
REVIEW Open Access

Emerging roles of gap junction proteins
connexins in cancer metastasis,
chemoresistance and clinical application
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Abstract

Connexin, a four-pass transmembrane protein, contributes to assembly of gap junctions among neighboring cells
and thus facilitates gap junctional intercellular communication (GJIC). Traditionally, the roles of connexins were
thought to mediate formation of hemichannels and GJIC assembly for transportation of ions and small molecules.
Many studies have observed loss of GJIC, due to reduced expression or altered cytoplasmic localization of
connexins, in primary tumor cells. Connexins are generally considered tumor-suppressive. However, recent studies
of clinical samples suggested a different role of connexins in that expression levels and membrane localization of
connexins, including Connexin 43 (Cx43, GJA1) and Connexin 26 (Cx26, GJB2), were found to be enhanced in
metastatic lesions of cancer patients. Cx43- and Cx26-mediated GJIC was found to promote cancer cell migration
and adhesion to the pulmonary endothelium. Regulatory circuits involved in the induction of connexins and their
functional effects have also been reported in various types of cancer. Connexins expressed in stromal cells were
correlated with metastasis and were implicated in regulating metastatic behaviors of cancer cells. Recent studies
have revealed that connexins can contribute to cellular phenotypes via multiple ways, namely 1) GJIC, 2) C-terminal
tail-mediated signaling, and 3) cell-cell adhesion during gap junction formation. Both expression levels and the
subcellular localization could participate determining the functional roles of connexins in cancer. Compounds
targeting connexins were thus tested as potential therapeutics intervening metastasis or chemoresistance. This
review focuses on the recent findings in the correlation between the expression of connexins and patients’
prognosis, their roles in metastasis and chemoresistance, as well as the implications and concerns of using
connexin-targeting drugs as anti-metastatic therapeutics. Overall, connexins may serve as biomarkers for cancer
prognosis and as therapeutic targets for intervening metastasis and chemoresistance.
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Background
Cancer is the second leading cause of mortality world-
wide [1]. While early-diagnosed cancer patients are pos-
sible for curative surgery and favorable long-term
survival, patients diagnosed with metastasis have much
lower survival rates [2]. Hence, metastasis accounts for
about 90% of cancer-related death [3]. Metastasis is a
multi-step process termed invasion-metastasis cascade
[4]. During metastasis, cancer cells need to escape from

their primary sites, migrate and invade the basement
membrane. After intravasation into the blood or lymph-
atic vessels, cancer cells must survive during circulation,
attach to the endothelium, and transmigrate or extrava-
sate into target organs. Disseminated tumor cells have to
survive and outgrow at target organs, namely to success-
fully colonize, to form metastatic tumors [3].
The family of connexins, or gap junction proteins, con-

tains 21 members in human with shared structural fea-
tures [5, 6]. They consist of one cytoplasmic N-terminus
(AT), two extracellular loops (EL1 and EL2), one cytoplas-
mic loop, four transmembrane domains, and one
C-terminal tail (CT) [5] (Fig. 1a). The amino acid se-
quences of EL1 and EL2 among connexin isotypes are
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highly conserved for hemichannels assembly [5]. In con-
trast, the sequences of the C-terminal tails of different
connexin isotypes are highly variable [5]. Connexins can
assemble into hexamers to form a hemichannel [6] (Fig.
1b). Two hemichannels from two neighboring cells form a
gap junction (Fig. 1c), allowing transmission of small (< 1
kDa) molecules such as ions [7], metabolites [8, 9], and
even anticancer drugs [10]. The gap junction-mediated ex-
change of materials among two neighboring cells is
termed gap junctional intercellular communication (GJIC)
(Fig. 1c).
Connexins may contribute to cellular phenotypes in mul-

tiple ways, namely, 1) GJIC, 2) C-terminal tail-mediated sig-
naling, and 3) cell-cell adhesion during gap junction
formation. Firstly, GJIC allows the direct exchange of ions
and metabolites between neighboring cells [7–9]. For in-
stance, Cx43-GJIC has been reported to promote the trans-
mission of cAMP in MC3T3-E1 pre-osteoblasts [9].
Moreover, GJIC is generally lost in dividing cells [11, 12],
which is critical to avoid transmission of metabolites among
dividing cells and their non-dividing neighbors [13]. Cancer
is a disease of dysregulated cell growth [14], and GJIC is fre-
quently lost in primary tumor cells via reduced expression
and/or cytoplasmic localization of connexins [15–19]. Over-
expressed Cx43 mediated GJIC has been reported to inhibit
tumor growth via facilitating transmission of cAMP [20],
suggesting an inhibitory role of Cx43-GJIC in tumorigenesis.
Secondly, connexins may also inhibit tumorigenesis via their
C-terminal tails interacting with signaling mediators [21].
Thus, both cell surface Cx43 and cytoplasm-localized Cx43
(cytoplasmic Cx43) were considered as tumor suppressors.
This review focuses on the novel role of connexins in me-

tastasis as revealed in recent studies. Cx43 and Cx26 dis-
played increased expression and membrane localization in
metastatic lesions [18, 19]. Cx26-mediated GJIC was found
to facilitate cancer cell detachment from one another via
reducing cell adhesion molecules, leading to enhanced

cancer cell migration as single cells [22]. On the other
hand, Cx43-mediated GJIC was found to facilitate cancer
cell adhesion to endothelial cells, leading to enhanced ex-
travasation and metastasis [23–29]. The role of other con-
nexins or their isotypes expressed in cancer stroma was
reported in relatively fewer studies. In addition, cytoplasmic
connexins-mediated signaling and connexins-mediated
GJIC were found to regulate chemoresistance of cancer
cells. Connexins are thus also capable of promoting cancer
progression and suggested as potential biomarkers for can-
cer prognosis and as therapeutic targets against cancer me-
tastasis and chemoresistance.

Connexin 43
The suppressing roles connexin 43 in tumorigenesis
Cx43 is one of the most studied connexin isotypes in
cancer, and has been reported to play suppressive roles
in tumorigenesis via GJIC or C-terminal tail-mediated
signaling. Firstly, Cx43-GJIC was found to facilitate the
transmission of cAMP, leading to increased p27 levels
and reduced tumor growth [20]. Thus, Cx43-GJIC has
been known to play an inhibitory role in tumorigenesis.
Secondly, cell surface and cytoplasmic Cx43 may sup-
press tumor growth via their C-terminal tails that are
capable of interacting with signaling mediators. The
C-terminal tail (261–319) of Cx43 has been found to
interact with β-catenin [30]. Cell surface Cx43 has been
shown to colocalize with β-catenin at the contact areas
of neighboring cells [31]. The binding of cell surface
Cx43 and β-catenin reduced the amount of free
β-catenin available for Wnt signaling, leading to regula-
tion of cyclin D1 and anti-apoptotic Bcl-2, and reduced
cell proliferation [31]. Similarly, the cytoplasmic Cx43
overexpressed in HT29 cells has been reported to
co-immunoprecipitate with β-catenin and inhibit Wnt
signaling [21]. Overexpression of cytoplasmic Cx43 in
U251 and T98G glioma cells reduced the levels of

a b c

Fig. 1 The assembly of connexins into gap junctions. a The topology of a gap junction protein (connexin). A connexin contains a cytoplasmic N-
terminus (AT), four transmembrane domains, two extracellular loops (EL1 and EL2), a cytoplasmic loop, and a cytoplasmic C-terminal tail (CT). b
Connexins assemble into hexamers to form a hemichannel. c Docking of two hemichannels from two neighboring cells forms a gap junction.
The exchange of small (< 1 kDa) molecules mediated by gap junctions is called gap junctional intercellular communication (GJIC)
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anti-apoptotic Bcl-2 [32]. Overexpression of cytoplasmic
Cx43 was found to reduce the proliferation of LH7 lung
cancer cells and HT29 colon cancer cells [21, 33]. Thus,
both cell surface and cytoplasmic Cx43 can play sup-
pressive roles in cell growth via interacting with cyto-
plasmic signaling mediators.
The suppressing role of cell surface and cytoplasmic

Cx43 was supported by studies of primary tumor tissues
from cancer patients. In primary tumors, GJIC was gen-
erally found lost [15–17]. One possible way leading to
loss of GJIC is by downregulation of connexin expres-
sion. For instance, lack of Cx43 expression was found in
almost all primary melanoma tumors [34]. On the other
hand, loss of GJIC could also be caused by cytoplasmic
localization of connexins [18, 35]. In gastric cancer,
Cx43 was only expressed in the cytoplasm of most pri-
mary tumor cells and was reversely correlated with
lymph node metastasis [19]. Similar results were also re-
ported in pancreatic cancer [36] and lung cancer [33,
37]. In certain tumors where Cx43 is detected at the cell
surface, the levels of Cx43 were reversely correlated with
lymph node metastasis and prognosis [38, 39] (Table 1).
The above studies suggested the inhibitory roles of Cx43
in tumorigenesis.
In addition, it is unclear the reason leading to the de-

fect of Cx43 membrane trafficking in primary tumor
cells. In myocardial cells, oxidative stress was found to
inhibit the membrane trafficking of Cx43 [40]. While
oxidative stress is known to be closely related to carcino-
genesis [41, 42], factors leading to the defect of the Cx43

membrane trafficking in primary tumor cells are still
unclear.

Increased expression and membrane localization of
connexin 43 in metastatic lesions
While examination of Cx43 levels in primary tumor tis-
sues revealed a tumor-inhibitory role of Cx43, increased
expression and membrane localization of Cx43 in meta-
static lesions were reported in studies of multiple cancer
types. In a study of breast cancer, the expression and
membrane localization of Cx43 in metastatic lymph
nodes were increased relative to their paired primary
breast tumors [18]. In some cases, Cx43-positive meta-
static lymph nodes were found in patients with
Cx43-negative primary tumors [18]. Increased Cx43
mRNA levels were also found in metastatic tissues than
their primary breast tumors [43–45]. Similar results
were reported in studies of gastric cancer and melanoma
[29, 34] (Table 1). The above studies suggested the po-
tential involvement of cell surface Cx43 in metastasis.

Connexin 43-mediated GJIC enhances cell-cell adhesion
and extravasation
An important feature differentiating cell surface from
cytoplasmic connexins is that cell surface connexins are
possible for the formation of gap junctions. Besides facili-
tating the transmission of ions and metabolites, gap junc-
tion can also facilitate cell-cell adhesion [46, 47]. In a tail
vein injection model, Cx43 was induced in the
intra-tumor blood vessels and micro-metastatic foci at
tumor cell-endothelial cell contact areas [23]. Moreover,
functional GJIC was observed among melanoma and
endothelial cells [48]. The Cx43-mediated GJIC was found
to promote cell-cell adhesion. Overexpression of wild-type
Cx43 enhanced the adhesion of 4T1 cells to the pulmon-
ary endothelium, while decreased adhesion was observed
in 4T1 cells overexpressing dominant-negative Cx43 mu-
tant (Cx43-G138R) [23]. Similar results were found using
a zebrafish model in that knockdown of Cx43 in 4T1 cells
inhibited their extravasation in the brain and brain
colonization [24]. In a chicken embryo metastasis model,
treatment with gap junction inhibitor carbenoxolone
(CBX) inhibited the brain metastasis of 4T1 cells injected
into the main chorioallantoic membrane (CAM) vein of
14 days old chicken embryo [24]. Taken together, the
above studies suggested that Cx43-GJIC promoted the ad-
hesion of 4T1 cells to the endothelial cells, leading to en-
hanced extravasation and metastasis (Fig. 2a).
The promoting role of Cx43-GJIC in cell-cell adhesion

and metastasis were also reported in prostate cancer,
gastric cancer, and glioma cells. The PC-3 prostate can-
cer cells showed higher Cx43 levels and GJIC versus
LNCaP prostate cancer cells [49]. Overexpression of
Cx43 in LNCaP cells enhanced their GJIC, cell adhesion

Table 1 Cx43 expression in clinical samples and its correlation
with patients’ clinical outcomes

Cancer Type Clinical manifest Ref.

Cx43 in primary tumor tissues

Gastric Cytoplasmic Cx43; reversely correlated
with lymph node metastasis

[19]

Pancreatic Cytoplasmic Cx43; reversely correlated
with lymph node metastasis

[36]

NSCLC Cytoplasmic Cx43; reversely correlated
with lymph node metastasis

[33, 37]

Laryngeal cancer Cell surface Cx43; reversely correlated
with lymph node metastasis, 5-year
overall survival, and recurrence

[38, 39]

Cx43 in metastatic lesions

Breast Cell surface Cx43; increased expression
and membrane localization in lymph
node metastases

[18]

Melanoma Cx43 mRNA; elevated expression in
metastatic tissues

[34]

Gastric Cx43 mRNA; elevated expression in
metastatic peritoneal tissues

[29]

Breast Cx43 mRNA; elevated expression in
metastatic tissues

[43–45]

NSCLC Non-small cell lung cancer
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and invasion in vitro [25]. Moreover, in an intratibial in-
jection mouse model, LNCaP cells overexpressing Cx43
showed elevated tumor incidence and osteolysis versus
LNCaP cells expressing empty vector [25]. Conversely,
knockdown of Cx43 in PC-3 cells inhibited wound heal-
ing migration and transwell invasion, while their prolif-
eration abilities were unaffected [49]. In C6 glioma cells,
overexpression of wild-type Cx43 promoted GJIC,
cell-cell adhesion, invasion in vitro, and parenchymal in-
vasion in vivo [26–28]. In contrast, overexpression of
the C61S mutant of Cx43, which was unable to form
gap junctions, did not enhance the cell-cell adhesion
and parenchymal invasion [26]. In addition, the promot-
ing effects of Cx43 in cell invasion were further im-
proved when C6 cells were co-cultured with astrocytes
[27]. In another study, Oliveria et al. showed that GJIC
was required for the heterocellular coupling of glioma
cells and astrocytes [28]. GL15 glioma cells expressing
higher Cx43 levels displayed increased migration and
heterocellular coupling with astrocytes than the lower
expressing 8-MG glioma cells [28]. Treatment of GL15
cells with gap junction inhibitor CBX inhibited their het-
erocellular coupling with astrocytes and migration ability
[28]. In a study of gastric cancer, wild-type Cx43 en-
hanced the diapedesis of BGC-823 and SGC-7901 gastric
cancer cells, while the GJIC-defective mutant (T154A)
did not [29]. Pre-treatment with gap junction inhibitor
CBX inhibited the promoting effect of Cx43 on

trans-mesothelial migration [29]. All these studies sug-
gested that Cx43-GJIC enhanced cell-cell adhesion and
extravasation during invasion and metastasis (Fig. 2a).

Carboxyl-terminal tail of connexin 43 promotes cell
migration via p38
Cx43, on the other hand, could also promote cancer migra-
tion in a GJIC-independent pathway. In the study by Behrens
et al., expression of the C-terminal tail of Cx43 (CX43-CT)
only did not increase the cell-cell coupling between HeLa
cervical cancer cells, yet was sufficient to increase their p38
activity and migration [50]. Treatment with p38 inhibitor
SB-203580 abolished the migration-promoting activity by
Cx43-CT [50]. Similarly, knockdown of Cx43 abolished low
dose γ-radiation-induced p38 activation, migration, and inva-
sion in U87 and BMG-1 glioma cells [51]. The above studies
suggested that Cx43 was inducible by low dose γ-radiation,
leading to enhanced p38 activation and cell migration via
Cx43 C-terminal tail (Fig. 2a).
Taken together, Cx43 may affect cancer behaviors via

at least three different ways. Cx43-GJIC can facilitate
not only the exchange of ions and metabolites but also
cell-cell adhesion [46, 47]. Besides, the C-terminal tail of
Cx43 interacting with various proteins may regulate sig-
naling pathways such as Wnt signaling and p38, leading
to reduced proliferation or enhanced migration [21, 50].
In addition, while GJIC is essential for the direct com-

munication between neighboring cells, hemichannel is

a

b

Fig. 2 Functional roles and regulatory circuits of Cx43 in tumor progression. a The role of cytoplasmic Cx43-mediated effects or Cx43-GJIC in
metastasis. b Transcription factors and microRNAs involved in the regulation of Cx43 expression
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involved in the paracrine release of ions and metabolites
[13]. So far there have been very few reports on the he-
michannels in cancer cells. With that being said, indirect
evidence has suggested the potential role of Cx43 hemi-
channels in cancer. Antibodies targeting the EL2 region
of Cx43 have been found to inhibit Cx43 hemichannel
but not GJIC [52]. Treatment with the monoclonal anti-
body targeting the Cx43-EL2 (MAbE2Cx43) decreased
tumor burden and increased survival of BALB/c mice
[53]. The above study suggested the potential role of
Cx43 hemichannel in tumor growth. In 3T3 fibroblasts,
Cx43 hemichannels have been found to promote the re-
lease of NAD+ and cyclic ADP-ribose, leading to in-
creased proliferation [54]. Thus, it is speculated that
Cx43 hemichannel in tumor cells may facilitate the re-
lease of NAD+, leading to enhanced tumor growth [55,
56], however, further investigation is needed.

MicroRNAs that regulate metastatic behaviors of cancer
cells via targeting connexin 43
Several microRNAs, including miR-200a, miR-206, and
miR-381, were reported to regulate Cx43 expression in
breast cancer cells. Cx43 in MDA-MB-231 cells was
found to be targeted by miR-200a, which was decreased
in metastatic breast cancer tissues [45]. Overexpression
of Cx43 in MCF7 cells promoted their migration ability,
which was abrogated by miR-200a [45]. In triple negative
breast cancer MDA-MB-231 cells, Cx43 was found to be
targeted by miR-206, resulting in the inhibition of cell
adhesion [57]. Similar results were reported by another
study that miR-206 inhibited the expression of Cx43, mi-
gration, and invasion in MCF-7 cells, while inhibition of
miR-206 in MDA-MB-231 cells enhanced Cx43 expres-
sion, migration, and invasion [44]. In vascular smooth
muscle cells, miR-206 induced by myocardin, the master
regulator of smooth muscle gene expression [58], inhib-
ited the expression of Cx43 [59]. In MDA-MB-231 cells,
miR-381 indirectly inhibited Cx43 expression by target-
ing Cx43 promoter-binding transcription factor C/EBPα,
leading to decreased cell migration [43] (Fig. 2b).

The transcriptional regulation for connexin 43 expression
As described above, the expression of Cx43 was found to be
increased in metastatic lesions [18, 19, 29, 34, 43–45, 60]. An
important question would be what factors lead to the induc-
tion of Cx43 during metastasis. A number of studies revealed
that Cx43 expression was transcriptionally regulated by Snail
and Twist, which are known to be transcription fac-
tors activated at late stages of tumor progression [24].
Reciprocal regulation of Cx43 and Snail-1 expression
was found in epithelioid prostate cancer cells [61]:
overexpression of Snail enhanced Cx43 levels and
trans-endothelial migration, whereas depletion of
Cx43 inhibited Snail-1 expression and migration. In

another study, expression of Twist, a key transcription
factor regulating epithelial-mesenchymal transition
(EMT) [62], enhanced Cx43 expression, extravasation
and micro-tumor formation in the brain [24]. Knock-
down of Twist reduced Cx43-mediated GJIC and
micro-tumor formation [24]. The above studies sug-
gested the involvement of Snail and Twist in the in-
duction of Cx43 expression (Fig. 2b).

Connexin 26
Cytoplasmic connexin 26 is correlated with lymph node
metastasis and poor prognosis
In primary tumor tissues of multiple cancer types, cyto-
plasmic Cx26 was found to be the predominant form of
Cx26 [63–66]. Opposite to Cx43 described above, cyto-
plasmic Cx26 has been found to be correlated with
tumor progression and poor prognosis. In a study of
breast cancer, cytoplasmic Cx26 levels in breast tumor
tissues were correlated with lymphatic vessel invasion
and poor relapse-free survival [63]. In colorectal cancer,
high cytoplasmic Cx26 levels in primary tumors were as-
sociated with venous invasion, lung metastasis and poor
disease-free survival [64]. In follicular thyroid cancer,
cytoplasmic Cx26 expression was also found to be asso-
ciated with lymph node metastasis [65]. In papillary thy-
roid cancer, tumors with higher Cx26 levels showed a
higher incidence of intra-glandular dissemination [65].
Likewise in esophageal squamous cell carcinoma (ESCC)
tissues, high Cx26 levels were correlated with the high
incidence of lymph node metastasis and poor patients’
survival [66]. High Cx26 mRNA levels in primary tu-
mors were correlated with poor survival in melanoma
and recurrence in breast cancer [24]. Together, the
above studies suggested that cytoplasmic Cx26 in pri-
mary tumor cells may play a role in promoting metasta-
sis (see Table 2).

Cytoplasmic connexin 26 promotes tumor growth, EMT,
and invasion
The role of cytoplasmic Cx26 was investigated in a study
of NSCLC. Cx26 was found to be the predominant iso-
type of connexin in NSCLC cells [67]. In HCC827 and
PC9 human lung adenocarcinoma cells, endogenous or
overexpressed Cx26 was localized in the cytoplasm and
thus cannot form functional GJIC [67]. Overexpression
of Cx26 promoted tumor growth, EMT (reduced
E-cadherin; elevated Vimentin and Slug), migration, and
invasion in part via the PI3K/Akt pathway [67].
Conversely, knockdown of Cx26 reversed EMT, leading
to reduced migration and invasion in gefitinib-resistant
sublines of HCC827 and PC9 cells [67]. Thus, this study
suggested a promoting role of cytoplasmic Cx26 in
tumor growth, EMT and cancer cell invasion via activat-
ing PI3K/Akt pathway (Fig. 3).
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Increased expression and membrane localization of
connexin 26 in metastatic lesions
On the other hand, similar to Cx43, increased expression
and membrane-localization of Cx26 was found in meta-
static lesions [18, 64]. In colorectal cancer, elevated Cx26
levels were found in lung metastatic lesions in comparison
with their paired primary tumors [64]. In breast cancer,
the expression of Cx26 was increased in metastatic lymph
nodes as compared to paired primary tumors [18]. Im-
portantly, the cell surface Cx26 was only found in meta-
static lesions of breast cancer [18]. However, the clinical
correlation of cell surface Cx26 with metastasis and prog-
nosis needs further study (see Table 2).

Connexin 26-mediated GJIC promotes migration as single
cells via reducing cell-cell adhesion
As previously described, cell surface connexins are capable
of forming gap junctions. The promoting role of
Cx26-GJIC in metastasis was first described in the study by
Akihiko et al. In this study, Cx26 was found to be overex-
pressed in the metastatic subline (BL6) of B16 mouse mel-
anoma cells, as compared to the non-metastatic subline
(F10) [68]. Ectopic expression of Cx26 enhanced the metas-
tasis of F10 cells [68]. On the other hand, expression of the
Cx26-C60F mutant, which caused a dominant-negative ef-
fect on Cx26-mediated GJIC [69], inhibited the metastasis
of BL6 cells [68]. Thus, Cx26-mediated GJIC was suggested
to promote metastasis (Fig. 3).
Furthermore, a study of cervical cancer revealed the

promoting role of Cx26-GJIC in cancer cell migration.
In HeLa cells, overexpression of wild-type Cx26 led to
enhanced GJIC and a unique migration pattern, which
was not observed in control cells or cells expressing
membrane-localized yet GJIC-defective mutants (R75Y
and T135A of Cx26); wild-type Cx26 overexpressed

Table 2 Cx26/Cx32 expression in clinical samples and their
correlation with patients’ clinical outcomes

Cancer Type Clinical manifest Ref.

Cx26 in primary tumor tissues

Breast Cytoplasmic Cx26; associated with lymphatic
vessel invasion and poor relapse-free survival

[63]

Colorectal Cytoplasmic Cx26; associated with venous invasion,
lung metastasis, and poor disease-free survival

[64]

FTC Cytoplasmic Cx26; associated with lymph node
metastasis

[65]

PTC Cytoplasmic Cx26; associated with high incidence
of intra-glandular dissemination

[65]

ESCC Cytoplasmic Cx26; associated with lymph node
metastasis and poor 5-year survival

[66]

Melanoma Cx26 mRNA; associated with poor survival [24]

Breast Cx26 mRNA; associated with recurrence [24]

Cx26 in metastatic lesions

Breast Cell surface Cx26; increased expression in lymph
node metastases; cell surface Cx26 was only found
in metastatic lesions

[18]

Colorectal Cytoplasmic Cx26; increased expression in lung
metastatic lesions

[64]

Cx32 in primary tumor tissues

HCC Cx32 mRNA; reversely correlated with histological
grade and lymph node metastasis

[78]

Cx32 mRNA; associated with low vascular invasion
and high overall survival rate

[79]

Cx32 in metastatic lesions

Breast Cytoplasmic Cx32; increased expression in
metastatic lymph nodes

[70]

FTC Follicular thyroid cancer, PTC Papillary thyroid cancer, ESCC Esophageal
squamous cell carcinoma, NSCLC Non-small cell lung cancer, HCC
Hepatocellular carcinoma

Fig. 3 Functional roles of Cx26 and Cx32 in tumor progression
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HeLa cells tended to separate from one another and mi-
grated as single cells [22]. Thus, only the wild-type but
not mutant Cx26 enhanced the migration of HeLa cells
[22]. Moreover, HeLa cells overexpressing Cx26 showed
decreased N-cadherin, which was suggested as the major
adhesion molecule for the HeLa cells [22]. Overexpres-
sion of N-cadherin in HeLa cells partially reversed the
migration activity enhanced by Cx26 overexpression
[22]. Thus, Cx26-GJIC seemed to promote migration as
single cells via reducing cell-cell adhesion (Fig. 3).
It seemed paradoxical that Cx26-GJIC can promote

cell migration, a process known to involve the disrup-
tion of GJIC [22]. Polusani et al. speculated that
Cx26-GJIC might be involved in transient contact of
cancer cells with surrounding tissues, leading to en-
hanced cell migration as single cells by reducing
N-cadherin [22], yet further studies are needed to re-
solve this paradox. The Cx26-GJIC seems to partici-
pate in a special function of metastatic cancer cells.
In contrast, cytoplasmic Cx26 may promote tumor
growth, EMT, migration, and invasion via PI3K/Akt
pathway [67], suggesting the broad involvement of
cytoplasmic Cx26 in multiple functions of tumor
progression.

Connexin 32
Cytoplasmic connexin 32 promotes proliferation,
migration and metastasis
Similar to cytoplasmic Cx26, cytoplasmic Connexin 32
(Cx32, GJB1) was found to play promoting roles in me-
tastasis. Cx32 expressed in breast tumors was found to
be localized in the cytoplasm, and increased levels of
Cx32 were observed in metastatic lymph nodes versus
primary tumors [70]. Cytoplasmic Cx32 was also found
in primary liver tumors [71]. In Huh7 hepatoma cells,
overexpressed Cx32 was found to be exclusively local-
ized in the cytoplasm [72]. Overexpression of Cx32 in
Huh7 cells promoted the proliferation, migration, inva-
sion in vitro, and metastasis in an intrahepatic mouse
model [72] (Fig. 3). However, how cytoplasmic Cx32
promoted metastatic behaviors of Huh7 cells remains to
be elucidated.

Connexin 32-mediated GJIC inhibits migration via
enhancing cell-cell aggregation
Unlike Cx26-GJIC, Cx32-GJIC was reported to inhibit
cancer migration. In HeLa cervical cancer cells, overex-
pression of Cx32 increased GJIC and cell-cell aggrega-
tion, leading to decreased migration and invasion [73].
Treatment of GJIC inhibitor oleamide partially reversed
the cell aggregation enhanced by Cx32, resulting in in-
creased cell migration and invasion [73]. In the same
study, they also found that Cx32 independent of GJIC

could promote cell-cell aggregation via activation of p38
and ERK1/2 [73] (Fig. 3).
The expression of Cx32 was reported to play suppres-

sive roles in Caki-1 renal carcinoma (RCC) and
SMMC-7721 hepatocellular carcinoma (HCC) cells,
where overexpression of Cx32 led to increased GJIC [74,
75]. In Caki-1 cells, overexpression of Cx32 decreased in
vitro cell migration and in vivo metastasis in a tail vein
injection model [76]. Cx32 overexpression in Caki-1
cells reduced HIF1α, HIF2α, fibrinolytic factor PAI-1
and Src activation, which were enhanced under hypoxic
incubation [76, 77]. In SMMC-7721 cells, knockdown of
Cx32 enhanced EMT (reduced E-cadherin; elevated
Vimentin and Snail), migration and invasion [78]. In an-
other study, overexpression of Cx32 in SMMC-7721
cells enhanced the acetylation of p53, leading to pro-
longed half-life of p53 [79]. Knockdown of p53 rescued
the migration inhibited by Cx32 overexpression, suggest-
ing that Cx32 inhibited migration of SMMC-7721 cells
via p53 [79]. However, in the above studies, the Cx32
subcellular localization was not characterized.

Connexin 31, 31.1, 46, and 30.3
As Cx43, Cx26, and Cx32 are the most studied connex-
ins in cancer, the roles of other isotypes of connexin in
metastasis were less known. In H1299 NSCLC cells,
overexpressed of Connexin 31.1 (Cx31.1, GJB5) was
found to be localized in the endoplasmic reticulum (ER)
and lysosome [80]. Overexpression of Cx31.1 in H1299
cells inhibited migration and invasion, which were res-
cued by knockdown of Cx31.1 [80]. Inhibited EMT (de-
creased Vimentin and increased Cytokeratin 18) was
also found in H1299 cells overexpressing Cx31.1 [80].
The expression level of Connexin 31 (Cx31, GJB3) was
found to be decreased in primary tumors of papillary
thyroid cancer [81]. Ectopic expression of Cx31 reduced
the migration and invasion of IHH-4 and BCPAP papil-
lary thyroid cancer cells [81]. The above studies sug-
gested the suppressive roles of cytoplasmic Cx31.1 in
migration and invasion, while the subcellular localization
of Cx31 in papillary thyroid cancer cells remains to be
characterized. In addition, Connexin 46 (Cx46, GJA3)
was found to be overexpressed in highly-invasive 95D
than 95C lung cancer cells [82]. In the same study, they
further found that Cx46 was targeted by miR-610, which
inhibited the invasion of 95D cells [82]. This study thus
suggested the promoting role of Cx46 in cancer inva-
sion, while its subcellular localization remains to be
characterized.
Recently, we found that Connexin 30.3 (Cx30.3, GJB4)

promoted tumor growth, stemness and metastasis of
lung cancer cells [83]. Cx30.3 was found to be induced
by IGF-1 and promoted Src activation via receptor tyro-
sine kinase MET in C10F4 and H1650 lung cancer cells,
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leading to enhanced metastasis, chemoresistance, sphere
formation and anchorage-independent growth [83]. We
also found that Cx30.3 had no GJIC function, thus its
oncogenesis promoting functions must be resulted from
other Cx30.3-mediated signaling pathways, however, the
precise subcellular localization of C30.3 remains to be
characterized [83].

Connexins in tumor stroma
Increased connexin 43, 26, and 30 levels in tumor stroma
Although the role of connexins expressed in cancer
cells are well recognized, alteration of stromal con-
nexin levels and their correlation with metastasis is
less studied, yet it could be important as well. Higher
Cx43 levels were found in stromal tissues of tumors
from patients with metastasis (M1) than from patients
without (M0) in colon cancer, suggesting stromal
Cx43 may act as a potential marker for metastasis in
colorectal adenocarcinoma [84]. Similarly, higher
Cx43 levels were found in bone marrow stromal cells
(BMSCs) derived from multiple myeloma patients
than from healthy donors [85]. The expression of
Cx26 and Cx30 (GJB6) was elevated in the epidermal
layers adjacent to tumors from melanoma patients
and was correlated with metastasis [86]. These studies
suggested the potential involvement of stromal con-
nexins in cancer progression and metastasis.

Stromal Cx43 promotes migration and invasion via GJIC
A number of studies further revealed the functional
roles of connexins expressed in stromal cells. Bone
marrow stromal cells directly co-cultured with
RPMI-8226 multiple myeloma cells showed increased
Cx43 expression and GJIC [85]. Enhanced migration
was observed in RPMI-8226 and XG-7 multiple
myeloma (MM) cells when co-cultured with BMSCs
[85]. Treatment with gap junction inhibitor 18-α-gly-
cyrrhetinic acid (18αGA) reduced multiple myeloma
cell adhesion to BMSCs, and partially abrogated their
migration ability enhanced by co-culturing with BMSCs
[85]. In another study, decreased dissemination of
GL261 glioma cells into the brain parenchyma was ob-
served in Cx43-null mice [87]. Moreover, replacement
of the wild-type Cx43 with the GJIC-deficient mutant
(K258stop) in astrocytes inhibited the percentage of in-
filtrative glioma tumor edge [87]. Overall, stromal
Cx43, consistent with the Cx43 in cancer cells de-
scribed above, seems to promote metastasis via GJIC.

Effects of connexins on chemotherapy
Bystander effects mediated by GJIC
As described in the Background section, GJIC allows the
exchange of small molecules (< 1 kDa) between cells. As a
result, antitumor compounds and toxic metabolites were

found to diffuse to neighboring cells via GJIC, increasing
cancer cell death [10]. This phenomenon has been called
the bystander effect [8]. Ganciclovir (GCV) was known to
be converted into a toxic metabolite by thymidine kinase
(TK) and thus eliminating TK-positive (TK+) cells [88]. In
a co-culture system of TK+ and TK− glioma cells, overex-
pression of Cx43 enhanced the bystander effect of TK−

cells killing under GCV treatment [8]. Treatment with
gap junction inhibitor 18αGA abolished the bystander ef-
fect enhanced by Cx43 overexpression [8]. Besides Cx43,
Cx26 and Cx32 can also increase the bystander effect of
C6 glioma cells under TK/GCV treatment [89]. A similar
phenomenon was also observed in cells of esophageal
squamous cell carcinoma (ESCC) [90].
Other than TK/GCV treatment, bystander effects medi-

ated by GJIC were also observed for multiple anticancer
drugs. Ectopic expression of Cx32 enhanced the killing effect
of vinblastine, a tubulin inhibitor and an anticancer drug, for
renal cell carcinoma (RCC) [91, 92]. Treatment with gap
junction inhibitor 18αGA partially abrogated the
vinblastine-induced cytotoxicity in Caki-1 RCC cells, sug-
gesting Cx32 mediated bystander effects through GJIC [93].
Similar results were reported in another study of lung cancer,
where Cx32 was shown to enhance the cytotoxicity of vino-
relbine [94], another tubulin inhibitor and a chemotherapeu-
tic for lung cancer [95]. The cytotoxicity effect by Cx32 was
partially abrogated by treatment with gap junction inhibitor
18αGA [94]. In pancreatic cancer cells, overexpression of
Cx26 led to increased GJIC and thus enhanced the bystander
effects of gemcitabine treatment [10].

The GJIC-independent role of connexins in chemotherapy
Other than GJIC-mediated bystander effects, some stud-
ies reported GJIC-independent roles of connexins in the
efficacy of chemotherapeutics via regulating apoptosis or
PI3K/Akt pathways. In U251 and T98G glioma cells,
overexpressed Cx43 was predominantly localized in the
cytoplasm and nucleus [96]. Overexpression of Cx43 re-
duced the levels of anti-apoptotic Bcl-2, and thus enhanced
paclitaxel- or etoposide-induced apoptosis of U251 and
T98G glioma cells [32]. This etoposide-induced apoptosis
was not significantly affected by inhibition of GJIC, suggest-
ing a GJIC-independent role of Cx43 in promoting
etoposide-induced apoptosis [32]. A similar study also
showed that Cx43 interacted with pro-apoptotic Bax. Over-
expression of Cx43 enhanced the cleaved (active) form of
Bax in sunitinib-treated H28 mesothelioma cells in a
GJIC-independent manner [97]. The gefitinib-resistant sub-
lines of HCC827 and PC9 lung adenocarcinoma cells ex-
hibited increased Cx26 expression but not GJIC [67].
Overexpression of Cx26 in HCC827 and PC9 cells in-
creased the phosphorylation of Akt at Ser473 and gefitinib
resistance, which was reversed by further treatment with
PI3K inhibitor LY294002 [67]. Therefore, connexins may
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play a GJIC-independent role in affecting the efficacy of
chemotherapeutics.

Factors contributing to the variety of connexin-
mediated functions
For a connexin isotype, it may function differently,
sometimes even oppositely, to affect metastasis and che-
moresistance depending on its localization on the
plasma membrane or in the cytoplasm. An important
question is how the localization of connexins is regu-
lated during tumor progression. As the most studied
connexin, Cx43 localization was found to be regulated
by its phosphorylation [98]. As summarized in another
review, multiple Cx43 bands were observed in the
SDS-PAGE of cell lysates and were named according to
their phosphorylation levels, including P0, P1, P2 and P3
[99]. The phosphorylation and localization of Cx43 were
found to be dynamically changing during cell cycle [99].
At G0 stage, Cx43 was found predominantly in cell sur-
face and immunoblotted mainly as P2 isoform [99]. In
contrast, Cx43 was localized in the cytoplasm during mi-
tosis with the appearance of P3 isoform in immunoblot-
ting [99]. Cx43 in colon tumor cells was found to be in
the P0 form, while both P0-Cx43 and P2-Cx43 were
found in normal mucosa cells [21]. In addition, some
studies reported that microtubule polymerization was
required for the trafficking of Cx43 from the cytoplasm
to the cell surface [100, 101]. Treatment with microtubule
polymerization inhibitor colchicine or nocodazole reduced
the membrane trafficking of Cx43 [100, 101]. Similarly,
treatment with nocodazole attenuated the dye transfer of
HeLa cells overexpressing Cx26 [102]. Thus, connexin
phosphorylation and microtubule polymerization could be
altered during carcinogenesis and metastasis, leading to
altered cytoplasmic localization of connexin in primary
tumor cells and increased membrane localization of con-
nexins in metastatic lesions.
Another question is how distinct connexin isotypes

function differently. For instance, cytoplasmic Cx43 was
found to inhibit proliferation [21, 33], while the cyto-
plasmic Cx26 was shown to promote cell proliferation
[67]. As the sequences of C-terminal tails of various
connexin isotypes have low similarity [5], they could
interact with different signaling mediators [103], leading
to various downstream effects. Cx43 was found to re-
duce the levels of anti-apoptotic Bcl-2, leading to en-
hanced cell apoptosis [32]. In contrast, cytoplasmic
Cx26 was found to activate PI3K/Akt pathway, leading
to enhanced tumor formation, EMT, migration, and in-
vasion [67].
As another example, Cx26-GJIC was found to facilitate

cell detachment by reducing N-cadherin [22], while
Cx32-GJIC increased cell-cell aggregation [73]. Similarly,
as the sequences of C-terminal tails of various connexin

isotypes showed low similarity, connexin isotypes may
interact with different proteins on the cell surface [103].
Cx32 was found to interact with tight junction proteins
(occludin and claudin), and Cx32 overexpression was
found to enhance tight junction [104, 105], which was
known to inhibit tumor progression and metastasis
[106]. Thus, it is possible that different adhesion or junc-
tional proteins were regulated by gap junctions of vari-
ous connexin isotypes, leading to different impacts on
cell-cell adhesion. Thus, for the study of a connexin iso-
type, its subcellular localization and interacting partners
in selected cells may be critical in determining its func-
tional roles.

Therapeutic applications of connexins as targets
Compounds against connexins as potential anti-
metastatic drugs
The role of connexins in metastatic behaviors and sensi-
tivity to chemotherapeutics of cancer cells has been in-
tensively studied and has revealed therapeutic potentials
of using connexins as targets to develop drugs against
metastasis and chemoresistance. Metastasis inhibitor-18
(MI-18), a derivative of oleamide inhibiting Cx26-GJIC,
was able to suppress metastasis of BL6 mouse melanoma
cells [107]. Distilled fractions of camellia oil were found
to suppress Cx26-mediated GJIC and spontaneous me-
tastasis of BL6 cells to the lung [108]. In a rat C6 glioma
model, treatment with a monoclonal antibody targeting
the second extracellular loop of Cx43 (MAbE2Cx43) in
combination with or without radiotherapy led to de-
creased tumor burden and increased survival [53]. In an-
other study, Silvia Ferrati and her colleagues developed a
novel connexin-based material with migration inhibitory
activity [109]. In their study, the plasma membrane of
HeLa or MDA-MB-231 cells overexpressing Cx43-YFP
were harvested and processed into vesicles of similar size
by cell blebbing [109, 110], and thus obtained
connexin-rich membrane vesicles were named GJ vesi-
cles [109]. Treatment with those GJ vesicles significantly
reduced the migration of MDA-MB-231 cells [109]
(Table 3).
As described earlier in the Background section, the

sequences of the extracellular loops among various
connexin isotypes are highly similar [111]. Thus, spe-
cificity is a primary concern when targeting the extra-
cellular loops of individual connexins. Instead, drugs
against the cytoplasmic regions of connexins, which
are highly variable among isotypes of connexin [111],
were developed. The αCT-1, a 25 amino acid peptide
drug that mimics a cytoplasmic region of Cx43, en-
tered cells efficiently and bound to the PDZ2 domain
of ZO-1 [112], which has been shown to reduce the
size of gap junctional plaque [113]. Treatment with
αCT-1 competitively inhibited the interaction between
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endogenous Cx43 and ZO-1, leading to increased
Cx43-mediated GJIC [113]. Additionally, αCT-1 has
been used to complete a phase II trial for chronic
venous leg ulcers; treatment with αCT-1 increased
rates of ulcer closure without treatment-related ad-
verse events [114]. Treatment with αCT-1 in MCF7
breast cancer cells enhanced the cytotoxic effects of
tamoxifen [115], a nonsteroidal anti-estrogen for
breast cancer treatment [116]. Similar results were
observed in BT474 breast cancer cells in that αCT-1
treatment enhanced the effectiveness of lapatinib
[115], an anti-cancer drug for breast cancer [117]. A
fusion polypeptide consisting of the cell-penetrating
peptide fused to a different region of the cytoplasmic
tail of Cx43 (Cx43266–283) was also reported to inhibit
activation of Src and FAK via PTEN, leading to de-
creased migration and invasion of glioma cells [118]
(Table 3).
As mentioned above, an important factor determining

the functional roles of connexins is their subcellular

localization, which is regulated, in part, by microtubule
polymerization [100, 101]. Calder et al. developed a cell
penetrating peptide named JM2, which contains the
microtubule binding domain of Cx43 [119]. Treatment
with JM2 inhibited the membrane trafficking of Cx43 in
human umbilical vein endothelial cells (HUVECs) [120]
and body inflammation surrounding silicone implants
[119]. The authors also mentioned the potential usage of
JM2 in cancer treatment [120].

Connexins involved in the anti-metastatic effects of
therapeutics
Connexins were also reported to be involved in the
anti-metastatic effects of different chemotherapeutic
drugs. A recent study found that a substituted quin-
oline, PQ1, increased Cx43 levels at early stages of
tumor formation and decreased Cx46 levels at late
stages of tumor formation [121]. Inhibition of estro-
gen receptor by fulvestrant or 4-OH-tamoxifen re-
duced Cx43 levels and migration of ER-positive
MCF-7 and BT474 breast cancer cells [122]. Ginseno-
side (Rg1) induced the expression of Cx31, resulting
in the decreased proliferation of papillary thyroid can-
cer cells [81] (Table 3). These results suggested that
connexins may be up- or down-regulated in the pres-
ence of certain chemotherapeutics. Based on the pro-
moting or inhibitory role of different connexins
described above, those reagents could potentially be
exploited for connexin-mediated cancer treatment.

Concerns of targeting connexins and potential strategies
In consideration of the multiple roles of cell surface
connexins, targeting cell surface connexins is espe-
cially challenging to serve as an anti-tumor modality.
For primary tumor cells expressing cell surface Cx43,
targeting Cx43 may inhibit their metastatic abilities
yet promote their proliferation. Conversely, forced ex-
pression of cell surface Cx43 in cancer cells may in-
hibit tumor growth yet promote their metastatic
potential. On the other hand, targeting cell sur-
face Cx43 may be considered in patients where pri-
mary tumor cells expressing only cytoplasmic Cx43,
since it has been shown that Cx43 is re-expressed on
cell surface in metastatic tumors [18]. Thus, targeting
cell surface Cx43 may be considered as an
anti-metastasis strategy for those tumors expressing
only cytoplasmic Cx43. In addition, considering that
Cx43-GJIC may facilitate the transmission of chemo-
therapeutics to facilitate bystander effects of the drug,
targeting cell surface Cx43 should not be imple-
mented in combination with treatment of chemo
therapeutics.

Table 3 Novel compounds that target connexins to inhibit
metastasis

Name Cancer
Type

Description Ref.

Metastasis
inhibitor-18
(MI-18)

Melanoma Inhibited Cx26-mediated GJIC
and metastasis.

[107]

Distilled fraction
of camellia oil

Melanoma Inhibited Cx26-mediated GJIC
and metastasis.

[108]

MAbE2Cx43 Glioma A monoclonal antibody targeting
the second extracellular loop of
Cx43. Decreased tumor burden
and increase survival.

[53]

GJ vesicle Breast Connexin-rich membrane vesicle
derived from Cx43-overexpressing
HeLa or MDA-MB-231 cells.
Decreased cell migration.

[109]

αCT-1 Breast A 25 amino acid peptide drug
that mimics a cytoplasmic region
of Cx43. Enhanced Cx43-GJIC,
leading to improved efficacy of
tamoxifen and lapatinib.

[112,
113,
115]

TAT-Cx43266-283 Glioma A cell-penetrating peptide based
on Cx43 (amino acids 266–283).
Inhibited cell migration and
invasion.

[118]

PQ1 Breast Increased Cx43 and decreased
Cx46 expression.

[121]

4-OH-tamoxifen Breast Decreased Cx43 expression and
migration.

[122]

Fulvestrant Breast Decreased Cx43 expression and
migration.

[122]

Ginsenoside PTC Increased Cx31 expression,
leading to decreased cell
proliferation.

[81]

GJIC Gap junctional intercellular communication, PTC Papillary thyroid cancer
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Conclusions
Studies over the past two decades have suggested that
connexins, especially Cx43, Cx26, and Cx32, can serve
as biomarkers for prognosis of metastasis and survival,
as well as acting as essential players in metastasis and
chemoresistance. Importantly, one connexin isotype may
contribute differently, sometimes even oppositely, to
tumor progression and chemoresistance. Thus, a precise
strategy is needed for each patient to avoid unwanted
side-effects. Moreover, GJIC mediated by different con-
nexin isotypes, such as Cx26 and Cx32, may contribute
oppositely to tumor progression. Thus, connexin
isotype-specific GJIC inhibitors instead of pan-GJIC in-
hibitors should preferably be developed. In addition, ex-
cept Cx43, Cx26, and Cx32, other connexins were much
less studied. Further investigation of their functional
roles in cancer could lead to the identification of novel
biomarkers and targets for prognosis and therapeutic de-
velopment against metastasis and chemoresistance.
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