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Abstract
Communication among cells via direct cell-cell contact by connexin gap junctions, or between cell and extracellular
environment via pannexin channels or connexin hemichannels, is a key factor in cell function and tissue homeostasis.
Upon malignant transformation in different cancer types, the dysregulation of these connexin and pannexin channels
and their effect in cellular communication, can either enhance or suppress tumorigenesis and metastasis. In this review,
we will highlight the latest reports on the role of the well characterized connexin family and its ability to form gap
junctions and hemichannels in cancer. We will also introduce the more recently discovered family of pannexin
channels and our current knowledge about their involvement in cancer progression.

Background
Intercellular communication between cells is realized
through gap junction channels formed by connexins
(Cx). In the last decade or so, connexin hemichannels
were identified, which mediate the communication between intracellular and the extracellular microenvironment [1, 2]. It is well documented that gap junctional
intercellular communication is important in mediating
normal cell growth, differentiation, and development. The
roles of non-coupling hemichannels started to emerge [3],
mostly resulting in the disruption of normal homeostasis,
although under mechanical stimulation they mediate the
release of important anabolic factors in bone cells [4, 5].
Among the various types of connexins, mutations of
connexins or loss of functional channels are implicated in
many diseases and disorders, including congenital deafness, skin disorders, cataracts and cancers [6, 7].
Pannexin channels on the other hand (Panx1, 2 and 3), are
a recently discovered family [8] of single membrane channelforming glycoproteins expressed in many organs of the human body [9–11]. Pannexins were first discovered due to
their limited sequence homology to innexins [9] (invertebrate
gap junctions), and were initially proposed as a new family of
mammalian gap junction proteins, complementary to
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connexins [12]. Although their capacity to form gap junctions remains controversial [13, 14], we and others have
shown that their main function is to form large-pore single membrane channels for the release of ATP and other
metabolites important for cellular communication and
autocrine/paracrine signaling [10, 15–19]. Panx1 has
been reported to be ubiquitously expressed in most mammalian cells and tissues [9, 10]. Panx2 is expressed in neurons of the central nervous system and many other tissues
as was recently reported [20]. Panx2 has been linked to
modulation of neuronal commitment, being differentially
expressed in postnatal neural progenitor cells and mature
neurons [21]. Panx3 is expressed mostly in keratinocytes,
chondrocytes and osteoblasts where it regulates cell proliferation and differentiation [9, 18, 19, 22, 23].
Panx1 represents the best characterized member of
the family. Panx1 is N-glycosylated at residue N254 in
the second extracellular loop (EL2) [10, 24], and this
modification regulates its localization in the cell and the
ability of Panx1 to intermix with other pannexins [16].
Six subunits of Panx1 can oligomerize into a hexamer
[24] to form a channel that is thought to be gated closed
by its carboxyl terminal tail (CT), interacting with the
intracellular loop (IL) in a ball-and-chain fashion [25, 26].
The regulation of Panx1 channel opening is not well
understood, but individual cysteine and tyrosine residues
in the intracellular loop of the protein appear to be critical
for Panx1 channel function [27–30]. The large-pore Panx1
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channel can allow passage of molecules of ~1 kDa when
open (500 pS), and it can be activated by voltage, high
extracellular K+, high intracellular Ca2+ and mechanosensitive stimuli among others [17, 31]. Panx1 has been
proposed to have a role in inflammation [32–34].
Additionally, Panx1 channels can be irreversibly opened
by caspase cleavage of the CT, activating the release of
ATP as a ‘find-me’ signal for monocyte recruitment and
clearance of apoptotic lymphocytes [15].
In the current review, we will highlight the most
recent literature on the role of connexins in cancer, and
introduce the more recently discovered pannexin channels
and their proposed function in different cancer types.

Connexins and cancer
Cancer was one of the first pathologies found to be
associated with gap junction channel impairment, and
connexins have long been shown to possess tumor suppressive function [35]. Cx43 as well as other members of
the connexin family such as Cx26 and Cx32 have been
demonstrated to inhibit primary tumor cell progression
when expressed in tumor cells [36–38]. However, connexin expression has been positively correlated with
more invasive cancers and metastases [39, 40]. These
data suggest a more complex, cancer stage-specific function of connexins in cancer progression and metastasis.
Connexin expression is also reported to suppress cancer
behavior and this function is independent of their roles
in forming gap junction and hemichannels [41]. Many
review papers in recent years cover the topics related to
connexin and connexin-forming channels in cell cycle
progression and checkpoint control, cancer cell proliferation and differentiation, cancer microenvironment,
tissue invasion and metastasis, and various cancer
pathologies and therapeutic potentials (for reviews, see
[7, 39, 40, 42–52]). In this review, we primarily focus on
studies published in the last couple of years (Table 1),
particularly concentrating on the underlying mechanisms related to various states of cancer development
and their potential applications in cancer therapeutics.
Connexin channels in cell cycle progression, cell
proliferation and primary cancer growth
Loewenstein and Kanno first postulated that liver cancer
cells were different from normal liver cells in that they
lacked intercellular communication [53]. Since then,
there has been numerous studies dedicated to uncover
the role of gap junctions and connexins in tumor progression (reviewed by [6, 54, 55]). Reduced expression of
connexins and gap junctional communication has been
shown in many tumor types. Clinical studies also report
that deficient or abnormal connexins are frequently
found in tumor tissues and cell lines, such as breast cancer, prostate cancer, lung cancer, and many other cancer
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types [7]. For example, Cx43 was found to be reduced in
breast carcinoma cells obtained from the primary
tumors of breast cancer patients [56]. In some cases,
decreased expression of connexins even occurs in precancerous lesions; Cx43 was found to be highly reduced
in cervical dysplasia, an early stage in malignant transformation [57].
Many studies demonstrate that cancer cells lose their
capability of communication through gap junctions,
leading to the overall assumption that cancer cells do
not communicate. However, the situation is more complicated than originally thought. Some cells completely
lack cell coupling, whereas others exhibit a slight
decrease compared to their normal counterparts [35].
While it is true that the tumorigenic behavior of cells is
not always correlated with a complete lack of cell-cell
communication, the forced inhibition of connexins and
cell coupling, such as knocking down connexin expression, has enhanced the tumorigenicity of carcinoma
cells. In vivo studies demonstrate the tumor suppressive
roles of Cx43 and Cx32, in which mice with decreased expression of Cx43 or Cx32 exhibit increased carcinogeninduced tumor growth in comparison to control wild-type
mice, represented by an increase in number and size of
tumor nodules in the lung [58, 59]. A recent study showed
that ectopic expression of Cx43, not Cx26, suppresses cell
proliferation and anchorage-independent growth, and also
reduces size of melanomas when grown in the chicken
chorioallantoic membrane, a unique ex vivo system to
study cancer growth [60]. Additionally, inhibition of Cx43
gap junctions accelerates proliferation of four different
melanoma cell lines whereas as expected, increased coupling through overexpression of Cx43 reduces cell growth
and melanoma tumor growth in vivo [61]. Increased incidence of lung adenocarcinomas induced by 7,12-dimethylbenzanthracene (DMBA), a carcinogen, was observed in
Cx43 heterozygous knockout mice compared to wild-type
control mice [62]. Active vitamin D3, a chemo-preventive
agent, increases expression and assembly of Cx32 and prevents androgen-induced degradation of Cx32 in human
prostate cancer cells [63]. Additionally, Cx32 gap junctions sensitize cells to the growth inhibitory effect of
vitamin D3. Human cytomegalovirus (HCMV) is highly
prevalent in glioblastoma multiforme (GBM) and in other
tumors, and HCMV downregulates Cx43 protein and disrupts gap junctional coupling, which is thought to be a
mechanism contributing to gliomagenesis [64]. Suppression of tumor growth also depends upon cancer cell types
and context. For example, Cx26 and Cx43 overexpression
in the breast cancer cell line, MDA-MB-231, inhibited
tumor growth in a three-dimensional (3D) environment
[40]. Cx43 exerts different degrees of inhibitory effects on
two breast adenocarcinoma cells, ER+ MCF-7 and triple
negative MDA-MB-231 cells. Interestingly, the effect on

Jiang and Penuela BMC Cell Biology 2016, 17(Suppl 1):12

Page 107 of 150

Table 1 Summary of the most recent progress in our understanding of connexin subtypes in growth and metastasis of various cancers
Connexin

Cancer type

Description

Reference

Cx43

Breast

Different effects on MCF-7 and MDA-MB231 in 2-D and 3-D cell cultures

[65]

Cx43

Breast

Peptide ACT1 increase GJ and impairs cell proliferation/survival

[116]

Cx43

Breast

CM from breast cancer cells decreases Cx43 gap junctions

[96]

Cx43

Gastric cancer cells

Increase in diapedesis and transmigration through intercellular space
between mesothelial cells

[90]

Cx43

Mammalian cancer stem-like cells

miRNA-206 represses pro-apoptotic PDCD4 and Cx43

[76]

Cx43

Prostate

With Snail-1 to repress E-cadherin and promotes EMT, mobility and
invasiveness

[88]

Cx43

Prostate

Cx43 knockdown, not gap junctions inhibits migration/invasion of four
prostate cancer cell lines

[98]

Cx43

Osteosarcoma

miRNA-23a suppresses Cx43

[77]

Cx43

Neuroblastoma & glioma, leukemia

A direct link of Cx43 and CCN in anti-proliferative function

[67]

Cx43

C6 glioma

Cx43 antibody in rats increases survival and even more with radiotherapy

[122]

Cx43

Glioma

Cx43 increases resistance to TMZ via mitochondrial apoptosis pathway

[136]

Cx43

Astrocytomas & glioblastomas

Increased Cx43 expression in human tumors

[125]

Cx43

Brain metastasis

GJ with endothelial cells to promote metastatic lesion

[86]

Cx43

Lung adenocarcinoma

Increased incidence by DMBA in Cx43 heterozygous knockout mice

[62]

Cx43

Non-small Lung cancer

Cx43 reduction as a marker for cisplatin-chemotherapy

[132]

Cx43

Non-small Lung cancer

Cx43 overexpression reverses EMT and cisplatin resistance and deletion
has opposing effects

[134]

Cx43

Glioblastoma multiforme (GBM)

HCMV reduces Cx43 and gap junctions

[64]

Cx43

GBM

Cx43 increased in TMZ-resistant cells by EGFR signaling

[135]

Cx43

Mesothelioma

Increases sensitivity to sunitinib via interaction with Bax

[109]

Cx43

Oral carcinoma

Cx43 correlates as a prognostic biomarker

[130]

Cx43

HBV hepatocellular carcinoma

Cx43 expression correlates with early tumor recurrence and survival

[133]

Cx43

Ras-transformed NIH-3 T3 cell

Cx43 5′ UTP active in transformed cell and 3′ UTP active in normal cell

[72]

Cx32

Prostate

Increased by Vit.D3 and sensitizes cells to growth inhibition by Vit.D3

[63]

Cx32

Pancreatic and prostate cancer

Cx32 C-terminus required for growth and stability of gap junctions

[68]

Cx37

Gastric tumors

Cx37 siRNA negatively correlated with cancer development and promotes
apoptosis

[124]

Cx26

Cervical cancer-HeLa

Redistribute cAMP and blocks cell cycle progression

[69]

Cx46 & Cx43

Glioblastoma cancer stem cell

Cx46, not Cx43 is detected; During differentiation, Cx46 reduced and Cx43
increased

[126]

Cx30 & Cx43

Breast

Cx30 deletion and mutation in human tumors; Cx30/Cx43 as potential
prognostic markers

[128]

2D and 3D cultures of identical cancer cell type is also different [65].
The major effect of connexins and gap junctions on
suppression of primary cancer growth is a result of inhibition of cell cycle progression; however, until now
limited knowledge is gained regarding direct molecular
mechanisms governing the cell cycle cell events in cancer cells. An earlier evidence of the effect of Cx43 on cell
cycle is exemplified in C6 glioma cells, where the restoration of Cx43 inhibits their progression to the S phase of
the cell cycle, owing in part to a reduction of cyclin E
expression and thus, the rate of proliferation [66]. Interestingly, the restoration of Cx43 expression in glioma

cells diminishes c-Src activity. Additionally, a Cx43 mutant lacking its c-Src phosphorylation sites is not able to
inhibit the c-Src activity and does not exhibit decreased
glioma proliferation. This suggests that c-Src phosphorylation on the C-terminal tail of Cx43 is involved in the
anti-proliferative effects. This data suggests that Cx43
and c-Src are mutually regulated by a reciprocal
activation/inactivation loop via protein phosphorylation.
Gellhaus et al. [67] reported a direct link between Cx43
and the growth regulator protein CCN3, which is
involved in the anti-proliferative activity of neuroblastoma, glioma, and chronic myeloid leukemia. FRET analysis and co-immunoprecipitation results establish an
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interaction between CCN3 and the C-terminus of Cx43
in human embryonic kidney epithelial (293 T) cells. Several variants of Cx43 with amino acid deletions were
generated, and the interaction of the Cx43 variants with
CCN3 was analyzed using FRET analysis. A 3D model of
the CCN3/Cx43 interaction complex was constructed,
and CCN3 specifically binds to the C-terminus of Cx43.
The ability of Cx43 to reduce the growth of 293 T cells
was facilitated by its binding with CCN3, leading to an
increase in endogenous CCN3. C-terminus of Cx32 is
shown to be not required for initiation of the assembly
of gap junctions, but for the further growth and stability
in human pancreatic and prostatic cancer cells [68]. A
recent study suggests that the role of Cx26, unlike Cx43
and Cx32, in suppression of cervical cancer derived
HeLa cell growth likely results from a redistribution of
cAMP throughout the cell population. This function
eliminates the cell cycle oscillations due to higher concentration of cAMP required for cell cycle progression
[69]. Tumor cells in G2/M phases of cell cycle are associated with low-dose hyper-radiosensitivity (HRS). A recent study reported that Cx43 downregulation, a feature
of the cell at G2M phase, somehow renders tumor cells
hypersensitive to low-dose radiation occurring at G2M
phase is a major cause of HRS in multiple tumor cells in
vitro [70]. The downreguation of cyclin-dependent kinase 6 by miRNA-124-3p transferred between glioblastoma cells via gap junctions promotes the antiproliferative effect [71]. The different mechanism
involving post-transcriptional regulation of Cx43 is recently reported in H-Ras-transformed cells compared to
non-transformed parental cells; 5′untranslated region
(UTR) is active in Ras-transferred NIH-3 T3 cells while the
3′UTR is active in normal, non-transformed NIH-3 T3 cell
and a regulatory element in the 3′UTR was identified [72].
This study suggests specific regulatory mechanisms in
regulation of connexin expression in cancer cells.
More interestingly, recent studies show that epigenetic
processes play an essential role in regulating connexin gene
expression which includes histone modifications, DNA
methylation and microRNA (see review [73, 74]) A study
shows that downregulation of the microRNA miR218 is
associated with nasopharyngeal carcinoma (NPC), an
Epstein-Barr virus-associated malignancy [75]. Suppression
of miR-218 is related to epigenetic silencing of SLIT2 and
SLIT3, ligands of ROBO receptors involved in tumor
angiogenesis. Moreover, this microRNA directly interacts
with 3′-UTR of Cx43. MicroRNA-206 in mammary cancer
stem-like cells (McCSCs) mediates Zinc-finger transcription factor Kruppel-like factor 4 (KLF4) pro-survival signaling through repression of the pro-apoptotic molecules
programmed cell death 4 (PDCD4) and Cx43 [76].
Another study shows miRNA-23a suppresses Cx43 and
impairs osteoblast differentiation of an osteosarcoma cell
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line [77]. On the other hand, gap junction communication
can mediate the transfer of some microRNAs between
cells. A recent study reported by Suzhi et al. that gap junctions mediates transport of miRNA-124-3p between cells
and enhances the anti-proliferative effect of this miRNA in
two glioblastoma cells [71]. This is a current active research area and more studies are expected revealing the
mechanistic roles of connexins and gap junctions in facilitating the function of miRNAs.

Connexin channels in metastasized cancer cells
and cancer microenvironment
The major questions remain whether connexins are tumor
suppressors or tumor promoters; the situation is much
more complex, and no clear answer can be made thus far.
There are many points to consider. The effect of connexins on tumor progression and behavior depends largely on
endogenous connexin expressed or overexpression of
exogenous connexins on the particular cells and tissue
examined. Furthermore, the inconsistent evidence of connexins’ role in cancer reflects the complexity of developmental stages of cancer progression and metastasis. The
existence of a correlation between connexin expression
and the invasive potential, as opposed to the lack of connexin expression in the earlier proliferation period of cancer progression points to a specific function of connexins
during cancer development and metastasis. For example,
Cx43 has a multifaceted function depending upon the
stages of cancers; with low expression in primary tumor
and high expression in metastasized tumor. Cx43 is
involved in neural crest cell migration as a part of normal
development and that impaired gap junction communication leads to reduced neural crest cell migration [78]. Consistently, in invasive cancers, such as gliomas, increased
Cx43 expression has also been demonstrated to enhance
the cell mobility and invasion [79], which is contrary to
the involvement of Cx43 expression in tumor growth. In
human breast cancer, an earlier study shows that both
Cx26 and Cx43 are upregulated in invasive lesions compared to normal breast cells and cells from non-invasive
lesions, although Cx26 is localized to the cytoplasm,
whereas Cx43 was to intercellular locations [80]. Clinically, increased expression of Cx26 and Cx43 has been discovered in lymph node metastases of breast cancer, as
opposed to primary breast tumors with decreased expression of connexins [81]. A narrow range of low doses
of γ-radiation increases Cx43 expression, activation of p38
MAPK/p21 and glioma cell migration, but has no effect
on cell proliferation, and the activation of p38 is inhibited
by Cx43 knockdown, suggesting Cx43 is an important
mediator in MAPK activation and radiation-induced
secondary malignancies and metastasis [82].
In contrast to the inhibitory effect of connexins in primary tumors, a promoting effect has been found in
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metastatic cancers. Some studies have found that increased gap junction coupling and Cx43 expression contribute to breast cancer adhesion and migration [83].
The establishment of cell-cell communication could be
beneficial in the diapedesis of breast tumor cells during
extravasation through the endothelium. This has been
observed in breast cancer cells, which establish heterotypic gap junctions with endothelial cells [84]. Furthermore, overexpression of Cx43 enhances the adhesion of
the cancer cells to the lung endothelial cells [85]. Breast
cancer cells also use Cx43 to initiate brain metastatic lesions by forming gap junctions with the endothelial cells
in the vasculature, whereas knocking down connexins by
RNAi or pharmacological methods inhibited brain colonization [86]. Plante et al. showed that in a mouse model
expressing mutant Cx43 (G60S mice), there was a delayed onset of palpable mammary gland tumours compared to controls, but an increase in lung metastases,
highlighting the different effects of Cx43 in primary and
secondary tumours [87]. Cx43 levels are well correlated
with Snail-1, a transcription factor which represses
E-cadherin and promotes EMT in prostate cancer cells;
high expression of these two molecules is accompanied
high mobility and elasticity of cancer cells, and the invasiveness features of cancer cells [88].
Cancer metastases could also be promoted with the
aid of heterotypic gap junctions formed between the
migrating cancer cells and the target tissue cells. For
example, the formation of heterotypic gap junctions between a human breast cancer cell line and an osteoblast
cell line has been demonstrated, where the degree of
heterotypic gap junctions relative to homotypic ones
correlated with breast cancer cell metastatic potential
[89]. This data may implicate a mechanism occurring in
breast cancer metastasis to the bone. Heterotypic gap
junction communication between gastric cancer cells
and mesothelial cells appears to play an active role in
peritoneal metastasis. Human gastric cancer cells overexpressing wild-type and gap junction-impaired Cx43
mutant were co-cultured with human peritoneal mesothelial cells, and significant increase in diapedesis and
transmigration of cancer cells through intercellular space
between the mesothelial cells was shown in wild-type
Cx43, not in mutant, expressed cells [90]. The lymphatic
vasculature is a known conduit for metastasis and increased interaction between tumor cells and lymphatic
endothelial cells was thought to play a key role. Adrenomedullin, a peptide hormone promotes this interaction
and increases gap junction coupling [91]. Blockade of
this heterotypical communication prevents the tumor
cells to migrate through the lymphatic monolayer. A
long-range gap junction signaling model in control of
cancer growth from normal host cells was proposed by
which disruption of gap junction coupling farther away
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from oncogene-expressing cells has profound effect in
suppression of tumor incidence [92].
The tumor suppressive effect of connexins has also
been demonstrated in several metastatic cancers. In a
highly metastatic lung cancer cell line, Cx43 expression
was undetected, whereas transfection of Cx43 inhibited
the tumorigenicity of the cells [93]. Similarly, increased
human breast cancer metastatic potential was found to
correlate with decreased Cx43 gene expression and decreased gap junction communication [94, 95].
Tumor microenvironment also impacts connexins and
gap junctions in normal cells. It is known that interaction
with mural cells causes endothelial cells of blood vessels
to become quiescent. However, conditioned media collected from breast cancer cells diminishes gap junctional
coupling between mural cells and endothelial cells, and
downregulates Cx43 in mural cells [96]. Additionally,
tumor implantation also significantly increased tumor
vascularization in heterozygous Cx43 knockout mice.

Channel-independent role of connexins in
primary and metastasized cancer
Several published studies suggest that connexin proteins
influence cell cycle and signaling independently of their
roles in forming gap junctions or hemichannels through
its impact on cell cycle and signaling [97]. A recent
study shows that Cx43 expression in four prostate cancer cells lines is well correlated with metastatic potential;
however, only knocking down Cx43, not inhibition of
gap junction channels, decreases cell migration and invasion [98]. Connexin proteins are reported to affect the
production and activity of many cell cycle regulators, including p27Kip1, cyclin A, cyclin D1, cyclin D2, ERK1/2,
Src, and FGF1 [99–104]. Moreover, the cytoplasmic
C-terminal tail domain of Cx43 alone has been shown
just as effective as the full protein in suppressing neuroblastoma progression possibly through its effects on Src
molecule [105]. Another example of the channelindependent involvement of connexins in tumorigenic cell
signaling and cell cycle was reported by Langlois et al.
[106]. In this study, they examined the effects of Cx43
interaction with the skin tumor suppressor caveolin-1
(Cav-1) in rat epidermal keratinocytes (REK). REK cells
with reduced Cx43 expression exhibited increased
epithelial-mesenchymal transition (EMT) as well as more
invasive features than the control cells. Blocking the gap
junctions with carbenoxolone does not affect the invasive
behavior; thus, connexin channels may not be involved
although carbenoxolone is known to block pannexin
channels as well [107]. This is likely to be caused by the
interaction between the Cx43 C-terminal tail domain and
this interaction is implied to be crucial in suppression of
keratinocyte transformation and invasion. This was also
confirmed in vivo, where the co-localization of Cx43 and
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Cav-1 was reduced in epidermal squamous cell carcinoma
cells. The channel-independent role of connexins has also
been implicated in the regulation of migration and proliferation through its interactions with the actin cytoskeleton. The effects of Cx43 in mediating the regulation of
the actin cytoskeleton was studied in human glioma cells
[108]. Two truncated constructs of Cx43: one lacking the
C-terminal tail domain and one lacking the entire transmembrane domain are used, and there is a similar reduction in the proliferation of glioma cells regardless of
whether the truncated or full length versions of Cx43 are
used. Truncated Cx43 does not alter gap junction coupling and furthermore, Cx43 C-terminal tail domain is
sufficient to promote migration of glioma cells. The
C-terminal tail domain is associated with a lamellipodiatype migration, which implies the involvement of Cx43 in
the regulation of the actin cytoskeleton. Additionally, cell
mobility of glioma cells is not affected by gap junction inhibitors, whereas only cells overexpressing full-length
Cx43, not truncated Cx43 without the C-terminal tail domain increases mobility [79]. A recent study showed that
Cx43 increased sensitivity to sunitinib-induced cytotoxicity in malignant mesothelioma cells, and this effect is independent of gap junctions and is likely exerted through
its direct interaction with apoptotic factor Bax [109]. Cx37
suppresses cancer cell growth and six extracellular cysteine residues involved in gap junctional docking were individually mutated. Of six mutants, three traffic to the
plasma membrane as wild-type Cx37, but none form functional gap junctions and two form hemichannels. However, none of these mutants affect insulinoma (Rin) cell
proliferation [110]. Moreover, by using domain swapping
chimeric mutants, C-terminus and pore-forming domains
are found to be essential to the role of Cx37 in growth
suppression of Rin cells [111].
The effect of Cx43 expression on the regulation of cell
cycle was investigated in HeLa cells transfected with
Cx43 and primary human foreskin fibroblasts (HFF) predominantly expressing Cx43 [112]. 18-α-glycyrrhetinic
acid (GA) was used to reduce gap junctional coupling
but not affect Cx43 expression, and sodium butyrate
(NaBu) or anti-arrhythmic peptide (AAP10) were used
to enhance Cx43 expression in the cells. Using timelapse microscopy, it was discovered that the increase in
Cx43 expression levels delayed mitotic durations, which
corresponded with an accumulation of cells in the G1
phase, leading to a reduction in cell proliferation. This
was linked to the increased expression of p21waf1/cip1,
which is a cell cycle inhibitor. These effects were unrelated to Cx43 channel function. Overall, it is suggested
that the upregulation of Cx43 expression delays the rate
of cell cycle through the delay of G1, thereby increasing
time between mitotic cycles; however, the underlying
mechanism remains largely elusive.

Page 110 of 150

Connexin channels in clinical studies and
potential cancer therapeutics
There are several plausible strategies in the development
of potential therapeutics. The initial attempts to reverse
the lack of gap junctional communication known in
tumorigenic cells were accomplished through chemical
treatments, including retinoids, vitamin D, carotenoids,
and cAMP [113]. By taking an advantage of inclusive
gap junction communication only between tumor cells,
not with surrounding cells, tumor cells were loaded with
Lucifer yellow (LY) and implanted into tumor in situ. By
irradiation with blue light, only tumor cells containing
Lucifer yellow died, not surrounding cells without LY
[114]. Furthermore, these experiments of forced reinduction of gap junction communication between a
tumor cell and a non-tumorigenic cell were able to prevent the growth of transformed cells [115]. Cx43 gap
junctions are reduced in breast cancer and effects have
been made to restore gap junction activity in these cells.
A therapeutic peptide ACT1 enhances Cx43 gap junction function and impairs proliferation or survival of
breast cancer cells [116]. Additionally, combination of
ACT1 with tamoxifen or lapatinib augments the effects
of these drugs on ER+ or Her2+ breast cancer cells,
respectively. However, it is important to note that the
recovery of gap junction coupling does not always automatically entail normalization of the tumor cells. Carbon
monoxide is emerging as a promising molecule to treat
several diseases including cancer. It can directly or indirectly inhibit the function of connexin hemichannels
[117, 118] although the role of hemichannels in cancer
cells is yet to be uncovered. Ganoderma lucidum, an
herbal mushroom increases Cx43 expression and inhibits growth of human ovarian cancer cells, and this
growth inhibition was abrogated by knocking down
Cx43 gene [119]. The bioactive substance sulforaphane
inhibits cancer stem cells in pancreatic ductal adenocarcinoma through the increased Cx43 and E-cadherin
expression, altered activation of several kinases and enhanced gap junction channels [120]. Several lipophilic
statins are suggested as antineoplastic agents. A recent
paper shows that the effect of simvastatin is mediated by
Cx43 gap junctions via inhibition of phosphorylation of
Cx43 by PKC [121]. All these studies implicate Cx43 as
a potential therapeutic target. Indeed, Cx43 antibody
against extracellular loop domain was tested in Wistar
rats with induced C6 glioma [122]. Treatment with this
antibody increased median survival to 39.5 days compared to 28 days without treatment, and combined treatment with radiotherapy increased survival to 60 days.
Antibody against Cx43 E2 domain blocks Cx43 hemichannels [123]; thus Cx43 hemichannels is likely involved in
the growth of glioma cells. In addition to Cx43, small
interfering RNA (siRNA) was used to knockdown Cx37
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expression in subcutaneous gastric tumors in mice [124].
Their results show that the level of Cx37 siRNA is
negatively correlated with gastric cancer development and
reduction of Cx37 expression promotes tumor cell
apoptosis.
Expression of connexin subtypes are differentially
regulated not only during metastasis but also during
self-renewal of cancer cells. Among 131 cases of human
astrocytic tumors, Cx43 was observed in 76.9 % of diffuse astrocytoma and in all cases of anaplastic astrocytoma and glioblastomas [125]. Cx46 was also detected in
glioblastoma cancer stem cells, while Cx43 is predominantly expressed in non-stem cells [126]. Interestingly,
during differentiation, Cx46 is reduced and Cx43 is
increased, and targeting Cx46 reduces stem cell maintenance. Furthermore, by analyzing connexin subtype
expression data of 1809 and 1899 breast cancer from
Affymetrix and illumine arrays, respectively as well as
127 patients with all tumor grades, a correlation was
established; elevated Cx43 protein levels were linked
with improved breast cancer outcome while elevated
Cx30 levels were associated with a reduced disease
outcome [127]. Thus, Cx43 and Cx30 were suggested as
potential independent prognostic markers for breast
cancer. Cx30 gene was deleted in 25.8 % of 751 and mutated in 15 % of 158 gliomas and protein was absent in
28.9 % of 145 tumors [128]. However, consistent with
Cx30 in breast cancer, Cx43 level is inversely correlated
to survival in 2 cohorts of glioblastoma patients. Cx43
was also found to protect glioblastoma cells against
radiation-induced DNA damage. The correlation of expression of adhesion molecules and connexin subtypes is
also investigated in human colorectal cancer; a positive
correlation between Cx26 and Cx32, but not Cx43 and
adhesive proteins in patients without lymph node
metastases while a positive association between Cx43
and E-cadherin with lymph node metastases [129]. Cx43
expression is correlated with oral squamous cell carcinoma and the overall survival time, and is proposed as an
independent prognostic biomarker [130]. In another
study, connexin expression was evaluated in 96 breast
cancer patients before and after neoadjuvant chemotherapy [131]. Cx32 is positively correlated with HER2
expression pre-chemotherapy and with Ki67, a cell proliferation marker, post-chemotherapy, while Cx46 is
negatively correlated with Ki67 and positively with better
survival in both pre- and post-chemotherapy groups,
suggesting that Cx26 and Cx46 could be utilized to assess prognosis and therapeutic outcomes. Reduction of
Cx43 level is also suggested as a reliable marker for the
prediction of cisplatin-based chemotherapy outcome and
prognosis for patients with advanced non-small cell lung
cancer [132]. Cx43 expression is also reported to correlate with early tumor recurrence, disease-free survival
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and overall survival in hepatitis B virus (HBV)-related
hepatocellular carcinoma (HCC), implying Cx43 may
delay early HCC recurrence, metastasis and poor prognosis after radical hepatectomy [133]. Therefore, understanding the specific expression pattern of connexins in
various tumors could help establish new prognostic
biomarkers and offer targeted, specific options for cancer treatment.
Drug resistance is a major challenge for cancer treatment. Cisplatin is a commonly used chemotherapeutic
agents for advanced non-small cell lung cancer, but prolonged treatment acquires resistant due to development
of EMT [134]. Overexpression of Cx43 reverses EMT
and cisplatin resistance whereas Cx43 deletion initiates
EMT and drug resistance. Patients with glioblastoma
multiforme (GBM), an aggressive adult primary brain
tumor with poor prognosis, develop resistance to the
frontline chemotherapy, temozolomide (TMZ) a chemotherapeutic agent. In contrast to the situation in lung
cancer, Cx43 was increased with the formation of cellcell communication in the resistant tumor cells and this
increase was induced by epidermal growth factor receptor (EGFR) activated JNK-ERK1/2-AP-1 signaling [135].
Another related study showed that Cx43 expression in
human glioma cells enhances resistance to TMZ via a
mitochondrial apoptosis pathway by the reduction in
Bax/Bcl-2 ratio and the release of cytochrome C [136].
These studies suggest that reduction of Cx43 could help
sensitize resistant cells to the chemotherapy.
Recently, a new paradigm was proposed by Colin
Green’s laboratory based on the data obtained in chronic
inflammatory disorders and trauma in the eye that protecting, maintaining or restoring cancer vasculature
leads to reduced tumor hypoxia and promotes the survival of normal cells [137]. Given that Cx43 hemichannels are involved in vascular leakage and endothelial cell
death [138], modulation of these channels may provide
an alternative for cancer treatment. Together, with advanced understanding of the mechanism of connexin
and connexin channels in various types and stages of cancer development and metastasis, drugs targeting connexins in cancer cells or/and host normal cells in next phase
of cancer therapy are getting closer to become reality.

Pannexin channels in cancer
There are several examples of human diseases that are
either directly or indirectly linked to pannexins, in particular, Panx1. This is not that surprising given that pannexins are involved in taste sensation, airway defense,
viral infection (HIV), the immune response, ischemic
cell death, seizures, apoptosis and the differentiation of
keratinocytes, chondrocytes, and neurons [139, 140]. Pannexins are also present and play an important role in the
development of several tissues and cell types [139–142]
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and have been implicated in cell proliferation [11, 23, 143],
differentiation [144], and inflammation [32]. Collectively,
trends in pannexin links to disease support the notion that
reduced levels of pannexin channels can be protective
against disease onset and progression. For instance, in
adult mice Panx1 expression has been shown to have a
deleterious effect in neurodegeneration [145], ischemia
[146–148], epileptic seizures [149, 150], and Crohn’s
disease [151]. It is therefore possible that Panx1 expression may be needed at early stages of development, but
needs to be down-regulated in the adult to avoid the
negative effects of its expression in pathological states
including cancer.

Pannexin 1 upregulation or gain-of-function in
cancer
Our current knowledge of Panx1 function in cancer is
limited (see Table 2). However, the majority of published
reports, with three notable exceptions [3, 152, 153]
indicate that amplification or upregulation of Panx1 is
prevalent in cancer cell lines and tumors compared to
normal tissues. In some cases, the knockdown of Panx1
can revert the cancer cells to a more normal phenotype,
as we reported for B16-BL6 mouse melanoma cells,
described in detail below [154]. Other examples include
the human glioma cell line U87-MG that had a significant reduction in proliferation upon Panx1 siRNA
treatment [155]. Similarly, higher expression of Panx1 is
present in human leukemic lymphocytes than in normal T
cells [156]. At the transcript level, Panx1 over-expression
was linked to higher metastatic spread in syngeneic

hepatocarcinoma cell lines of different metastatic abilities
based on microarray analysis [157]. Similarly, amplification and over-expression of Panx1 was reported in
aggressive multiple myeloma cell lines [158]. In tissues,
upregulation or amplification of PANX1 was reported in
human biopsies from most cancer types according to the
analysis of cross-cancer alterations in the 89 cancer studies included on the cBioPortal.org for Cancer Genomics
[159, 160]. However, the Cancer Genome Atlas also
reports some examples of PANX1 deletions present in
human biopsies, indicating that Panx1 expression could
be regulated differently in specific cancer types. At the
protein level, Panx1 expression is listed in 17 out of 20
tumour types (high in colorectal, lung, urothelial and
stomach cancers), and up to 70 % of human melanoma
tumours show high levels of Panx1 protein (Human
Protein Atlas [161]).
The most recent report of the role of Panx1 in cancer
was published by Furlow et al. in the journal of Nature
Cell Biology [162]. In this study, Panx1 was found to be
expressed in many breast cancer cell lines, and a truncated mutant form of Panx1 was particularly enriched in
highly metastatic breast cancer lines like CN-LM1A and
MDA-LM2. The mutation was not found in the less aggressive parental cell lines CN34 and MDA-MB-231.
This mutation (C268T) results in a truncated protein
Panx11–89that only contains the N-terminus, first transmembrane domain and part of the first extracellular loop
of Panx1. This mutant form is not functional on its own
but when co-expressed with full-length Panx1 has a gainof function effect on channel activity [162]. Interestingly,

Table 2 Summary of the current literature on the role of pannexin channels in different cancer types
Pannexin

Cancer type

Description

Reference

Panx1

Breast

Gain of function mutation in PANX1 increases metastasis

[162]

Panx1

Melanoma

Upregulated expression. Knockdown induces re-differentiation

[33, 154]

Panx1

Glioma

Tumour suppressor when overexpressed in Panx1-deficient rat C6
glioma cells, but endogenously expressed in human glioma cell lines.
Accelerates glioma tumor aggregate formation

[153, 181]

Panx1

Glioma

Panx1 siRNA reduces proliferation of U87-MG human glioma cells

[155]

Panx1

Hepatocellular carcinoma

Upregulation linked to cancer spread in aggressive Hca-F cell lines

[157]

Panx1

Multiple myeloma

Gene amplification and upregulation in myeloma cell lines

[158]

Panx1

Colon

Interaction with Liver X receptor β for pyroptotic cell death

[178]

Panx1

Leukemia
Osteosarcoma

Upregulated in leukemic cells compare to T-cells.
Activated by chemotherapy drugs and immunogenic therapy to release ATP

[156, 186]

Panx1

Prostate

Bystander cell killing effect of TMPK/AZT

[185]

Panx1

Gall bladder adenocarcinoma

Downregulated expression in tumours

[3]

Panx2

Glioma

Tumour suppressor overexpressed in C6 glioma cells. Downregulated
in human tumours and positive correlation with patient survival

[179, 183]

Panx2

Hepatocellular carcinoma

Potential tumour suppressor. Methylated in cancer samples

[184]

Panx2

Neuroblastoma

Knockdown in Neuro2a cells increases differentiation

[21]

Panx1, Panx3

Basal and squamous skin cell carcinoma

Downregulated in BCC and SCC tumours compared to normal skin

[152]
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this same mutation had been previously reported in the
Cancer Genome Atlas (TCGA) as K91del in patient biopsies from invasive breast carcinoma [159, 160]. Furlow et
al. elegantly showed that breast cancer cells expressing the
mutant Panx1, increase ATP release in vitro and in vivo
under conditions of membrane stretch where the
mechano-sensitive Panx1 channel is activated. They
propose that this type of activation may occur due to
mechanical deformation of the cells in the microvasculature of secondary organs during metastasis. Cells that
express the mutant Panx1 have a survival advantage in
metastatic progression since the ATP released acts on purinergic receptors (P2Y) to suppress apoptosis and reduce
cell death in those tight spots of the microvasculature.
This study not only described a clear role for Panx1 in
cancer metastasis, but also highlighted the possibility of
using pharmacological inhibition of the Panx1 channel in
mouse models with known channel blockers such as
Carbenoxolone as a new therapeutic option to reduce
breast cancer metastasis [162].

Panx1 in melanoma and links to inflammation
Melanomas account for 80 % of all skin cancer-related
deaths [163], and in spite of recent progress with targeted and immuno-therapies [164] such as BRAF/MEK/
ERK/c-KIT inhibitors, with limited success in long term
disease control [165], there is still a desperate need for
effective treatment options for this highly metastatic
disease [166]. We have previously shown that mouse
melanocytes have low Panx1 expression while the
aggressiveness of isogenic melanoma cell lines [167]
(B16-FO, F10 and BL6) is directly correlated to their
Panx1 levels, with no detectable Panx2 or Panx3 expression [154]. Knocking down Panx1 with shRNA in
aggressive BL6 cells, changed cell morphology into a
normal melanocytic phenotype, increased differentiation
and melanin production, reduced migration and proliferation and affected the expression of malignant markers
such as vimentin [154, 168]. In a chick-chorioallantoic
membrane assay [169–172] (chick-CAM), the mouse melanoma tumors with Panx1 shRNA were significantly
smaller and had less instances of metastasis to the liver
than the aggressive wild-type cells with high Panx1 [154].
We proposed Panx1 as an interesting new target for therapeutic intervention in the fight against melanoma.
Recently, two articles have highlighted the link
between inflammation and melanoma, proposing the
involvement of the Panx1/P2X7 complex as a key regulator [33, 173]. The Panx1/P2X7 complex has been
shown to activate the NLRP3 inflammasome and participate in the release of IL-1β in vitro [34, 174, 175]. It is
known that the NLRP3 inflammasome is constitutively
activated in melanoma cells, and late-stage melanoma
cells can autonomously secrete IL-1β [176]. IL-1β is a
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pro-inflammatory cytokine involved in many processes
including cell proliferation, tissue regeneration and immune regulation. It is also a tumor promoting factor implicated in cancer progression, increasing angiogenesis,
invasion and metastasis (as reviewed by [177]). Additionally, IL-1β may also drive expression of cyclooxygenase2 (COX2) which leads to high levels of prostaglandin E2
[33]. In the proposed model, ATP activates the Panx1/
P2X7 complex to open (in a mutated melanocytic cell)
and allows the cation flow that activates the NLRP3
inflammasome composed of NLR (nucleotide oligomerization domain-like, leucine-rich repeat containing
receptor), ASC (apoptosis associated speck-like protein
containing a caspase recruitment domain (CARD)), and
caspase-1. Activated caspase-1 cleaves and activates the
cytokines (IL-18 and IL-1β). IL-1 can then increase expression of COX-2 and PGE2. Both IL-1β and PGE2 can
be released from the cell to act on the microenvironment. The effects would include increased cell proliferation, angiogenesis, tumor invasiveness and growth, and
recruitment of pro-inflammatory cells. Other mutations
in the melanoma cell alter normal growth cycle feedback, and with this inflammasome activation, may continue to proliferate without control [33]. A caveat to this
model is the possibility that high levels of ATP may do
the opposite and reduce growth and tumorigenicity in
cancer cells as pointed out by Mantel and Harvey [173].
Additionally, this same pathway involving the NLRP3
inflammasome, can result in the activation of cell death
and pyroptosis, which would have the opposite effect.
This alternative route of the NLRP3 signalling model
was shown recently to also involve Panx1 [178]. In colon
cancer cells that express liver X receptors (LXRs), P2X7
receptors and Panx1, it was proposed that the LXR
ligand would bind its receptor and facilitate LXR’s
association with Panx1. This new complex allows the
opening of Panx1 channels to release ATP for autocrine
activation of P2X7 receptors. The P2X7 activation then
leads to NLRP3 inflammasome assembly, and activated
caspase-1 that induces colon cancer cell pyroptosis and
death [178]. In conclusion, Panx1/P2X7 is upstream of
the NLRP3 inflammasome, but two different arms of its
downstream signalling pathway could be either implicated
in tumorigenesis in the case of melanomas, or cell death
in the case of colon cancer cells that express LXRs.

Downregulation of Pannexin expression in cancer
As was mentioned before, even though the majority of
reports in the literature to date point towards an overexpression or amplification of Panx1 in cancer cells and
tumours, there are also important exceptions to this
trend. In fact, one of the first papers involving Panx1
and cancer reported that while Panx1 mRNA was
expressed in primary astrocytes, it was not expressed in
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the C6 rat glioma cell line. Paradoxically, the authors reported four human glioma cell lines (U87, U251, SF188
and SF539) that were all positive for Panx1 at the transcript level, indicating that there might be some differences among species in terms of Panx1 expression in
gliomas. Additionally, when Panx1-GFP was overexpressed in C6 glioma cells [153, 179], it appeared to have
a tumour suppressive effect. These latter findings are
complicated to interpret as we now know that the GFP
tag has a negative effect on the Panx1 channel function
and trafficking [180]. However, it is possible that pannexins may have different roles in different cancer subtypes, as pointed out in the previous section where the
co-expression of additional receptors (such as LXR) may
affect the downstream signaling consequences and result
in different cellular outcomes. Interestingly, these C6 glioma cells stably expressing Panx1-GFP were also used to
demonstrate in a later report, that Panx1 expression can
accelerate the assembly of multicellular tumor aggregates through an interaction with F-actin microfilaments. The formation of these large cellular aggregates
is a key step in glioma progression [181].
A second case of downregulation of Panx1 in cancer
tissues was reported in a review paper by Schalper et al.
[3] where immunohistochemistry of normal human
gallbladder and gallbladder adenocarcinoma with antiPanx1 antibodies indicated a lower expression of Panx1
in tumour cells. Additionally, using Ki67 labeling along
with Panx1 immunostaining, the authors concluded that
Panx1 expression was negatively correlated with proliferation in gallbladder carcinomas [3].
The third example of downregulation of pannexins in
tumours was reported in non-melanoma skin cancer
samples from human biopsies by our collaborators [152].
While Panx1 and Panx3 are expressed in normal adult
human facial skin, their expression is not detectable in
either basal or squamous cell carcinomas immunostained with anti-pannexin antibodies. This apparent
downregulation of Panx1 and 3 in keratinocytic tumours
may indicate a protective role of these pannexins against
keratinocyte transformation [152]. However, it is also
possible that cells that originally express pannexins in
these type of tumours, may go through the keratinocyte
life cycle at a higher rate to proliferate, differentiate and
undergo programmed cell death, and are therefore not
detectable in advanced skin cancer biopsies.

Pannexin 2 as a tumour suppressor
In the pannexin family, Panx2 and Panx3 are not as well
characterized as their more popular and ubiquitously
expressed sibling. Therefore, our understanding of the
role of these two isoforms in cancer is limited. Panx3
plays a role in proliferation and differentiation of cells in
skin, cartilage and bone [182], so we predict that we will
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soon learn more about a potential role for Panx3 in skin
cancer and osteosarcomas. Panx2 has been proposed to
play an important role as a tumour suppressor in brain
tumours and hepatocellular carcinomas (Table 2).
Litvin et al. was the first to publish the initial evidence
of a down-regulation of human Panx2 transcripts in
Affymetrix chip analysis, particularly in astrocytomas,
glioblastoma multiforme (GBM), and oligodendro-gliomas
[183]. Additionally, in Kaplan-Meier survival plots of differential expression of Panx2 in human tumour samples,
there was a positive correlation between Panx2 expression
and patient survival [183].
Lai et al. [179] described the downregulation of Panx2
mRNA in C6 glioma cells, which was consistent with a
reduction or absence of expression in human glioblastoma, glioma and GBM cell lines at the transcript level
compared to normal astrocytes and human brain.
Importantly, the over-expression of Panx2-GFP or
Panx2-HA in C6 cells changed cell morphology, reduced
cell growth and anchorage-independent growth. Overexpressed Panx2-HA or -GFP tagged proteins had a
significant reduction in in vivo tumour growth in nude
mice when compared to controls [179].
Consistent with a potential role as tumour suppressor,
a recent publication listed PANX2 as one of the methylated genes identified by expression profiling and DNA
methylation arrays in hepatocellular carcinomas (HCC)
[184]. In HCC, the hepatocyte growth factor (HGF) upregulates the expression of DNA methyltransferase 1
that results in the hypermethylation and epigenetic repression of potential tumour suppressor genes, including
PANX2. Recently, Le Vasseur et al. demonstrated that
Panx2 expression is not limited to the central nervous
system as was originally proposed, and it was shown to
be expressed in liver among many other organs and tissues [20]. Therefore, it is possible that Panx2 expression
is silenced upon transformation in many tissues.

Chemotherapeutic agents and Panx1 channels
As we discussed earlier, Panx1 is commonly expressed
and even upregulated in many cancer cells. An unexpected side effect of this Panx1 expression, other than
its potential role in cancer progression, is the possibility
that Panx1 channels in the presence of different chemotherapeutic drugs, can actually be exploited to enhance
cancer cell death. One example of this was seen in prostate cancer PC-3 cells engineered by gene therapy to
produce a variant of human thymidylate kinase (TMPK)
that can potentiate the drug azido thymidine (AZT).
Panx1 is necessary for this effective bystander cell killing
of neighbouring cells after suicide gene therapy delivered
by lentivirus [185]. However, the authors propose that
this effect is the result of Panx1 gap junctions between
cells, and the effect is abolished by treatment with
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carbenoxolone. In this case, since the cells express high
levels of Cx43, the observed effect may be due to real
connexin gap junctions, even if not detected as plaques
at the cell surface as was expected by the authors [185].
Some more clear examples of the role of Panx1 channels in the presence of chemotherapeutic drugs were reported by Boyd-Tressler et al. [156] and Martins et al.
[186]. The first group showed upregulation of Panx1 in
leukemic cells compared to normal T-cells. In Jurkat
cells they observed that in the presence of different
chemotherapy drugs that induce apoptosis, Panx1 channels were cleaved by caspase-3 to remove the C-tail
inhibitory fragment and were activated to open and release ATP, ADP and AMP. These nucleotides can also
be released by other Panx1-independent mechanisms,
and are very important as paracrine signals to effector
leukocytes that mediate the immune response against
the dying tumor cells [156]. A similar effect was observed in Panx1-expressing human osteosarcoma cells
(U2OS) and fibrosarcomas (MCA205) that were challenged with immunogenic cell death- inducing antineoplastic agents (oxaliplatin, anthracyclines) [186]. During
cell death, the release of ATP happens in this case,
through a different mechanism that involves lysosomal
exocytosis. The effect of caspases and the opening of
Panx1 channels is required for the translocation of
LAMP1 to the cell surface for ATP release [186].
It is encouraging to think that Panx1 could be used as
a biomarker in different cancers, but also as a conduit of
ATP that assists the process of cancer cell death by
existing chemotherapies, and facilitates immune recognition of the targeted tumour.

Panx1 channel blockers and their potential
therapeutic use in cancer
There are now several compounds that have been reported
in the literature to efficiently block Panx1 channels that
could be used as new therapeutic alternatives. Namely, probenecid (PBN) [180, 187, 188], carbenoxolone [189, 190],
trovafloxaxin (Trova) [191], and mefloquine (MFQ) [192]
have been successfully used in vitro and/or in vivo to close
Panx1 channels with no reported significant side effects.
However, as with any chemical blocker, there are also many
unspecific effects reported that should be taken into account. At present PBN (used in the past for long-term
treatment of gout as it interferes with the organic anion
transporter) is frequently used as Panx1 channel inhibitor
[180, 187]. In fact, PBN has been recently used as an effective adjuvant therapy to sensitize breast cancer cells and enhance bisphosphonate chemotherapy anti-tumor effects
[193]. CBX has also been shown to be specific to Panx1 in
lower doses, because at higher doses (>100 μM) it may also
block connexin hemichannels [180, 187]. MFQ (a malaria
drug), has been used successfully in mice to block Panx1
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[192, 194–196]. Trova is an antibiotic (toxic in high doses)
that has been recently reported to specifically block Panx1
as well [191]. In addition to these compounds, there are
other small molecule inhibitors such as the 10Panx1 peptide
[147, 197] and specific anti-Panx1 antibodies [148] that
have also been widely tested for their inhibitory effects on
Panx1 channel function. These are tools that could be
exploited as different ways of inhibiting the Panx1 channel
that may prove useful as novel treatments in the fight
against different cancers.

Conclusions
Cancer is not a single disease but a term that includes many
different and complex diseases. The role of cellular communication in cancer, facilitated by the connexin and pannexin
families of channel-forming proteins is also of a complex
nature. There are 21 connexins and 3 pannexins in the human genome, making it challenging to generalize about
their overall function in cancer. In very general terms, the
current literature would support a tumour suppressor role
for connexins in early stages of cancer progression, with an
opposing role in late-stage (or advanced) cancer and metastasis. On the pannexin side, the majority of reports point towards a tumour promoting effect of Panx1 expression.
However, this effect may be different for the other pannexin
members, and may also be tissue- and cancer- specific. Our
developing knowledge of the mechanisms that regulate gap
junctions, connexin hemichannels, and pannexin channels
in the different cancer types will allow us to better target
connexins and pannexins as new candidates for therapeutic
intervention.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
JXJ wrote the section on connexins. SP wrote the section on pannexins.
SP edited the drafts, references and tables. Both authors read and approved
the final manuscript.
Declarations
The work was supported by Welch Foundation Grant AQ-1507 and NIH
CA196214 grant to JXJ, and Western Strategic Support (CIHR) #36737 to SP.
Publication charges for this article were funded by Start-up grant R5313A01
to SP.
This article has been published as part of BMC Cell Biology Volume 17
Supplement 1, 2016: Proceedings of the International Gap Junction
Conference 2015. The full contents of the supplement are available
online at http://bmccellbiol.biomedcentral.com/articles/supplements/
volume-17-supplement-1.
Author details
1
Department of Biochemistry, University of Texas Health Science Center, San
Antonio, TX 78229, USA. 2Department of Anatomy and Cell Biology,
University of Western Ontario, London, Ontario N6A5C1, Canada.
Published: 24 May 2016
References
1. Goodenough DA, Goliger JA, Paul DL. Connexins, connexons, and
intercellular communication. Annu Rev Biochem. 1996;65:475–502.

Jiang and Penuela BMC Cell Biology 2016, 17(Suppl 1):12

2.
3.
4.

5.

6.
7.

8.

9.

10.

11.

12.

13.
14.
15.

16.
17.
18.

19.

20.
21.

22.

23.

24.

25.
26.

27.

Goodenough DA, Paul DL. Beyond the gap: functions of unpaired
connexon channels. Nat Rev Mol Cell Biol. 2003;4(4):285–94.
Schalper KA, Carvajal-Hausdorf D, Oyarzo MP. Possible role of hemichannels
in cancer. Front Physiol. 2014;5:237.
Batra N, Burra S, Xia X, Xiang J. Phosphorylation of Cx43 by AKT regulates
the opening of osteocytic hemichannels in response to mechanical
stimulation. Belgium: International Gap Junction Conference; 2011.
Saez JC, Schalper KA, Retamal MA, Orellana JA, Shoji KF, Bennett MV. Cell
membrane permeabilization via connexin hemichannels in living and dying
cells. Exp Cell Res. 2010;316(15):2377–89.
Laird DW. Life cycle of connexins in health and disease. Biochem J. 2006;394(Pt 3):527–43.
Mesnil M, Crespin S, Avanzo JL, Zaidan-Dagli ML. Defective gap junctional
intercellular communication in the carcinogenic process. Biochim Biophys
Acta. 2005;1719(1–2):125–45.
Panchin Y, Kelmanson I, Matz M, Lukyanov K, Usman N, Lukyanov S.
A ubiquitous family of putative gap junction molecules. Curr Biol.
2000;10(13):R473–4.
Baranova A, Ivanov D, Petrash N, Pestova A, Skoblov M, Kelmanson I, Shagin D,
Nazarenko S, Geraymovych E, Litvin O, et al. The mammalian pannexin family
is homologous to the invertebrate innexin gap junction proteins. Genomics.
2004;83(4):706–16.
Penuela S, Bhalla R, Gong XQ, Cowan KN, Celetti SJ, Cowan BJ, Bai D,
Shao Q, Laird DW. Pannexin 1 and pannexin 3 are glycoproteins that exhibit
many distinct characteristics from the connexin family of gap junction
proteins. J Cell Sci. 2007;120(Pt 21):3772–83.
Penuela S, Kelly JJ, Churko JM, Barr KJ, Berger AC, Laird DW. Panx1 regulates
cellular properties of keratinocytes and dermal fibroblasts in skin
development and wound healing. J Invest Dermatol. 2014;134(7):2026–35.
Bruzzone R, Hormuzdi SG, Barbe MT, Herb A, Monyer H. Pannexins, a family of
gap junction proteins expressed in brain. Proc Natl Acad Sci U S A. 2003;
100(23):13644–9.
Dahl G, Locovei S. Pannexin: to gap or not to gap, is that a question?
IUBMB Life. 2006;58(7):409–19.
Locovei S, Bao L, Dahl G. Pannexin 1 in erythrocytes: function without a
gap. Proc Natl Acad Sci U S A. 2006;103(20):7655–9.
Chekeni FB, Elliott MR, Sandilos JK, Walk SF, Kinchen JM, Lazarowski ER,
Armstrong AJ, Penuela S, Laird DW, Salvesen GS, et al. Pannexin 1 channels
mediate ‘find-me’ signal release and membrane permeability during
apoptosis. Nature. 2010;467(7317):863–7.
Penuela S, Bhalla R, Nag K, Laird DW. Glycosylation regulates pannexin
intermixing and cellular localization. Mol Biol Cell. 2009;20(20):4313–23.
Bao L, Locovei S, Dahl G. Pannexin membrane channels are
mechanosensitive conduits for ATP. FEBS Lett. 2004;572(1–3):65–8.
Ishikawa M, Iwamoto T, Nakamura T, Doyle A, Fukumoto S, Yamada Y.
Pannexin 3 functions as an ER Ca(2+) channel, hemichannel, and gap junction
to promote osteoblast differentiation. J Cell Biol. 2011;193(7):1257–74.
Iwamoto T, Nakamura T, Doyle A, Ishikawa M, de Vega S, Fukumoto S,
Yamada Y. Pannexin 3 regulates intracellular ATP/cAMP levels and promotes
chondrocyte differentiation. J Biol Chem. 2010;285(24):18948–58.
Le Vasseur M, Lelowski J, Bechberger JF, Sin WC, Naus CC. Pannexin 2 protein
expression is not restricted to the CNS. Front Cell Neurosci. 2014;8:392.
Swayne LA, Sorbara CD, Bennett SA. Pannexin 2 is expressed by postnatal
hippocampal neural progenitors and modulates neuronal commitment.
J Biol Chem. 2010;285(32):24977–86.
Bond SR, Lau A, Penuela S, Sampaio AV, Underhill TM, Laird DW, Naus CC.
Pannexin 3 is a novel target for Runx2, expressed by osteoblasts and
mature growth plate chondrocytes. J Bone Miner Res. 2011;26(12):2911–22.
Celetti SJ, Cowan KN, Penuela S, Shao Q, Churko J, Laird DW. Implications
of pannexin 1 and pannexin 3 for keratinocyte differentiation. J Cell Sci.
2010;123(Pt 8):1363–72.
Boassa D, Ambrosi C, Qiu F, Dahl G, Gaietta G, Sosinsky G. Pannexin1
channels contain a glycosylation site that targets the hexamer to the
plasma membrane. J Biol Chem. 2007;282:31733–43.
Sandilos JK, Bayliss DA. Physiological mechanisms for the modulation of
pannexin 1 channel activity. J Physiol. 2012;590(24):6257–66.
Sandilos JK, Chiu YH, Chekeni FB, Armstrong AJ, Walk SF, Ravichandran KS,
Bayliss DA. Pannexin 1, an ATP release channel, is activated by caspase
cleavage of its pore-associated C-terminal autoinhibitory region. J Biol
Chem. 2012;287(14):11303–11.
Billaud M, Chiu YH, Lohman AW, Parpaite T, Butcher JT, Mutchler SM,
DeLalio LJ, Artamonov MV, Sandilos JK, Best AK, et al. A molecular signature

Page 116 of 150

28.

29.

30.
31.
32.
33.
34.

35.
36.
37.

38.
39.
40.

41.

42.

43.
44.
45.
46.
47.
48.
49.

50.

51.

52.
53.
54.
55.
56.

in the pannexin1 intracellular loop confers channel activation by the alpha1
adrenoreceptor in smooth muscle cells. Sci Signal. 2015;8(364):ra17.
Bunse S, Schmidt M, Prochnow N, Zoidl G, Dermietzel R. Intracellular
cysteine C346 is essentially involved in regulating PANX1 channel activity.
J Biol Chem. 2010;285(49):38444–52.
Lohman AW, Weaver JL, Billaud M, Sandilos JK, Griffiths R, Straub AC,
Penuela S, Leitinger N, Laird DW, Bayliss DA, et al. S-nitrosylation inhibits
pannexin 1 channel function. J Biol Chem. 2012;287(47):39602–12.
Wang J, Dahl G. SCAM analysis of Panx1 suggests a peculiar pore structure.
J Gen Physiol. 2010;136(5):515–27.
Locovei S, Scemes E, Qiu F, Spray DC, Dahl G. Pannexin1 is part of the pore
forming unit of the P2X7 receptor death complex. FEBS Lett. 2007;581(3):483–8.
Adamson SE, Leitinger N. The role of pannexin1 in the induction and
resolution of inflammation. FEBS Lett. 2014;588(8):1416–22.
Schneider SL, Ross AL, Grichnik JM. Do inflammatory pathways drive
melanomagenesis? Exp Dermatol. 2015;24(2):86–90.
Silverman WR, De Rivero Vaccari JP, Locovei S, Qiu F, Carlsson SK, Scemes E,
Keane RW, Dahl G. The pannexin 1 channel activates the inflammasome in
neurons and astrocytes. J Biol Chem. 2009;284(27):18143–51.
Mesnil M. Connexins and cancer. Biol Cell. 2002;94(7–8):493–500.
Cronier L, Crespin S, Strale PO, Defamie N, Mesnil M. Gap junctions and cancer:
new functions for an old story. Antioxid Redox Signal. 2009;11(2):323–38.
Sato H, Hagiwara H, Ohde Y, Senba H, Virgona N, Yano T. Regulation of
renal cell carcinoma cell proliferation, invasion and metastasis by connexin
32 gene. J Membr Biol. 2007;216(1):17–21.
Nojima H, Ohba Y, Kita Y. Oleamide derivatives are prototypical anti-metastasis
drugs that act by inhibiting Connexin 26. Curr Drug Saf. 2007;2(3):204–11.
Czyz J. The stage-specific function of gap junctions during tumourigenesis.
Cell Mol Biol Lett. 2008;13(1):92–102.
McLachlan E, Shao Q, Laird DW. Connexins and gap junctions in mammary
gland development and breast cancer progression. J Membr Biol.
2007;218(1–3):107–21.
Zhou JZ, Jiang JX. Gap junction and hemichannel-independent actions
of connexins on cell and tissue functions–an update. FEBS Lett.
2014;588(8):1186–92.
Brucher BL, Jamall IS. Cell-cell communication in the tumor microenvironment,
carcinogenesis, and anticancer treatment. Cell Physiol Biochem.
2014;34(2):213–43.
Defamie N, Chepied A, Mesnil M. Connexins, gap junctions and tissue
invasion. FEBS Lett. 2014;588(8):1331–8.
Brandner JM, Haass NK. Melanoma’s connections to the tumour
microenvironment. Pathology. 2013;45(5):443–52.
El-Saghir JA, El-Habre ET, El-Sabban ME, Talhouk RS. Connexins: a junctional
crossroad to breast cancer. Int J Dev Biol. 2011;55(7–9):773–80.
Sin WC, Crespin S, Mesnil M. Opposing roles of connexin43 in glioma
progression. Biochim Biophys Acta. 2012;1818(8):2058–67.
Kandouz M, Batist G. Gap junctions and connexins as therapeutic targets in
cancer. Expert Opin Ther Targets. 2010;14(7):681–92.
Foss B, Tronstad KJ, Bruserud O. Connexin-based signaling in acute
myelogenous leukemia (AML). Biochim Biophys Acta. 2010;1798(1):1–8.
Trosko JE. Gap junctional intercellular communication as a biological
“Rosetta stone” in understanding, in a systems biological manner, stem cell
behavior, mechanisms of epigenetic toxicology, chemoprevention and
chemotherapy. J Membr Biol. 2007;218(1–3):93–100.
Pointis G, Fiorini C, Gilleron J, Carette D, Segretain D. Connexins as precocious
markers and molecular targets for chemical and pharmacological agents in
carcinogenesis. Curr Med Chem. 2007;14(21):2288–303.
Omori Y, Li Q, Nishikawa Y, Yoshioka T, Yoshida M, Nishimura T, Enomoto K.
Pathological significance of intracytoplasmic connexin proteins: implication
in tumor progression. J Membr Biol. 2007;218(1–3):73–7.
King TJ, Bertram JS. Connexins as targets for cancer chemoprevention and
chemotherapy. Biochim Biophys Acta. 2005;1719(1–2):146–60.
Loewenstein WR, Kanno Y. Intercellular communication and the control of tissue
growth: lack of communication between cancer cells. Nature. 1966;209(5029):1248–9.
Naus CC. Gap junctions and tumour progression. Can J Physiol Pharmacol.
2002;80(2):136–41.
Naus CC, Laird DW. Implications and challenges of connexin connections to
cancer. Nat Rev Cancer. 2010;10(6):435–41.
Laird DW, Fistouris P, Batist G, Alpert L, Huynh HT, Carystinos GD,
Alaoui-Jamali MA. Deficiency of connexin43 gap junctions is an
independent marker for breast tumors. Cancer Res. 1999;59(16):4104–10.

Jiang and Penuela BMC Cell Biology 2016, 17(Suppl 1):12

57. King TJ, Fukushima LH, Hieber AD, Shimabukuro KA, Sakr WA, Bertram JS.
Reduced levels of connexin43 in cervical dysplasia: inducible expression in a
cervical carcinoma cell line decreases neoplastic potential with implications
for tumor progression. Carcinogenesis. 2000;21(6):1097–109.
58. Avanzo JL, Mesnil M, Hernandez-Blazquez FJ, Mackowiak II, Mori CM, da
Silva TC, Oloris SC, Garate AP, Massironi SM, Yamasaki H, et al. Increased
susceptibility to urethane-induced lung tumors in mice with decreased
expression of connexin43. Carcinogenesis. 2004;25(10):1973–82.
59. King TJ, Lampe PD. The gap junction protein connexin32 is a mouse lung
tumor suppressor. Cancer Res. 2004;64(20):7191–6.
60. Ableser MJ, Penuela S, Lee J, Shao Q, Laird DW. Connexin43 reduces
melanoma growth within a keratinocyte microenvironment and during
tumorigenesis in vivo. J Biol Chem. 2014;289(3):1592–603.
61. Tittarelli A, Guerrero I, Tempio F, Gleisner MA, Avalos I, Sabanegh S, Ortiz C,
Michea L, Lopez MN, Mendoza-Naranjo A, et al. Overexpression of connexin
43 reduces melanoma proliferative and metastatic capacity. Br J Cancer.
2015;113(2):259–67.
62. de Oliveira KD, Tedardi MV, Cogliati B, Dagli ML. Higher incidence of lung
adenocarcinomas induced by DMBA in connexin 43 heterozygous knockout
mice. Biomed Res Int. 2013;2013:618475.
63. Kelsey L, Katoch P, Ray A, Mitra S, Chakraborty S, Lin MF, Mehta PP. Vitamin
D3 regulates the formation and degradation of gap junctions in androgenresponsive human prostate cancer cells. PLoS One. 2014;9(9):e106437.
64. Khan Z, Yaiw KC, Wilhelmi V, Lam H, Rahbar A, Stragliotto G,
Soderberg-Naucler C. Human cytomegalovirus immediate early proteins
promote degradation of connexin 43 and disrupt gap junction communication:
implications for a role in gliomagenesis. Carcinogenesis. 2014;35(1):145–54.
65. Talhouk RS, Fares MB, Rahme GJ, Hariri HH, Rayess T, Dbouk HA, Bazzoun D,
Al-Labban D, El-Sabban ME. Context dependent reversion of tumor phenotype
by connexin-43 expression in MDA-MB231 cells and MCF-7 cells: role of
beta-catenin/connexin43 association. Exp Cell Res. 2013;319(20):3065–80.
66. Giepmans BN, Hengeveld T, Postma FR, Moolenaar WH. Interaction of c-Src
with gap junction protein connexin-43. Role in the regulation of cell-cell
communication. J Biol Chem. 2001;276(11):8544–9.
67. Gellhaus A, Wotzlaw C, Otto T, Fandrey J, Winterhager E. More insights into
the CCN3/Connexin43 interaction complex and its role for signaling. J Cell
Biochem. 2010;110(1):129–40.
68. Katoch P, Mitra S, Ray A, Kelsey L, Roberts BJ, Wahl 3rd JK, Johnson KR, Mehta PP.
The carboxyl tail of connexin32 regulates gap junction assembly in human
prostate and pancreatic cancer cells. J Biol Chem. 2015;290(8):4647–62.
69. Chandrasekhar A, Kalmykov EA, Polusani SR, Mathis SA, Zucker SN, Nicholson BJ.
Intercellular redistribution of cAMP underlies selective suppression of cancer
cell growth by connexin26. PLoS One. 2013;8(12):e82335.
70. Ghosh S, Kumar A, Chandna S. Connexin-43 downregulation in G2/M phase
enriched tumour cells causes extensive low-dose hyper-radiosensitivity
(HRS) associated with mitochondrial apoptotic events. Cancer Lett.
2015;363(1):46–59.
71. Suzhi Z, Liang T, Yuexia P, Lucy L, Xiaoting H, Yuan Z, Qin W. Gap Junctions
Enhance the Antiproliferative Effect of MicroRNA-124-3p in Glioblastoma
Cells. J Cell Physiol. 2015;230(10):2476–88.
72. Kandouz M, Zhao J, Bier A, Di Marco S, Oviedo-Landaverde I, Gallouzi IE,
Batist G. Post-transcriptional regulation of connexin43 in H-Ras-transformed
cells. PLoS One. 2013;8(3):e58500.
73. Oyamada M, Takebe K, Oyamada Y. Regulation of connexin expression by
transcription factors and epigenetic mechanisms. Biochim Biophys Acta.
2013;1828(1):118–33.
74. Vinken M, De Rop E, Decrock E, De Vuyst E, Leybaert L, Vanhaecke T,
Rogiers V. Epigenetic regulation of gap junctional intercellular communication:
more than a way to keep cells quiet? Biochim Biophys Acta.
2009;1795(1):53–61.
75. Alajez NM, Lenarduzzi M, Ito E, Hui AB, Shi W, Bruce J, Yue S, Huang SH,
Xu W, Waldron J et al. MiR-218 suppresses nasopharyngeal cancer
progression through downregulation of survivin and the SLIT2-ROBO1
pathway. Cancer Res. 2011;71(6):2381–91.
76. Lin CC, Sharma SB, Farrugia MK, McLaughlin SL, Ice RJ, Loskutov YV,
Pugacheva EN, Brundage KM, Chen D, Ruppert JM. Kruppel-like factor 4
signals through microRNA-206 to promote tumor initiation and cell survival.
Oncogenesis. 2015;4:e155.
77. Gindin Y, Jiang Y, Francis P, Walker RL, Abaan OD, Zhu YJ, Meltzer PS.
miR-23a impairs bone differentiation in osteosarcoma via down-regulation
of GJA1. Front Genet. 2015;6:233.

Page 117 of 150

78. Huang GY, Cooper ES, Waldo K, Kirby ML, Gilula NB, Lo CW. Gap junctionmediated cell-cell communication modulates mouse neural crest migration.
J Cell Biol. 1998;143(6):1725–34.
79. Bates DC, Sin WC, Aftab Q, Naus CC. Connexin43 enhances glioma invasion
by a mechanism involving the carboxy terminus. Glia. 2007;55(15):1554–64.
80. 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(1):37–43.
81. Kanczuga-Koda L, Sulkowski S, Lenczewski A, Koda M, Wincewicz A,
Baltaziak M, Sulkowska M. Increased expression of connexins 26 and 43 in
lymph node metastases of breast cancer. J Clin Pathol. 2006;59(4):429–33.
82. Ghosh S, Kumar A, Tripathi RP, Chandna S. Connexin-43 regulates
p38-mediated cell migration and invasion induced selectively in tumour
cells by low doses of gamma-radiation in an ERK-1/2-independent manner.
Carcinogenesis. 2014;35(2):383–95.
83. Li Z, Zhou Z, Donahue HJ. Alterations in Cx43 and OB-cadherin affect breast
cancer cell metastatic potential. Clin Exp Metastasis. 2008;25(3):265–72.
84. Pollmann MA, Shao Q, Laird DW, Sandig M. Connexin 43 mediated gap
junctional communication enhances breast tumor cell diapedesis in culture.
Breast Cancer Res. 2005;7(4):R522–34.
85. Elzarrad MK, Haroon A, Willecke K, Dobrowolski R, Gillespie MN, Al-Mehdi AB.
Connexin-43 upregulation in micrometastases and tumor vasculature and its
role in tumor cell attachment to pulmonary endothelium. BMC Med. 2008;6:20.
86. Stoletov K, Strnadel J, Zardouzian E, Momiyama M, Park FD, Kelber JA, Pizzo DP,
Hoffman R, VandenBerg SR, Klemke RL. Role of connexins in metastatic breast
cancer and melanoma brain colonization. J Cell Sci. 2013;126(Pt 4):904–13.
87. Plante I, Stewart MK, Barr K, Allan AL, Laird DW. Cx43 suppresses mammary
tumor metastasis to the lung in a Cx43 mutant mouse model of human
disease. Oncogene. 2011;30(14):1681–92.
88. Ryszawy D, Sarna M, Rak M, Szpak K, Kedracka-Krok S, Michalik M, Siedlar M,
Zuba-Surma E, Burda K, Korohoda W, et al. Functional links between Snail-1
and Cx43 account for the recruitment of Cx43-positive cells into the
invasive front of prostate cancer. Carcinogenesis. 2014;35(9):1920–30.
89. Kapoor P, Saunders MM, Li Z, Zhou Z, Sheaffer N, Kunze EL, Samant RS,
Welch DR, Donahue HJ. Breast cancer metastatic potential: correlation with
increased heterotypic gap junctional intercellular communication between
breast cancer cells and osteoblastic cells. Int J Cancer. 2004;111(5):693–7.
90. Tang B, Peng ZH, Yu PW, Yu G, Qian F, Zeng DZ, Zhao YL, Shi Y, Hao YX,
Luo HX. Aberrant expression of Cx43 is associated with the peritoneal
metastasis of gastric cancer and Cx43-mediated gap junction enhances
gastric cancer cell diapedesis from peritoneal mesothelium. PLoS One.
2013;8(9):e74527.
91. Karpinich NO, Caron KM. Gap junction coupling is required for tumor cell
migration through lymphatic endothelium. Arterioscler Thromb Vasc Biol.
2015;35(5):1147–55.
92. Chernet BT, Fields C, Levin M. Long-range gap junctional signaling controls
oncogene-mediated tumorigenesis in Xenopus laevis embryos. Front
Physiol. 2014;5:519.
93. Zhang ZQ, Zhang W, Wang NQ, Bani-Yaghoub M, Lin ZX, Naus CC.
Suppression of tumorigenicity of human lung carcinoma cells after
transfection with connexin43. Carcinogenesis. 1998;19(11):1889–94.
94. Saunders MM, Seraj MJ, Li Z, Zhou Z, Winter CR, Welch DR, Donahue HJ. Breast
cancer metastatic potential correlates with a breakdown in homospecific and
heterospecific gap junctional intercellular communication. Cancer Res.
2001;61(5):1765–7.
95. Shao Q, Wang H, McLachlan E, Veitch GI, Laird DW. Down-regulation of
Cx43 by retroviral delivery of small interfering RNA promotes an aggressive
breast cancer cell phenotype. Cancer Res. 2005;65(7):2705–11.
96. Choudhary M, Naczki C, Chen W, Barlow KD, Case LD, Metheny-Barlow LJ.
Tumor-induced loss of mural Connexin 43 gap junction activity promotes
endothelial proliferation. BMC Cancer. 2015;15:427.
97. Vinken M, Decrock E, De Vuyst E, Ponsaerts R, D’Hondt C, Bultynck G,
Ceelen L, Vanhaecke T, Leybaert L, Rogiers V. Connexins: sensors and
regulators of cell cycling. Biochim Biophys Acta. 2011;1815(1):13–25.
98. Zhang A, Hitomi M, Bar-Shain N, Dalimov Z, Ellis L, Velpula KK, Fraizer GC,
Gourdie RG, Lathia JD. Connexin 43 expression is associated with increased
malignancy in prostate cancer cell lines and functions to promote
migration. Oncotarget. 2015;6(13):11640–51.
99. Olbina G, Eckhart W. Mutations in the second extracellular region of
connexin 43 prevent localization to the plasma membrane, but do not
affect its ability to suppress cell growth. Mol Cancer Res. 2003;1(9):690–700.

Jiang and Penuela BMC Cell Biology 2016, 17(Suppl 1):12

100. Princen F, Robe P, Gros D, Jarry-Guichard T, Gielen J, Merville MP, Bours V.
Rat gap junction connexin-30 inhibits proliferation of glioma cell lines.
Carcinogenesis. 2001;22(3):507–13.
101. Qin H, Shao Q, Curtis H, Galipeau J, Belliveau DJ, Wang T, Alaoui-Jamali MA,
Laird DW. Retroviral delivery of connexin genes to human breast tumor
cells inhibits in vivo tumor growth by a mechanism that is independent
of significant gap junctional intercellular communication. J Biol Chem.
2002;277(32):29132–8.
102. Qin H, Shao Q, Thomas T, Kalra J, Alaoui-Jamali MA, Laird DW. Connexin26
regulates the expression of angiogenesis-related genes in human breast
tumor cells by both GJIC-dependent and -independent mechanisms. Cell
Commun Adhes. 2003;10(4–6):387–93.
103. Zhang W, Nwagwu C, Le DM, Yong VW, Song H, Couldwell WT. Increased
invasive capacity of connexin43-overexpressing malignant glioma cells.
J Neurosurg. 2003;99(6):1039–46.
104. Zhang YW, Morita I, Ikeda M, Ma KW, Murota S. Connexin43 suppresses
proliferation of osteosarcoma U2OS cells through post-transcriptional
regulation of p27. Oncogene. 2001;20(31):4138–49.
105. Moorby C, Patel M. Dual functions for connexins: Cx43 regulates growth
independently of gap junction formation. Exp Cell Res. 2001;271(2):238–48.
106. Langlois S, Cowan KN, Shao Q, Cowan BJ, Laird DW. The tumor-suppressive
function of Connexin43 in keratinocytes is mediated in part via interaction
with caveolin-1. Cancer Res. 2010;70(10):4222–32.
107. Dahl G, Qiu F, Wang J. The bizarre pharmacology of the ATP release
channel pannexin1. Neuropharmacology. 2013;75:583–93.
108. Crespin S, Bechberger J, Mesnil M, Naus CC, Sin WC. The carboxy-terminal
tail of connexin43 gap junction protein is sufficient to mediate cytoskeleton
changes in human glioma cells. J Cell Biochem. 2010;110(3):589–97.
109. Uzu M, Sato H, Yamada R, Kashiba T, Shibata Y, Yamaura K, Ueno K. Effect of
enhanced expression of connexin 43 on sunitinib-induced cytotoxicity in
mesothelioma cells. J Pharmacol Sci. 2015;128(1):17–26.
110. Good ME, Ek-Vitorin JF, Burt JM. Structural determinants and proliferative
consequences of connexin 37 hemichannel function in insulinoma cells.
J Biol Chem. 2014;289(44):30379–86.
111. Nelson TK, Sorgen PL, Burt JM. Carboxy terminus and pore-forming domain
properties specific to Cx37 are necessary for Cx37-mediated suppression of
insulinoma cell proliferation. Am J Physiol Cell Physiol. 2013;305(12):C1246–56.
112. Johnstone SR, Best AK, Wright CS, Isakson BE, Errington RJ, Martin PE.
Enhanced connexin 43 expression delays intra-mitotic duration and cell
cycle traverse independently of gap junction channel function. J Cell
Biochem. 2010;110(3):772–82.
113. Trosko JE, Chang CC. Mechanism of up-regulated gap junctional intercellular
communication during chemoprevention and chemotherapy of cancer.
Mutat Res. 2001;480–481:219–29.
114. Yamasaki H, Katoh F. Novel method for selective killing of transformed
rodent cells through intercellular communication, with possible therapeutic
applications. Cancer Res. 1988;48(11):3203–7.
115. Yamasaki H, Katoh F. Further evidence for the involvement of gap-junctional
intercellular communication in induction and maintenance of transformed foci
in BALB/c 3 T3 cells. Cancer Res. 1988;48(12):3490–5.
116. Grek CL, Rhett JM, Bruce JS, Abt MA, Ghatnekar GS, Yeh ES. Targeting
connexin 43 with alpha-connexin carboxyl-terminal (ACT1) peptide
enhances the activity of the targeted inhibitors, tamoxifen and lapatinib, in
breast cancer: clinical implication for ACT1. BMC Cancer. 2015;15:296.
117. Leon-Paravic CG, Figueroa VA, Guzman DJ, Valderrama CF, Vallejos AA,
Fiori MC, Altenberg GA, Reuss L, Retamal MA. Carbon monoxide (CO) is a
novel inhibitor of connexin hemichannels. J Biol Chem. 2014;289(52):36150–7.
118. Retamal MA, Leon-Paravic CG, Ezquer M, Ezquer F, Rio RD, Pupo A, Martinez AD,
Gonzalez C. Carbon monoxide: A new player in the redox regulation of
connexin hemichannels. IUBMB Life. 2015;67(6):428–37.
119. Dai S, Liu J, Sun X, Wang N. Ganoderma lucidum inhibits proliferation of
human ovarian cancer cells by suppressing VEGF expression and up-regulating
the expression of connexin 43. BMC Complement Altern Med. 2014;14:434.
120. Forster T, Rausch V, Zhang Y, Isayev O, Heilmann K, Schoensiegel F, Liu L,
Nessling M, Richter K, Labsch S, et al. Sulforaphane counteracts
aggressiveness of pancreatic cancer driven by dysregulated Cx43-mediated
gap junctional intercellular communication. Oncotarget. 2014;5(6):1621–34.
121. Wang L, Fu Y, Peng J, Wu D, Yu M, Xu C, Wang Q, Tao L. Simvastatin-induced
up-regulation of gap junctions composed of connexin 43 sensitize Leydig
tumor cells to etoposide: an involvement of PKC pathway. Toxicology.
2013;312:149–57.

Page 118 of 150

122. Yusubalieva GM, Baklaushev VP, Gurina OI, Zorkina YA, Gubskii IL, Kobyakov GL,
Golanov AV, Goryainov SA, Gorlachev GE, Konovalov AN, et al. Treatment of
poorly differentiated glioma using a combination of monoclonal antibodies to
extracellular connexin-43 fragment, temozolomide, and radiotherapy. Bull Exp
Biol Med. 2014;157(4):510–5.
123. Siller-Jackson AJ, Burra S, Gu S, Xia X, Bonewald LF, Sprague E, Jiang JX.
Adaptation of connexin 43-hemichannel prostaglandin release to
mechanical loading. J Biol Chem. 2008;283(39):26374–82.
124. Jing Y, Guo S, Zhang X, Sun A, Tao F, Ju H, Qian H. Effects of small
interfering RNA interference of connexin 37 on subcutaneous gastric
tumours in mice. Mol Med Rep. 2014;10(6):2955–60.
125. Reszec J, Szkudlarek M, Hermanowicz A, Bernaczyk PS, Mariak Z, Chyczewski L.
N-cadherin, beta-catenin and connexin 43 expression in astrocytic tumours of
various grades. Histol Histopathol. 2015;30(3):361–71.
126. Hitomi M, Deleyrolle LP, Mulkearns-Hubert EE, Jarrar A, Li M, Sinyuk M, Otvos B,
Brunet S, Flavahan WA, Hubert CG, et al. Differential connexin function
enhances self-renewal in glioblastoma. Cell Rep. 2015;11(7):1031–42.
127. Teleki I, Szasz AM, Maros ME, Gyorffy B, Kulka J, Meggyeshazi N, Kiszner G,
Balla P, Samu A, Krenacs T. Correlations of differentially expressed gap
junction connexins Cx26, Cx30, Cx32, Cx43 and Cx46 with breast cancer
progression and prognosis. PLoS One. 2014;9(11):e112541.
128. Artesi M, Kroonen J, Bredel M, Nguyen-Khac M, Deprez M, Schoysman L,
Poulet C, Chakravarti A, Kim H, Scholtens D, et al. Connexin 30 expression
inhibits growth of human malignant gliomas but protects them against
radiation therapy. Neuro Oncol. 2015;17(3):392–406.
129. Kanczuga-Koda L, Wincewicz A, Fudala A, Abrycki T, Famulski W, Baltaziak M,
Sulkowski S, Koda M. E-cadherin and beta-catenin adhesion proteins correlate
positively with connexins in colorectal cancer. Oncol Lett. 2014;7(6):1863–70.
130. Brockmeyer P, Jung K, Perske C, Schliephake H, Hemmerlein B. Membrane
connexin 43 acts as an independent prognostic marker in oral squamous
cell carcinoma. Int J Oncol. 2014;45(1):273–81.
131. Teleki I, Krenacs T, Szasz MA, Kulka J, Wichmann B, Leo C, Papassotiropoulos B,
Riemenschnitter C, Moch H, Varga Z. The potential prognostic value of connexin 26
and 46 expression in neoadjuvant-treated breast cancer. BMC Cancer. 2013;13:50.
132. Du G, Yang Y, Zhang Y, Sun T, Liu W, Wang Y, Li J, Zhang H. Thrombocytosis
and immunohistochemical expression of connexin 43 at diagnosis predict
survival in advanced non-small-cell lung cancer treated with cisplatin-based
chemotherapy. Cancer Chemother Pharmacol. 2013;71(4):893–904.
133. Wang ZS, Wu LQ, Yi X, Geng C, Li YJ, Yao RY. Connexin-43 can delay early
recurrence and metastasis in patients with hepatitis B-related hepatocellular
carcinoma and low serum alpha-fetoprotein after radical hepatectomy. BMC
Cancer. 2013;13:306.
134. Yu M, Zhang C, Li L, Dong S, Zhang N, Tong X. Cx43 reverses the resistance
of A549 lung adenocarcinoma cells to cisplatin by inhibiting EMT. Oncol
Rep. 2014;31(6):2751–8.
135. Munoz JL, Rodriguez-Cruz V, Greco SJ, Ramkissoon SH, Ligon KL, Rameshwar P.
Temozolomide resistance in glioblastoma cells occurs partly through
epidermal growth factor receptor-mediated induction of connexin 43. Cell
Death Dis. 2014;5:e1145.
136. Gielen PR, Aftab Q, Ma N, Chen VC, Hong X, Lozinsky S, Naus CC, Sin WC.
Connexin43 confers Temozolomide resistance in human glioma cells by
modulating the mitochondrial apoptosis pathway. Neuropharmacology.
2013;75:539–48.
137. Zhang J, O’Carroll SJ, Henare K, Ching LM, Ormonde S, Nicholson LF,
Danesh-Meyer HV, Green CR. Connexin hemichannel induced vascular leak
suggests a new paradigm for cancer therapy. FEBS Lett. 2014;588(8):1365–71.
138. Danesh-Meyer HV, Kerr NM, Zhang J, Eady EK, O’Carroll SJ, Nicholson LF,
Johnson CS, Green CR. Connexin43 mimetic peptide reduces vascular leak
and retinal ganglion cell death following retinal ischaemia. Brain.
2012;135(Pt 2):506–20.
139. D’Hondt C, Ponsaerts R, De Smedt H, Vinken M, De Vuyst E, De Bock M,
Wang N, Rogiers V, Leybaert L, Himpens B, et al. Pannexin channels in ATP
release and beyond: an unexpected rendezvous at the endoplasmic
reticulum. Cell Signal. 2011;23(2):305–16.
140. Penuela S, Gehi R, Laird DW. The biochemistry and function of pannexin
channels. Biochim Biophys Acta. 2013;1828(1):15–22.
141. Sosinsky GE, Boassa D, Dermietzel R, Duffy HS, Laird DW, MacVicar B, Naus
CC, Penuela S, Scemes E, Spray DC, et al. Pannexin channels are not gap
junction hemichannels. Channels (Austin). 2011;5(3):193–7.
142. Scemes E, Spray DC, Meda P. Connexins, pannexins, innexins: novel roles of
“hemi-channels”. Pflugers Arch. 2009;457(6):1207–26.

Jiang and Penuela BMC Cell Biology 2016, 17(Suppl 1):12

143. Langlois S, Xiang X, Young K, Cowan BJ, Penuela S, Cowan KN. Pannexin 1
and pannexin 3 channels regulate skeletal muscle myoblast proliferation
and differentiation. J Biol Chem. 2014;289(44):30717–31.
144. Bond SR, Naus CC. The pannexins: past and present. Front Physiol. 2014;5:58.
145. Bargiotas P, Krenz A, Hormuzdi SG, Ridder DA, Herb A, Barakat W, Penuela S,
von Engelhardt J, Monyer H, Schwaninger M. Pannexins in ischemia-induced
neurodegeneration. Proc Natl Acad Sci U S A. 2011;108(51):20772–7.
146. Bargiotas P, Krenz A, Monyer H, Schwaninger M. Functional outcome of
pannexin-deficient mice after cerebral ischemia. Channels (Austin).
2012;6(6):453–6.
147. Thompson RJ, Zhou N, MacVicar BA. Ischemia opens neuronal gap junction
hemichannels. Science. 2006;312(5775):924–7.
148. Weilinger NL, Tang PL, Thompson RJ. Anoxia-induced NMDA receptor
activation opens pannexin channels via Src family kinases. J Neurosci.
2012;32(36):12579–88.
149. Santiago MF, Veliskova J, Patel NK, Lutz SE, Caille D, Charollais A, Meda P,
Scemes E. Targeting pannexin1 improves seizure outcome. PLoS One.
2011;6(9):e25178.
150. Zappala A, Cicero D, Serapide MF, Paz C, Catania MV, Falchi M, Parenti R,
Panto MR, La Delia F, Cicirata F. Expression of pannexin1 in the CNS of adult
mouse: Cellular localization and effect of 4-aminopyridine-induced seizures.
Neuroscience. 2006;141(1):167–78.
151. Gulbransen BD, Bashashati M, Hirota SA, Gui X, Roberts JA, MacDonald JA,
Muruve DA, McKay DM, Beck PL, Mawe GM, et al. Activation of neuronal
P2X7 receptor-pannexin-1 mediates death of enteric neurons during colitis.
Nat Med. 2012;18(4):600–4.
152. Cowan KN, Langlois S, Penuela S, Cowan BJ, Laird DW. Pannexin1 and
Pannexin3 exhibit distinct localization patterns in human skin appendages
and are regulated during keratinocyte differentiation and carcinogenesis.
Cell Commun Adhes. 2012;19(3–4):45–53.
153. Lai CPK, Bechberger JF, Thompson RJ, MacVicar BA, Bruzzone R, Naus CC.
Tumor-Suppressive Effects of Pannexin 1 in C6 Glioma Cells. Cancer Res.
2007;67(4):1545–54.
154. Penuela S, Gyenis L, Ablack A, Churko JM, Berger AC, Litchfield DW, Lewis JD,
Laird DW. Loss of pannexin 1 attenuates melanoma progression by reversion
to a melanocytic phenotype. J Biol Chem. 2012;287(34):29184–93.
155. Wei L, Yang X, Shi X, Chen Y. Pannexin1 silencing inhibits the proliferation
of U87MG cells. Mol Med Rep. 2015;11(5):3487–92.
156. Boyd-Tressler A, Penuela S, Laird DW, Dubyak GR. Chemotherapeutic
drugs induce ATP release via caspase-gated pannexin-1 channels
and a caspase/pannexin-1-independent mechanism. J Biol Chem.
2014;289(39):27246–63.
157. Song B, Tang JW, Wang B, Cui XN, Hou L, Sun L, Mao LM, Zhou CH, Du Y,
Wang LH, et al. Identify lymphatic metastasis-associated genes in mouse
hepatocarcinoma cell lines using gene chip. World J Gastroenterol.
2005;11(10):1463–72.
158. Largo C, Alvarez S, Saez B, Blesa D, Martin-Subero JI, Gonzalez-Garcia I,
Brieva JA, Dopazo J, Siebert R, Calasanz MJ, et al. Identification of
overexpressed genes in frequently gained/amplified chromosome regions
in multiple myeloma. Haematologica. 2006;91(2):184–91.
159. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A,
Byrne CJ, Heuer ML, Larsson E, et al. The cBio cancer genomics portal: an
open platform for exploring multidimensional cancer genomics data.
Cancer discovery. 2012;2(5):401–4.
160. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y,
Jacobsen A, Sinha R, Larsson E, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci Signal.
2013;6(269):l1.
161. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A,
Sivertsson Å, Kampf C, Sjöstedt E, Asplund A, et al. Tissue-based map of the
human proteome. Science. 2015;347(6220):1260419.
162. Furlow PW, Zhang S, Soong TD, Halberg N, Goodarzi H, Mangrum C, Wu YG,
Elemento O, Tavazoie SF. Mechanosensitive pannexin-1 channels mediate
microvascular metastatic cell survival. Nat Cell Biol. 2015;17(7):943–52.
163. Tsao H, Atkins MB, Sober AJ. Management of cutaneous melanoma.
N Engl J Med. 2004;351(10):998–1012.
164. Hoag H. Drug development: A chance of survival. Nature.
2014;515(7527):S118–20.
165. Homet B, Ribas A. New drug targets in metastatic melanoma. J Pathol.
2014;232(2):134–41.
166. Owens B. Melanoma. Nature. 2014;515(7527):S109–9.

Page 119 of 150

167. Poste G, Doll J, Hart IR, Fidler IJ. In vitro selection of murine B16
melanoma variants with enhanced tissue-invasive properties.
Cancer Res. 1980;40(5):1636–44.
168. Satelli A, Li S. Vimentin in cancer and its potential as a molecular target for
cancer therapy. Cell Mol Life Sci. 2011;68(18):3033–46.
169. Arpaia E, Blaser H, Quintela-Fandino M, Duncan G, Leong HS, Ablack A,
Nambiar SC, Lind EF, Silvester J, Fleming CK, et al. The interaction between
caveolin-1 and Rho-GTPases promotes metastasis by controlling the
expression of alpha5-integrin and the activation of Src. Ras and Erk
Oncogene. 2011;31(7):884–96.
170. Palmer TD, Lewis J, Zijlstra A. Quantitative analysis of cancer metastasis
using an avian embryo model. J Vis Exp. 2011(51). doi:10.3791/2815.
171. Zijlstra A, Lewis J, Degryse B, Stuhlmann H, Quigley JP. The inhibition
of tumor cell intravasation and subsequent metastasis via regulation
of in vivo tumor cell motility by the tetraspanin CD151. Cancer Cell.
2008;13(3):221–34.
172. Zijlstra A, Mellor R, Panzarella G, Aimes RT, Hooper JD, Marchenko ND,
Quigley JP. A quantitative analysis of rate-limiting steps in the metastatic
cascade using human-specific real-time polymerase chain reaction.
Cancer Res. 2002;62(23):7083–92.
173. Mantel A, Harvey V. P2X7/PANX1 as a new target for melanoma? Exp
Dermatol. 2015;24(5):336–7.
174. Pelegrin P, Surprenant A. Pannexin-1 mediates large pore formation and
interleukin-1beta release by the ATP-gated P2X7 receptor. EMBO J.
2006;25(21):5071–82.
175. Pelegrin P, Surprenant A. The P2X(7) receptor-pannexin connection to dye
uptake and IL-1beta release. Purinergic Signal. 2009;5(2):129–37.
176. Okamoto M, Liu W, Luo Y, Tanaka A, Cai X, Norris DA, Dinarello CA, Fujita M.
Constitutively active inflammasome in human melanoma cells mediating
autoinflammation via caspase-1 processing and secretion of interleukin1beta. J Biol Chem. 2010;285(9):6477–88.
177. Dunn JH, Ellis LZ, Fujita M. Inflammasomes as molecular mediators of
inflammation and cancer: potential role in melanoma. Cancer Lett.
2012;314(1):24–33.
178. Derangere V, Chevriaux A, Courtaut F, Bruchard M, Berger H, Chalmin F,
Causse SZ, Limagne E, Vegran F, Ladoire S, et al. Liver X receptor beta
activation induces pyroptosis of human and murine colon cancer cells.
Cell Death Differ. 2014;21(12):1914–24.
179. Lai CP, Bechberger JF, Naus CC. Pannexin2 as a novel growth regulator in
C6 glioma cells. Oncogene. 2009;28(49):4402–8.
180. Ma W, Hui H, Pelegrin P, Surprenant A. Pharmacological characterization of
pannexin-1 currents expressed in mammalian cells. J Pharmacol Exp Ther.
2009;328:409–18.
181. Bao BA, Lai CP, Naus CC, Morgan JR. Pannexin1 drives multicellular
aggregate compaction via a signaling cascade that remodels the actin
cytoskeleton. J Biol Chem. 2012;287(11):8407–16.
182. Penuela S, Laird DW. The cellular life of pannexins. Wiley Interdisciplinary
Reviews: Membrane Transport and Signaling. 2012;1(5):621–32.
183. Litvin O, Tiunova A, Connell-Alberts Y, Panchin Y, Baranova A. What is
hidden in the pannexin treasure trove: the sneak peek and the guesswork.
J Cell Mol Med. 2006;10(3):613–34.
184. Xie CR, Sun H, Wang FQ, Li Z, Yin YR, Fang QL, Sun Y, Zhao WX, Zhang S,
Zhao WX et al. Integrated analysis of gene expression and DNA methylation
changes induced by hepatocyte growth factor in human hepatocytes.
Mol Med Rep. 2015;12(3):4250–8.
185. Sato T, Neschadim A, Lavie A, Yanagisawa T, Medin JA. The engineered
thymidylate kinase (TMPK)/AZT enzyme-prodrug axis offers efficient
bystander cell killing for suicide gene therapy of cancer. PLoS One.
2013;8(10):e78711.
186. Martins I, Wang Y, Michaud M, Ma Y, Sukkurwala AQ, Shen S, Kepp O, Metivier D,
Galluzzi L, Perfettini JL, et al. Molecular mechanisms of ATP secretion during
immunogenic cell death. Cell Death Differ. 2014;21(1):79–91.
187. Silverman W, Locovei S, Dahl G. Probenecid, a gout remedy, inhibits
pannexin 1 channels. Am J Physiol Cell Physiol. 2008;295(3):C761–7.
188. Xiong XX, Gu LJ, Shen J, Kang XH, Zheng YY, Yue SB, Zhu SM. Probenecid
protects against transient focal cerebral ischemic injury by inhibiting
HMGB1 release and attenuating AQP4 expression in mice. Neurochem Res.
2014;39(1):216–24.
189. Bruzzone R, Barbe MT, Jakob NJ, Monyer H. Pharmacological properties of
homomeric and heteromeric pannexin hemichannels expressed in Xenopus
oocytes. J Neurochem. 2005;92(5):1033–43.

Jiang and Penuela BMC Cell Biology 2016, 17(Suppl 1):12

Page 120 of 150

190. Iglesias R, Locovei S, Roque A, Alberto AP, Dahl G, Spray DC, Scemes E.
P2X7 receptor-Pannexin1 complex: pharmacology and signaling.
Am J Physiol Cell Physiol. 2008;295(3):C752–60.
191. Poon IK, Chiu YH, Armstrong AJ, Kinchen JM, Juncadella IJ, Bayliss DA,
Ravichandran KS. Unexpected link between an antibiotic, pannexin channels
and apoptosis. Nature. 2014;507(7492):329–34.
192. Suadicani SO, Iglesias R, Wang J, Dahl G, Spray DC, Scemes E. ATP
signaling is deficient in cultured Pannexin1-null mouse astrocytes. Glia.
2012;60(7):1106–16.
193. Ebert R, Meissner-Weigl J, Zeck S, Maatta J, Auriola S, Coimbra de Sousa S,
Mentrup B, Graser S, Rachner TD, Hofbauer LC, et al. Probenecid as a
sensitizer of bisphosphonate-mediated effects in breast cancer cells.
Mol Cancer. 2014;13:265.
194. Lutz SE, Gonzalez-Fernandez E, Ventura JC, Perez-Samartin A, Tarassishin L,
Negoro H, Patel NK, Suadicani SO, Lee SC, Matute C et al. Contribution of
pannexin1 to experimental autoimmune encephalomyelitis. PLoS One.
2013;8(6):e66657.
195. Negoro H, Lutz SE, Liou LS, Kanematsu A, Ogawa O, Scemes E, Suadicani SO.
Pannexin 1 involvement in bladder dysfunction in a multiple sclerosis model.
Sci Rep. 2013;3:2152.
196. Ohbuchi T, Yokoyama T, Saito T, Ohkubo J, Suzuki H, Ishikura T, Katoh A,
Fujihara H, Hashimoto H, Ueta Y. Possible contribution of pannexin channel
to ATP-induced currents in vitro in vasopressin neurons isolated from the
rat supraoptic nucleus. Brain Res. 2011;1394:71–8.
197. Thompson RJ, Jackson MF, Olah ME, Rungta RL, Hines DJ, Beazely MA,
MacDonald JF, MacVicar BA. Activation of pannexin-1 hemichannels
augments aberrant bursting in the hippocampus. Science.
2008;322(5907):1555–9.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

