth (a) and tumor weight in nude mice
at week 4 after inoculation of A549 cells (b). Each assay was performed as
described in Materials and methods. Values are expressed as means from
three determinants, and each bar indicates SE. *Significant difference from
A549-mock.

Figure 1. Immunoblot analysis of Cx32 level and GJIC capacity in A549-
mock (mock-transfected A549 cells) and A549-Cx32 (Cx32-transfected
A549 cells). The results of the the immunoblot analysis are representative of
three independent experiments. GJIC capacity was estimated by a dye
(neurobiotin) transfer assay. Each column represents the mean from 20
determinants and vertical lines indicate SE. *Significant difference from
A549-mock.
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by PP1 in A549 cells led to a reduction of saturation density,
that is, restoration of contact inhibition. It has been reported
that the restoration of E-cadherin-driven adherence junctions
relates to a gain of contact inhibition in cancer cells (25), so
we hypothesized that the restoration of adherence junctions
by Cx32 contributes to the gain of contact inhibition. As
expected, Cx32 expression in A549 cells increased the
protein levels of the adherence junction molecules, E-cadherin,
·-catenin and ß-catenin (Fig. 4b). Similarly, forced inhibition
of Src in A549 cells led to elevations of the same molecules
(Fig. 4b). These results suggest that Cx32-dependent
inhibition of Src in A549 cells plays an important role in the
restoration of contact inhibition based on the gain in
molecules necessary for adherence junctions. As well as the
effect on contact inhibition, the Cx32 expression and the Src
inhibition suppressed invasive capacity in A549 cells with a

statistical significance (Fig. 5a). Since up-regulations of the
fibrinolytic factors have important roles in the invasion of
cancer cells (26), we determined the influences of Cx32 and
Src on the fibrinolytic system, namely urokinase-type plas-
minogen activator (uPA), uPA receptor (uPAR) and type-I
plasminogen activator inhibitor (PAI-1) in A549 cells. As
shown in Fig. 5b and c, both the Cx32 expression and the Src
inhibition induced a reduction of mRNA level of each
fibrinolytic factor, indicating that Cx32-dependent inactivation
of Src led to the suppression of invasive capacity in A549 cells
via the regulation of the fibrinolytic system. 

Discussion

Over-expression and activation of Src have been identified in
a range of human cancers and have played central roles in the
appearance of malignant phenotypes of these cancers (27).
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Figure 4. Saturation density in Cx32 expression and Src inhibition of A549
cells (a) and inducing effects of Cx32 and Src inhibition on cell adhesion
molecules in A549 cells (b). (a) Saturation density was determined as
described in Materials and methods. In the Src inhibition experiment, we
used PP1 as an Src inhibitor. Non-transfected A549 cells (A549-mock) were
treated with PP1 (0.5 μM) for 10 days, and subsequently the saturation
density was measured. Values are expressed as means from three
determinants, and each bar indicates SE. *Significant difference from A549-
mock. (b) A549 cells were treated with PP1 at indicated concentrations for
24 h, and subsequently each protein level was determined as described in
Materials and methods. The result of each protein level is representative of
two independent experiments. 

Figure 3. Src activity in A549-mock and A549-Cx32 (a), and in A549-Cx32
under silencing of Cx32 by siRNA (b). (a) After culture for 24 h, Src
activity was determined as described in Materials and methods. Values are
expressed as the means from three determinants, and each bar indicates SE.
*Significant difference from A549-mock. (b) The cells were treated with
siRNA (Cx32) for 48 h, and subsequently Src activity and Cx32 protein
level were determined as described in Materials and methods. Control, non-
treated A549-Cx32; NSsiRNA, non-specific control siRNA-treated A549-
Cx32; siRNA, siRNA for Cx32-treated A549-Cx32. The result of Cx32
protein level is representative of two independent experiments. Values for
Src activity are expressed as means from three determinants, and each bar
indicates SE. *Significant difference from control and NSsiRNA.
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Especially, the activation of Src stimulates invasion and
metastasis in cancer more than primary cancer cell growth (28),
because Src induces invasive and metastatic phenotypes of
cancer cells due to up-regulation of several signal molecules
governing invasion and metastasis (29). Thus, Src inhibition
may be useful for the prevention of invasion and metastasis
in cancer (28). In fact, we have shown that the inactivation of
Src by Cx32 down-regulates vascular endothelial growth factor
as an inducer of angiogenesis (20) and fibrinolytic factors as
important causal mechanisms of invasion (30), leading to anti-
invasive and anti-metastatic effects of Cx32 on metastatic
renal cell carcinoma cells. Also, in this study, we demonstrated
that the expression of Cx32 in A549 cells restored contact
inhibition via the up-regulation of cell adhesion molecules
such as E-cadherin and abrogated invasive capacity due to
reduction of fibrinolytic activity. Taken together, it seems that
Cx32 acts as a tumor-suppressor gene against A549 cells due
to the reduction of malignant invasive and metastatic pheno-
types by the inactivation of Src.

In a recent review (31), it has been proposed that Cxs and
their GJ control cellular homeostatic balance mainly via two
communicative networks: a) intracellular communication; Cx
proteins affect the gene expression of homeostasis regulatory
proteins, b) intercellular communication (GJIC); GJ mediates
passage of signaling molecules between neighboring cells. In
the present study, Cx32 suppresses several molecules related
to invasion and metastasis of A549 cells via the inactivation
of Src (intracellular communication), leading to the
restoration of normal cellular signal networks in the cells.
Subsequently, Cx32-driven GJIC induces restoration of
normal homeostatic balance via propagation of normal
signaling between neighboring cells. Thus, a combination of
Cx32-dependent intracellular and intercellular communication
contributes to the potential function of the Cx as a tumor-
suppressor gene against A549 cells. In addition to the
combination effect of Cx32, GJIC driven by Cx is required
for effective induction of apoptosis (32). Since the onset of
apoptosis is generally associated with drastic alterations in
Ca2+ concentration, Ca2+ ions, which are intercellularly
exchanged via GJ, are thought to be ‘killing messengers’,
thus spreading the death wave from cell to cell (33,34). This
propagation of the death wave via GJIC can amplify anti-
cancer agent-induced cytotoxic effects on cancer cells,
leading to the enhancement of therapeutic efficacy on cancer
by anti-cancer agents (35). We have observed that Cx32
suppresses the in vitro and in vivo growth of metastatic renal
cancer cells by the combination of intracellular and inter-
cellular communication mechanisms (20) and that GJIC
mediated by Cx32 potentiates chemotherapeutic agent-
induced apoptosis in cancer cells (36). Lung adenocarcinoma
cells including A549 cells are relatively chemoresistant to
several types of anti-cancer agents (37), so the above
communicative mechanisms mediated by Cx32 may be
effective in overcoming chemoresistance in lung cancer. In
fact, we observed that the expression of Cx32 in A549 cells
enhanced chemotherapeutic agent-induced cytotoxicity in
vitro (unpublished data). Should this observation be effective
in clinical usage, Cx32-mediated communicative mechanisms
may be useful to establish a new therapy against lung adeno-
carcinomas.
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Figure 5. Suppressive effect of Cx32 or Src inhibition on cell invasion
capacity (a) in A459 cells, and influence of Cx32 (b) or Src inhibition (c) on
expression of fibrinolytic factors' mRNAs in the cells. (a) Cell invasion
capacity was estimated as described in Materials and methods. The cells
were pretreated with PP1 (0.5 μM) for 24 h, and subsequently the invasion
assay was carried out. Values are expressed as means from three
determinants, and each bar indicates SE. *Significant difference from A549-
mock or control. (b) Each mRNA level was determined as described in
Materials and methods. Values are expressed as means from three
determinants, and each bar indicates SE. *Significant difference from A549-
mock. (c) The cells were treated with PP1 (0.5 μM) for 24 h, and
subsequently the mRNA level was measured as described in Materials and
methods. Values are expressed as means from three determinants, and each
bar indicates SE. *Significant difference from control.
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