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Abstract

Gap

junctions mediate intercellular communication and
regulate cell proliferation and differentiation by allowing small
molecules and inorganic ions, metabolites, to pass from one
cell to the adjacent cell (1 – 3). A gap junction channel is
composed of two membrane-integrated hemichannels supplied
by two adjacent cells, and each hemichannel consists of a
hexameric complex of connexin proteins; thus, one gap
junction usually consists of 12 connexin subunits (4).

Neoplastic transformation is frequently associated with a loss
of gap junction intercellular communication and a reduction
in expression of connexins in various tumor types (5 – 7). A
mechanistic study showed that abrogation of gap junction
intercellular communication enhanced tumorigenicity of rat
bladder squamous cell carcinoma cells (8). Conversely, forced
expression of connexins in connexin-deficient cell lines resulted
in inhibition of tumor growth and induction of apoptosis
in vitro and prevented tumor formation in vivo (9 – 11). Thus,
the multigene family of connexins, which includes at least 20
highly conserved members (1), may act as tumor suppressors
by restoring cellular communication and reverting the phenotype of transformed cells.
Accumulating evidence, however, indicates that connexin
26 (Cx26), a connexin family member, is overexpressed in
carcinomas of the pancreas, head and neck, colon, and prostate,
as well as in keratinocyte-derived skin tumors (12 – 16).
Interestingly, increased Cx26 expression was observed in
invasive breast carcinomas and metastatic lymph nodes but
not in the epithelial cells of benign lesions (17, 18); Cx26
expression was also detected at the invasive front of a malignant
skin melanoma (19). Furthermore, recent reports showed that
high Cx26 expression was associated with poor prognosis of
lung squamous cell carcinoma and breast carcinoma (20, 21).
Together these lines of evidence seem to be contrary to the
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Purpose: Connexin 26 (Cx26) is one of the gap junction ^ forming family members classically
considered to be tumor suppressors. However, recent studies show association of elevated
expression of Cx26 with poor prognosis in several human malignancies. Furthermore, Cx26 has
been observed to be indispensable to spontaneous metastasis of melanoma cells. Here, we
assessed Cx26 expression in primary colorectal cancer (CRC) and the metastatic lesions to
elucidate its role in metastasis.
Experimental Design: Cx26 expression was assessed in 25 adenomas, 167 CRCs, and normal
mucosa, together with the metastatic lesions.
Results: Normal mucosa and adenomatous tissue expressed Cx26 mainly in the plasma
membrane, whereas cancer cells mostly contained Cx26 in the cytoplasm. The incidence of
aberrant Cx26 expression varied widely in CRC (mean, 49.5 F 35.5%), and the expression levels
were confirmed by Western blot and quantitative reverse transcription ^ PCR. Clinicopathologic
survey revealed association of high expression with less differentiated histology and venous
invasion (P = 0.0053 and P = 0.0084, respectively). Notably, high Cx26 expression was
associated with shorter disease-free survival and shorter lung metastasis ^ free survival in 154
curatively resected CRC sets (P = 0.041and P = 0.028, respectively). Survey of metastatic lesions
revealed that lung metastasis, but not liver and lymph nodes metastases, expressed higher Cx26
than the CRC series or corresponding primary CRCs (P < 0.0001and P = 0.0001, respectively).
Conclusions: These findings suggest that aberrant expression of Cx26 plays an essential role in
lung metastasis. Thus, Cx26 is a promising therapeutic target, particularly for CRC patients who
develop lung metastasis.

Human Cancer Biology

Materials and Methods
Patients and tissue samples. Colorectal tissue samples were resected
during surgery or during endoscopic polypectomy (1995-2001), and
lung metastases were resected 10 months to 6 years later at the
Department of Surgery, Osaka University and Osaka Medical Center for
Cancer and Cardiovascular Diseases. CRC cases were selected without
knowledge of prognosis after surgery and without knowledge of
clinicopathologic features, except for tumor stage. The following set
of colorectal samples was collected and examined for the expression of
Cx26 by immunohistochemistry: adenomatous polyps (n = 25), CRCs
and their normal counterparts (n = 167), and the metastatic lesions of
lymph node (n = 56), liver (n = 14), and lung (n = 24). The samples
were fixed in buffered formalin at 4jC overnight, processed through
graded ethanol solutions, and embedded in paraffin. The use of the
resected samples was approved by the ethics committee.
The study analyzed 106 male and 61 female CRC patients, with a
mean age of 63.0 years (range, 35-84 years) at surgery. Primary tumors
were distributed in the colon (n = 94) and rectum (n = 73) and
classified as well-differentiated adenocarcinomas (n = 44), moderately
differentiated adenocarcinomas (n = 113), and poorly differentiated
carcinomas (n = 10). Seventy-seven patients had lymph node
metastasis, whereas 90 patients were node-negative. Histology of
adenomatous polyps indicated 22 low-grade dysplasia and 3 highgrade dysplasia.
Antibodies. Mouse anti-Cx26 monoclonal antibody 13-8100,
obtained from Zymed Laboratories, Inc. (Invitrogen Corporation),
recognizes the human Cx26 protein (molecular weight, 26.5 kDa). The
rabbit anti-human actin antibody was purchased from Sigma-Aldrich.
H&E staining and immunohistochemistry. Tissue sections (4-Am
thick) were deparaffinized in xylene, rehydrated, and stained with H&E
solution for histologic diagnosis by the two pathologists. The tissue
sections were autoclaved at 121jC for 20 min for antigen retrieval and
processed for immunohistochemistry using the Vectastain ABC
peroxidase kit (Vector Laboratories), as described previously (22, 23).
The slides were incubated with appropriate primary antibodies
overnight at 4jC, and the Cx26 antibody was used at a 1:500 dilution.
Nonimmunized mouse IgG (Vector Laboratories) was used as a
negative control and substitute for the primary antibody to exclude
possible false-positive responses from the secondary antibody or from
nonspecific binding of IgG.
Immunohistochemical assessment. All immunostained tissue sections were first evaluated by K.E., well trained in the pathology
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Results
Aberrant expression of Cx26 in multistage carcinogenesis of the
colorectum. We first examined Cx26 expression by immunostaining CRC and normal colonic mucosa tissues. Sections were
incubated with nonimmunized mouse IgG as a negative control
(data not shown). In normal colonic mucosa, the Cx26 protein
was detected mainly on the plasma membrane (Fig. 1A). High
magnification revealed an intercellular staining of Cx26, and
occasionally a few granules were noted in the cytoplasm of the
normal epithelium (Fig. 1B). In adenomatous polyps, a similar
expression pattern of Cx26 was noted (Fig. 1C). In contrast, the
CRC tissues heterogeneously expressed the Cx26 protein
mainly in the cytoplasm (Fig. 1D). Cytoplasmic accumulation
of Cx26 was detected in 84.4% (141 of 167) of the CRCs.
Membranous staining of Cx26 in CRC was present but focal
and rather exceptional (16 of 167, 9.6%). In a carcinoma
concurrently existing with adenomatous tissue (Fig. 1E),
cytoplasmic Cx26 was detected in carcinoma cells (Fig. 1F),
whereas membranous Cx26 localization was observed in the
adenomatous tissue (Fig. 1G). The CRC tissues exhibited a wide
range of cytoplasmic Cx26-positive cells, ranging from 0 to
100% (mean, 49.5 F 35.5%; Fig. 2).

678

www.aacrjournals.org

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/14/3/677/1980627/677.pdf by guest on 06 October 2022

department, in a coded manner without knowledge of the clinical and
pathologic background of patients. In each section, three high-power
fields were randomly selected at three different occasions, and a total of
nine fields and at least 2,000 cells were evaluated. To assess Cx26
expression, the percentage of clearly stained cells was calculated
irrespective of intensity, as intensity was rather subjective and often
not reproducible. Half of the specimens were then randomly selected
and evaluated by H.Y. No discrepancy between the evaluations was
detected.
Western blot analysis. Western blot analysis was done as described
previously (24). Briefly, the protein samples (50 Ag) were separated by
10% PAGE, followed by electroblotting onto a polyvinylidene
difluoride membrane. The membrane was incubated with the primary
antibodies at the appropriate concentrations (1:500 for Cx26 and
1:1000 for actin) for 1 h. The protein bands were detected using the
Amersham enhanced chemiluminescence detection system (Amersham
Biosciences Corp.). The differential expression of Cx26 in the
membrane and the cytosolic fraction was assessed as described
previously (25).
Quantitative real-time PCR for Cx26 mRNA. Total RNA was
extracted using the TRIZOL reagent (Life Technologies, Inc.). cDNA
was generated from 1 Ag RNA with avian myeloblastosis virus reverse
transcriptase (Promega). Quantitative real-time PCR was done using
LightCycler (Idaho Technology, Inc.), as described previously (22).
Quantification data from each sample were analyzed using the
LightCycler analysis software. The transcription value of Cx26 was
determined by plotting against the standard curve constructed using
MKN45 gastric cancer cells. The amount of each transcript was
normalized against the expression of the housekeeping gene b-actin
(24) from the same sample. The primer sequences were as follows:
h-actin sense 5¶-GAAAATCTGGCACCACACCTT-3¶, h-actin antisense
5¶-GTTGAAGGTAGTTTCGTGGAT-3¶, Cx26 sense 5¶-GCT GCA AGA
ACG TGT GCT AC-3¶, and Cx26 antisense 5¶-TGG GTT TTG ATC TCC
TCG AT-3¶.
Statistical analysis. Statistical analysis was done using the StatView
J-5.0 program (Abacus Concepts, Inc.). The Kaplan-Meier method was
used to estimate tumor recurrence from CRC, and the log-rank test was
used to determine the statistical significance. Associations between
discrete variables were assessed using the m2 test. Mean values were
compared using the Mann-Whitney test. All data were expressed as the
mean F SD. P values of <0.05 were accepted as statistically significant.

conventional role of connexins as tumor suppressors and
instead suggest that Cx26 may play a role in tumorigenesis.
In support of this possibility, a study using cDNA subtraction
in two sublines of the B16 mouse melanoma cell line (F10
and BL6) indicated that the Cx26 gene was responsible for
spontaneous metastasis (19). The BL6 subline was originally
obtained from the F10 subline through six rounds of in vitro
selection. Nonetheless, only the BL6 subline that expresses high
Cx26 levels was capable of inducing lung metastasis via
spontaneous metastasis when implanted in the footpad,
although both cell lines metastasize to the lung when injected
into tail vein (via so called experimental metastasis). Moreover,
introduction of Cx26 cDNA into F10 conferred spontaneous
lung metastatic ability (19).
To examine the precise function of Cx26 in promoting or
suppressing tumorigenesis, we examined the levels of Cx26
expression in nonneoplastic and neoplastic tissue of the
colorectum. We also examined Cx26 expression in surgically
resected metastatic lesions to explore the role of Cx26 in
metastasis of colorectal cancer (CRC).

Involvement of Cx26 in Lung Metastasis of CRC
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Fig. 1. Cx26 expression in normal and tumor tissue.
Immunostaining of Cx26 in normal colonic mucosa
(50; A), high magnification of normal mucosa (100;
B), adenomatous polyp (200; C), colon cancer (100;
D), carcinoma coexisting with adenomatous tissue
(10; E), high magnification of carcinoma (100; F), and
high power image of adenomatous tissue (100; G).
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Fig. 2. Incidence of Cx26-positive cancer cells in CRC tissue. Cytoplasmic
Cx26-positive cancer cells in CRC tissue were evaluated and plotted on the
graph. Cx26 expression varied from 0 to 100%. Horizontal bar, mean value of
49.5 F 35.5%.

Western blot analysis. Based on the mean value of Cx26
expression in CRC tissues at 49.5%, the cancer specimens were
divided into two groups: those exhibiting high expression (n =
87, 52.1%), and those with low expression (n = 80, 47.9%).
Tissue samples were randomly chosen from the low (n = 3) and
high groups (n = 5), and Western blot analysis was done on the
samples in parallel with the corresponding normal mucosa
(Fig. 3A). The increased level of Cx26 protein in cancer tissues
as detected by Western blot correlated well with the enhanced
cytoplasmic accumulation of Cx26 in immunostaining. We also
examined additional three paired samples on either end of the
expression spectrum (tumor tissues with 10%, 80%, and 90%
Cx26 expression) and observed an apparent correlation of Cx26
levels in cancer tissues between Western blot and immunohistochemical analysis (data not shown).
To confirm Cx26 cellular localization in tumor and normal
tissue, we did Western blot analysis on fractionated cell lysates.
Cx26 was present mainly in the membrane fraction in normal
mucosa, whereas it was detected mostly in the cytosolic fraction
in cancer tissues (Fig. 3B).
Cx26 RNA level in CRC tissues. Ten tumor tissues from both
the low and high groups were subjected to quantitative reverse
transcription – PCR analysis of Cx26 RNA levels. We confirmed
that the tumor samples expressing high levels of Cx26 protein
generally expressed high levels of Cx26 RNA, whereas samples
with low Cx26 protein levels exhibited low levels of Cx26 RNA
(Fig. 3C).
Aberrant expression of Cx26 in CRC and clinicopathologic
findings. The clinical pathologic survey indicated that high
Cx26 expression was associated with a less differentiated
histologic type and moderate to plenty venous invasion, as

Clin Cancer Res 2008;14(3) February 1, 2008

Fig. 3. Western blot analysis of Cx26 in normal and cancer tissue. A, CRC tissues
and the corresponding normal mucosa were examined for Cx26 levels. Tissue
samples were randomly chosen from the low group (n = 3) and high group (n = 5)
and classified based on Cx26 expression by immunostaining. Levels of Cx26 in
cancer tissues correlated well with the cytoplasmic accumulation of Cx26. N,
normal mucosa; T, tumor. B, differential expression of Cx26 in the membrane
and cytosol fractions. Fractionation revealed that Cx26 was localized mainly in
membrane fraction in normal tissues and in the cytosol fraction in cancer tissues.
The low Cx26 protein level detected in the cytosol of normal mucosa could be
derived from intercellular Cx26 and also from the endoplasmic reticulum and Golgi
apparatus. C, reverse transcription ^ PCR of Cx26 RNA in 10 tumor tissues. Cx26
RNA level was normalized against levels of the house keeping b-actin RNA that
served as a control reference (24). The Cx26 RNA levels in tumor tissues correlated
well with Cx26 protein levels by immunohistochemistry. High expressers and low
expressers, defined based on Cx26 expression by immunohistochemistry, were
randomly chosen.
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shown in Table 1 (P = 0.0053 and P = 0.0084, respectively).
Consistent with this, we often observed diffused Cx26
expression in cancer cells invading the vein in the CRC tissue
(Fig. 4).
Disease-free survival after curative surgery. Disease-free
survival reflects the nature of cancer more specifically than
does overall survival, because the latter does not distinguish
patients with recurrent disease from those without recurrence
(26). Moreover, disease recurrence is a practical concern after
curative surgery. Therefore, we next analyzed the relationship
between Cx26 expression and disease-free survival in 154
primary CRCs that were ‘‘curatively’’ resected by surgery (mean
level of Cx26 expression, 50.3%). Notably, the group highly
expressing Cx26 was associated with a significantly shorter
disease-free survival compared with the group expressing low
Cx26 levels (Fig. 5A; P = 0.041).
We then analyzed site-specific relapse-free survival according
to the recurrent mode, i.e., recurrence in liver, lung, local site,
and peritoneum, in patients stratified by Cx26 expression levels.
Lung metastasis – free survival curves indicated that high Cx26
expression was linked to lung metastasis (P = 0.028; Fig. 5B),
but no difference was observed in liver metastasis – free survival

Involvement of Cx26 in Lung Metastasis of CRC

Table 1. Relationship between aberrant Cx26 expression and clinicopathologic variables

Gender
Age
Tumor size
Site
Lymph node metastasis
Depth of invasion
Differentiation
Venous invasion*
Stage

High (n = 87)

51 (31%)
29 (17%)
63.4 F 10.6
46.1 F 22.4
47 (28%)
33 (20%)
48 (29%)
32 (19%)
25 (15%)
55 (33%)
29 (17%)
51 (31%)
77 (46%)
3 (2%)
45 (26%)
35 (21%)

55 (33%)
32 (19%)
62.3 F 11.0
47.6 F 21.7
47 (28%)
40 (24%)
42 (25%)
45 (27%)
23 (14%)
64 (38%)
15 (9%)
72 (43%)
73 (44%)
14 (8%)
37 (22%)
50 (29%)

Colon
Rectum
Negative
Positive
fmp
ssf
Well
Moderately/poorly
0/1+
2+/3+
fII
IIIf

P
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
0.0053
0.0084
N.S.

Abbreviations: mp, muscularis propria; ss, subserosa; N.S., not significant.
*Venous invasion: classified according to the pathology reports: 0, none; 1+, slight; 2+, moderate; 3+, plenty.

compared with the paired primary CRC lesion, lung metastasis
showed a significantly higher incidence of Cx26 expression
(P = 0.0001; Fig. 6C).

or with other sites (data not shown). In multivariate analysis
with clinicopathologic variables, such as lymph node metastasis, depth of invasion, differentiation grade, venous invasion,
and lymphatic invasion, Cx26 expression was not a significant
predictive factor of disease recurrence, although we detected a
predictive association with lymph node metastasis and depth of
invasion (P = 0.019 and P = 0.016, respectively).
Expression of Cx26 in metastatic lesions. We then examined
Cx26 expression in metastatic lesions in lymph nodes, livers,
and lungs, together with the corresponding primary CRCs
(Fig. 6). Compared with the metastatic lesions of lymph nodes
and liver, lung metastatic tissue broadly expressed abundant
Cx26 expression (Fig. 6A). The mean value of Cx26 expression
in lung metastatic tissue, but not in other tissues, was
significantly higher than that of the mean value of Cx26
expression in CRCs (P < 0.0001; Fig. 6B). Furthermore,

Discussion
Gap junctions and the connexin subunits are shown to be
down-regulated in various cancers (5 – 7), but accumulating
evidence indicates that the specific connexin Cx26 is increased
in various carcinomas (12 – 21). Our preliminary immunohistochemical studies confirmed these studies and indicated that
Cx26 expression was induced not only in CRCs but also in a
considerable fraction of other gastrointestinal malignancies,
including gastric cancer (62.5%, five of eight), squamous
esophageal cancer (75%, six of eight), and pancreatic cancer
(87.5%, seven of eight; data not shown).

Fig. 4. Cx26 expression in cancer cells undergoing vascular invasion. Left, H&E staining. Numerous cancer cells invading the venous lumen were detected (arrow).
The arterial lumen is observed below and to the left of the vein (dotted arrow). Right, immunostaining of Cx26. The cancer cells undergoing vascular invasion exhibited
diffuse Cx26 expression. Magnification, 200.
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Low (n = 80)
Male
Female
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Fig. 5. Disease-free survival after curative surgery. A, the high Cx26 group was
associated with significantly shorter disease-free survival than the low Cx26
group (P = 0.041). B, lung metastasis ^ free survival curves indicated that the high
Cx26 expressing group was associated with lung metastasis (P = 0.028).
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disease relapse of CRC. In particular, our data on lung
metastasis – free survival curves would account for much of
the Cx26-related lung metastasis. Although multivariate analysis indicated that Cx26 expression was not an independent
predictor for disease recurrence, Cx26 may not be a universal
prognostic factor but rather specifically associates with lung
metastasis. Consistent with these findings, we found that lung
metastatic lesions, but not liver and lymph node metastases,
broadly expressed Cx26 at a very high incidence. In Japan, the
liver and lung are the two major organ sites of metastases from
CRC, and the ratio of liver metastasis to lung metastasis is 3:2
(28). In the current study, the prevalence of lung metastasis was
more than that of liver metastasis; nevertheless, it is noteworthy
that the lung metastases exclusively expressed abundant Cx26
expression.
Investigation of metastatic foci provides critical insights as to
the contribution of Cx26 in development of metastases. Even
when the number of Cx26-positive cells is relatively low in a
CRC, the tumor population of metastatic lesions is predicted to
be largely Cx26-positive if Cx26 is indispensable to form distant
metastasis. This prediction is based on the theory proposed by
Fidler, which states that highly metastatic tumor cell variants
preexist in the parental tumor population and induce
metastasis to other organs (29). To address this possibility,
we compared Cx26 expression in primary CRC samples
compared with corresponding lung metastatic tissue and found
that lung metastases expressed significantly higher levels of
Cx26 than did primary CRCs (Fig. 6C). These findings strongly
suggest that Cx26 may play an essential role in the establishment of lung metastasis from primary CRC.
In normal cells, we detected Cx26 localization mainly on the
plasma membrane and in the intercellular space, as reported
previously (14). A few granules in the cytoplasm were also
occasionally noted, likely reflecting the presence of connexin
polypeptides in the endoplasmic reticulum and Golgi apparatus where connexin synthesis occurs (14, 30). In contrast, we
observed cytoplasmic accumulation of Cx26 via immunohistochemical analysis of CRC samples. This indicates that Cx26
translocated from the plasma membrane to the cytoplasm in
tumor cells, as previously observed (14, 17, 18, 31, 32).
Interestingly, the translocation occurred even at an early cancer
stage, i.e., carcinoma with adenomatous tissue (Fig. 1D-F).
Although the precise function of cytoplasmic Cx26 is not yet
clear, one possibility is that cytoplasmic accumulation of Cx26
may be required to exert their roles in the plasma membrane,
contributing to gap junction formation as needed.
That many studies have shown that introduction of the Cx26
gene into tumor cells usually causes growth inhibition in vitro
and in vivo (10, 11) is not necessarily inconsistent with our
findings that Cx26 may facilitate lung metastasis. Indeed,
inhibitory effects of tumor growth via gap junction formation
may suppress initial tumor formation (8 – 11); however, once
malignant formation is completed, growth arrest of cancer cells
may be rather essential to their extravasation at a later
metastasis stage (33). Furthermore, gap junctions may have
distinct functional roles in cell growth and cell invasion, as a
gap junction inhibitor decreased the invasion of prostate cancer
cells (15). In a lung metastasis model using melanoma cells,
Cx26 was indispensable for dye transmission from melanoma
cells to the vascular endothelial cells (19), suggesting that
transmission of certain micromolecules derived from cancer

To carefully assess the relevance of Cx26 expression in
malignant cells, we selected CRC, the multistage carcinogenesis
model of normal colon to adenoma to cancer tissue (27), to
reveal how alterations in Cx26 expression may accompany
malignant transformation. As a result, we found that normal
epithelium and adenomatous tissue in colon polyps expressed
the Cx26 protein on the plasma membrane, whereas cancer
tissue mainly displayed cytoplasmic Cx26 accumulation. In a
parallel study, Kanczuga-Koda and colleagues analyzed Cx26
expression during colorectal carcinogenesis and found intercellular Cx26 staining in normal epithelium and adenoma and
cytoplasmic Cx26 staining in carcinomas, consistent with our
results (14). Moreover, abundant Cx26 expression was shown
to be associated with poor prognosis of lung squamous cell
carcinoma and breast carcinoma (20, 21). Taken together, these
findings underscore the previously observed complexity of Cx26
function in human malignancies and its previously suggested
cellular activity as a tumor suppressor gene (15, 17, 19).
A recent study suggested Cx26 as a critical facilitator in the
spontaneous lung metastasis observed in a subcutaneous tumor
derived from a mouse melanoma cells (19). To ascertain the
role of Cx26 in disease recurrence and metastasis of CRC, we
analyzed both primary CRC tissues and metastatic lesions, such
as lung, liver, and lymph node. Although lymph node
metastasis was previously examined in lung and breast
carcinoma (18, 20), distant metastases have not been examined
for Cx26 expression. Notably, univariate analysis indicated that
aberrant expression of Cx26 in primary CRCs was linked to

Involvement of Cx26 in Lung Metastasis of CRC

(37). Among hematogenous metastases, however, why Cx26
was highly expressed in metastasized tumor cells in the lung but
not in the liver is not clear and likely due to organ-specific
factors. Recent gene profiling analyses using cDNA microarrays
identified various candidate genes essential for liver metastasis
from CRC (38, 39). In contrast, the gene profile of lung
metastasis completely differed from that of liver metastasis in
the same CRC population.6 This is consistent with the seed and
soil theory, suggesting that different organs provide growth
conditions optimized for specific cancers (40) or contain organspecific combinations of certain chemokines and receptors (41).
Our data also provide important clinical implications for
Cx26 as a potential preventive target against lung metastasis.
The selective Cx26 inhibitor oleamide derivatives MI-18 and

cells might contribute to endothelial retraction and facilitate
vascular invasion. Alternatively, several studies showed that
Cx26 directly down-regulated expression of the fibroblast
growth factor receptor-3 and Bcl-2 genes in a gap junction –
independent manner (34, 35). Therefore, we suggest the
possibility that Cx26 might have distinct metastasis-promoting
function(s) independent of gap junction intercellular communication. Supporting this model, a recent study reported a
correlation between Cx26 expression and insulin-like growth
factor I receptor, whose overexpression induces active proliferation and inhibition of apoptosis of colon cancer cells (36).
Therefore, one possibility is that the insulin-like growth factor
system may be involved in the regulation of Cx26 and may
contribute to Cx26-mediated disease progression.
Cx26 may likely facilitate the venous invasion of cancer cells
(Table 1; Fig. 4). Gap junction formation might also facilitate
the attachment of cancer cells to the vascular endothelial cells at
the distant organ, also known as the ‘‘spiked tire hypothesis’’
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Fig. 6. A, immunostaining of paired primary CRC and metastatic lesions: (a) primary CRC and (b) the corresponding lymph node metastasis; (c) primary CRC and (d)
the liver metastasis; (e) CRC and (f) lung metastasis (both expressed abundant Cx26); and (g) CRC and (h) lung metastasis. Lung metastatic tissue expressed more
abundant Cx26 than the primary CRC. Magnification, 100. B, Cx26 expression in CRC and metastatic lesions. Lung metastatic tissue exhibited a significantly higher
incidence of Cx26 compared with CRC tissue (P < 0.0001). C, comparison of Cx26 expression in paired primary CRC and metastatic tissue. Lung metastatic tissue
displayed significantly higher Cx26 expression compared with the corresponding primary CRC (n = 20, P = 0.0001).

Human Cancer Biology

surgery of the primary CRC. Therefore, it is possible that the
Cx26 inhibitor may be useful as a preventive agent.
In conclusion, our study found that Cx26 was aberrantly
expressed in a considerable fraction of CRC and that high Cx26
levels was associated particular with lung metastasis.

MI-22, both of which inhibited Cx26-mediated gap junction
intercellular communication and drastically suppressed spontaneous lung metastasis of melanoma cells, are already feasible
as clinically important prototypes (30, 42). Particularly, MI-22
is now commercially available from WAKO, can be easily
dissolved in oily solvents, and thus is likely to be more useful
for clinical treatment. Lung metastasis is one of the two major
problems after surgery for local recurrence of rectal cancer as well
as local re-recurrence (43). The incidence of lung metastasis
after abdominal sacral resection is much higher than that after

Acknowledgments
We thank Dr.Yusuke Ohba for his valuable technical support and Kumiko Ikeue for
technical assistance.

References
forms during prostate cancer progression. Prostate
2006;66:19 ^ 31.
16. Haass NK, Wladykowski E, kief S, Moll I, Brandner
JM. Differential induction of connexins 26 and 30 in
skin tumors and their adjacent epidermis. J Histochem
Cytochem 2006;54:171 ^ 82.
17. Jamieson S, Going JJ, D’Arcy R, George WD. Expression of gap junction proteins connexin 26 and
connexin 43 in normal human breast and in breast
tumours. J Pathol 1998;184:37 ^ 43.
18. Kanczuga-Koda L, Sulkowski S, Lenczewski A, et
al. Increased expression of connexins 26 and 43 in
lymph node metastases of breast cancer. J Clin Pathol
2006;59:429 ^ 33.
19. Ito A, Katoh F, KataokaTR, et al. A role for heterologous gap junctions between melanoma and endothelial cells in metastasis. J Clin Invest 2000;105:
1189 ^ 97.
20. Ito A, Koma Y, Uchino K, et al. Increased expression of connexin 26 in the invasive component of
lung squamous cell carcinoma: significant correlation with poor prognosis. Cancer Lett 2006;234:
239 ^ 48.
21. Naoi Y, Miyoshi Y, Taguchi T, et al. Connexin 26 expression is associated with lymphatic vessel invasion
and poor prognosis in human breast cancer. Breast
Cancer ResTreat 2007;106:11 ^ 7.
22. Yamamoto H, Kondo M, Nakamori S, et al. JTE-522,
a cyclooxygenase-2 inhibitor, is an effective chemopreventive agent against rat experimental liver fibrosis.
Gastroenterology 2003;125:556 ^ 71.
23. Takemasa I, Yamamoto H, Sekimoto M, et al. Overexpression of CDC25B phosphatase as a novel marker of poor prognosis of human colorectal carcinoma.
Cancer Res 2000;60:3043 ^ 50.
24. Ogawa M, Yamamoto H, Nagano H, et al. Hepatic
expression of ANG2 RNA in metastatic colorectal
cancer. Hepatology 2004;39:528 ^ 39.
25. Kondo M, Nagano H, Sakon M, et al. Expression of
interferon a/h receptor in human hepatocellular carcinoma. Int J Oncol 2000;17:83 ^ 8.
26. AnderT, Boni C, Mounedji-Boudiaf L, et al. Oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment
for colon cancer. N Engl J Med 2004;350:2343 ^ 51.
27.Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic
alterations during colorectal-tumor development.
N Engl J Med 1988;319:525 ^ 32.
28. Kobayashi H, Mochizuki H, Sugihara K, et al. Characteristics of recurrence and surveillance tools after
curative resection for colorectal cancer: a multicenter
study. Surgery 2007;141:67 ^ 75.
29. Fidler IJ, Kripke ML. Metastasis results from preexisting variant cells within a malignant tumor. Science
1977;197:893 ^ 5.

Clin Cancer Res 2008;14(3) February 1, 2008

684

30. Ito A, Morita N, Miura D, et al. A derivative of oleamide potently inhibits the spontaneous metastasis of
mouse melanoma BL6 cells. Carcinogenesis 2004;
25:2015 ^ 22.
31. Gee J,Tanaka M, Grossman HB. Connexin 26 is abnormally expressed in bladder cancer. J Urol 2003;
169:1135 ^ 7.
32. Torres LN, Matera JM,Vasconcellos CH, Avanzo JL,
Hernandez-Blazquez FJ, Dagli ML. Expression of
connexins 26 and 43 in canine hyperplastic and neoplastic mammary glands. Ver Pathol 2005; 42:
633 ^ 41.
33. Morris VL, Schmidt EE, MacDonald IC, Groom AC,
Chambers AF. Sequential steps in hematogenous
metastasis of cancer cells studied by in vivo videomicroscopy. Invasion Metastasis 1997;17:281 ^ 96.
34. Qin H, Shao Q, Curtis H, et al. 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 ^ 8.
35. Tanaka M, Grossman HB. Connexin 26 induces
growth suppression, apoptosis and increased efficacy
of doxorubicin in prostate cancer cells. Oncol Rep
2004;11:537 ^ 41.
36. Sulkowski S, Kanczuga-Koda L, Koda M, et al. Insulin-like growth factor-I receptor correlates with connexin 26 and Bcl-xL expression in human colorectal
cancer. Ann N Y Acad Sci 2006;1090:265 ^ 75.
37. Miura D, KidaY, Nojima H. Camellia oil and its distillate fractions effectively inhibit the spontaneous metastasis of mouse melanoma BL6 cells. FEBS Lett
2007;581:2541 ^ 8.
38. Yanagawa R, FurukawaY,TsunodaT, et al. Genomewide screening of genes showing altered expression
in liver metastases of human colorectal cancers by
cDNA microarray. Neoplasia 2001;3:395 ^ 401.
39. Yamasaki M, Takemasa I, Komori T, et al. The gene
expression profile represents the molecular nature of
liver metastasis in colorectal cancer. Int J Oncol 2007;
30:129 ^ 38.
40. Paget S. The distribution of secondary growths in
cancer of the breast. 1889. Cancer Metastasis Rev
1989;8:98 ^ 101.
41. Dorsam RT, Gutkind JS. G-protein-coupled receptors and cancer. Nat Rev Cancer 2007;7:79 ^ 94.
42. Ohba Y, Kanao Y, Morita N, et al. Oleamide derivatives suppress the spontaneous metastasis by inhibiting connexin 26. Int J Cancer 2007;121:2801 ^ 8.
43. Akasu T, Yamaguchi T, Fujimoto Y, et al. Abdominal
sacral resection for posterior pelvic recurrence of
rectal carcinoma: analyses of prognostic factors and
recurrence patterns. Ann Surg Oncol 2007;14:
74 ^ 83.

www.aacrjournals.org

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/14/3/677/1980627/677.pdf by guest on 06 October 2022

1. Kumar NM, Gilula NB. The gap junction communication channel. Cell 1996;84:381 ^ 8.
2. Charles AC, Naus CC, Zhu D, Kidder Gm, Dirksen ER,
Sanderson MJ. Intercellular calcium signaling via gap
junctions in glioma cells. J Cell Biol 1992; 118:
195 ^ 201.
3. Goodenough DA, Goliger JA, Paul DL. Connexins,
connexons, and intercellular communication. Annu
Rev Biochem 1996;65:475 ^ 502.
4. Willecke K, Eiberger J, Degen J, et al. Structural and
functional diversity of connexin genes in the mouse
and human genome. Biol Chem 2002;383:725 ^ 37.
5. Lee SW,Tomasetto C, Paul D, Keyomarsi K, Sager R.
Transcriptional downregulation of gap-junction proteins blocks junctional communication in human mammary tumor cell lines. J Cell Biol 1992;118:1213 ^ 21.
6. Janssen-Timmen U, Traub O, Dermietzel R, Rabes
HM, Willecke K. Reduced number of gap junctions in
rat hepatocarcinomas detected by monoclonal antibody. Carcinogenesis 1986;7:1475 ^ 82.
7. Mesnil M. Connexins and cancer. Biol Cell 2002;94:
493 ^ 500.
8. Asamoto M, Toriyama-Baba T, Krutovskikh V, Cohen
SM, Tsuda H. Enhanced tumorigenicity of rat bladder
squamous cell carcinoma cells after abrogation of
gap junctional intercellular communication. Jpn J
Cancer Res 1998;89:481 ^ 6.
9. Eghbali B, Kessler JA, Reid LM, Roy C, Spray DC.
Involvement of gap junctions in tumorigenesis: transfection of tumor cells with connexin 32 cDNA retards
growth in vivo. Proc Natl Acad Sci U S A 1991;88:
10701 ^ 5.
10. Muramatsu A, Iwai M, MorikawaT, et al. Influence of
transfection with connexin 26 gene on malignant potential of human hepatoma cells. Carcinogenesis
2002;23:351 ^ 8.
11. Tanaka M, Grossman HB. Connexin 26 gene therapy
of human bladder cancer: induction of growth suppression, apoptosis, and synergy with cisplatin. Hum
GeneTher 2001;12:2225 ^ 36.
12. Pfeffer F, Koczan D, Adam U, et al. Expression of
connexin26 in islets of Langerhans is associated with
impaired glucose tolerance in patients with pancreatic
adenocarcinoma. Pancreas 2004;29:284 ^ 90.
13. Villaret DB, Wang T, Dillon D, et al. Identification of
genes overexpressed in head and neck squamous cell
carcinoma using a combination of complementary
DNA subtraction and microarray analysis. Laryngoscope 2000;110:374 ^ 81.
14. Kanczuga-Koda L, Sulkowski S, Koda M, Sulkowska
M. Alterations in connexin26 expression during colorectal carcinogenesis. Oncology 2005;68:217 ^ 22.
15. Tate AW, Lung T, Radhakrishnan A, Lim SD, Lin X,
Edlund M. Changes in gap junctional connexin iso-

