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Simple Summary: Connexins are the proteins which comprise gap junctions in the cells. 

These junctions can directly connect the neighboring cells and the cell interior with the 

extracellular microenvironment and thus they act as the tissue integrators. Alterations in 

connexin regulation can lead to unfavorable turn from normal tissue microenvironment to 

formation of tumor microenvironment. This review tries to examine the role of connexins 

in orchestrating tumor microenvironment and hence their role in malignancy. 

Abstract: The modern paradigm of studying the processes of carcinogenesis and vital 

activity of tumor tissues implies increased attention to constituents of tumor 

microenvironment (TME) and their interactions. These interactions between the cells in 

TME can be mediated via protein junctions of different types. Connexins (Cnxs) are one 

of the major contributors to intercellular communication. They form gap junctions 

responsible for the transfer of ions, metabolites, peptides, miRNA, etc. between 

neighboring tumor cells as well as between tumor and stromal cells. Cnx hemichannels 

mediate purinergic signaling and bidirectional molecular transport with the extracellular 

environment. Additionally, Cnxs were reported to localize in tumor-derived exosomes and 

facilitate the release of their cargo. A large body of evidence implies that the role of 

connexins in cancer is multifaceted. Pro- or anti-tumorigenic properties of connexins are 

determined by their abundance, localization and functionality as well as channel 

assembly and non-channel functions. In this review we have summarized the data on the 

Cnxs contribution in TME and to the cancer initiation and progression. 

Keywords: tumor microenvironment, connexins, cell-cell contacts, tumor stroma, 

carcinogenesis, tumor development, metastasis 

 

1. Introduction 

Determination of the mechanisms of carcinogenesis and tumor progression is among the 

priorities in modern oncology. At the moment the prevailing theory of carcinogenesis is 

the ‘somatic mutation theory’ (SMT), which postulates that the malignant phenotype is 

determined by damage of the cell's DNA, i.e. a mutation which drives the cell to divide 

uncontrollably. However, accumulating experimental data, especially a cutting-edge 

research on a tremendous role of microenvironment in tumor progression, reveal the 

imperfections of this paradigm [1]. An alternative theory, namely ‘tissue organization field 

theory’ (TOFT) contemplates that cancer originates as a tissue disease, which is 

provoked and characterized by a violation of tissue development with the formation of the 

peculiar tumor microenvironment (TME) [2,3]. TME is a complex and continuously 

evolving entity which includes immune cells, stromal cells, blood vessels, and non-cellular 
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components such as extracellular matrix, exosomes and is characterized by specific 

physicochemical properties [4]. Thus TOFTs assumes, that mutations are rather the 

consequence of the adaptation of the cells to the conditions of the ‘disturbed order’ than 

a primary cause of cancer [2,3].  

In the tissues the direct intercellular communication and cell-matrix communication is 

maintained through the junctions of various structure and purpose. Intercellular junctions 

are represented by four types of contacts: tight junctions, which organize into zonula 

occludens, adherens junctions, which comprise zonula adherens, desmosomes, which 

are denoted as macula adherens, and gap junctions. These contacts are comprised by a 

distinct set of integral proteins. Cell adhesion to extracellular matrix (ECM) is also 

mediated by integral proteins, which are mainly represented by integrins. Different integrin 

dimers mediate adhesion to various matrix components with different extent of specificity 

[5]. Tissue integrity and cell polarity are maintained by collective and ordered work of 

zonula occludens, zonula and macula adherens together with focal adhesion plaques [6-

8]. Highly selective barrier function in the tissues is maintained by tight junctions via strict 

regulation of paracellular transport [9]. Gap junctions, which are essentially channels, 

directly connect the cells and mediate rapid communication within the tissue [10].  

Gap junction intercellular communication (GJIC) plays the pivotal role in maintaining 

homeostasis and orchestrating development in a plethora of tissues from cardiac, skeletal 

and smooth muscles, to glandular epithelium, lens etc. [11-16]. It should also be noted 

that integral proteins which comprise gap junctions, namely connexins (Cnxs), also 

possess non-channel related regulative functions in normal and pathological conditions 

[17,18].  

Cnxs were long considered to be tumor suppressors due to their coordinative function 

when they are assembled into functional channels. Also, non-channel tumor suppressive 

functions of Cnxs were discovered. At the same time a considerable amount of the 

opposite evidence is being collected, once again proving that the participation of junction 

proteins in the cell switch towards malignancy or normalization is highly dependent on 

the TME [19,20]. 

In this review, we intend to enlighten the role of Cnxs in the formation of the tumor 

microenvironment and, therefore, their contribution to processes of carcinogenesis, tumor 

progression and metastasis. 

2. Connexins – building blocks of gap junctions 

2.1. General characteristic of connexins and their classification 

Connexins are a family of proteins which form gap junctions in cells of chordate organisms 

by assembling Cnx monomers into hexameric hemichannels (connexons), that can 

function both autonomously, by transmitting signals to the extracellular space; or undergo 

coupling to form a full-fledged channel that directly connects adjacent cells. Functionally 

this protein family is similar to channel-forming pannexins and innexins (non-chordate 

pannexins), though there are only minor sequence similarities between these families. 

Sequence similarities are limited to the conservatism of specific regions of the molecule, 

the manner of protein oligomerization and the regulation of channel functions. Still it is 

hard to tell if these protein families possess a common ancestor [21,22]. This may be a 

result of common evolutionary diversification of protein families, which was achieved via 

gene duplication and further structural and functional divergence of paralogs [23]. 
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Cnxs are represented exclusively in chordates. From the evolutionary perspective they 

were recently shown to establish well defined subfamilies already in Chondrychtyes; 

these subfamilies are represented further in higher vertebrates [24]. Classification of Cnxs 

is based on sequence homology and divides them into 5 subfamilies (α, β, γ, δ, ε) in which 

proteins possess numbers assigned in the order of their discovery and study. The 

described principle is mostly used when speaking of Cnx genes. The most widely used 

naming of Cnxs as proteins is based on their predicted molecular weight in kilodaltons 

(e.g. Cnx 43, Cnx 32, etc.). Different Cnxs with the same predicted molecular weight are 

denoted by an additional index (e.g. Cnx 30 and 30.3) [25]. 

2.2. Connexin synthesis 

The transcription of Cnx genes can be initiated by two promoters, which are regulated by 

both universal and tissue-specific transcription factors. Cnx genes are shown to have one 

or multiple 5’UTR (Un-Translated Region) exons which are separated from the exon 

containing the coding sequence by an intron of variable size. In some Cnx genes, coding 

sequence may be interrupted by an additional intron. This allows a great variety of 

alternatively spliced mRNA variants of Cnxs [26]. Among the direct factors that can 

regulate the synthesis of Cnxs are cAMP, and Wnt (Wingless Int) signaling pathways [27]. 

Cnxs were reported to be epigenetically regulated by hypermethylation of the promoter 

or acetylation/deacetilation of histones. For example, the extent and site specificity of Cnx 

26 and 30 methylation were found to correspond with the grade of glioma [28] and Cnx 

45 methylation was indicated in colorectal cancer [29].  

Cnx translation can be both silenced (via miRNA regulation) or facilitated (on the level of 

translation initiation via strong internal ribosome entry site (IRES)). IRES can be a reason 

for truncated forms of Cnxs are translated. It appears that truncated forms of Cnxs play 

crucial role in Cnx trafficking and functioning [30,31], and can also mediate mitochondrial 

transport via microtubule organization [32]. Concerning cancer development, truncated 

Cnxs may facilitate tunneling nanotubes formation which is considered to be a marker of 

aggressive cancer cells phenotype [33]. Posttranslational modifications of Cnxs are 

represented by phosphorylation, S-nitrosylation, SUMOylation, ubiquitination, acetylation 

and lipidation and are thoroughly discussed in recent review [34]. 

2.3. Connexin protein structure and its relation to cancer progression 

Cnxs are tetraspan proteins, as they possess 4 transmembrane domains, two 

extracellular and one intracellular loop, as well as intracellular N- and C-terminal tails (Fig. 

1A). The most conserved regions of the Cnx molecule are the extracellular loops, which 

are responsible for the docking of the Cnxs. They possess consensus patterns with three 

characteristic cysteines in each loop [35]. These cysteines are not susceptible to post-

translational modification, namely to S-nitrosylation, and what is worth noting, there is an 

assumption that these cysteines are not responsible for docking solely, but may also act 

as extracellular redox sensors [36]. The recent review discusses the interplay of redox 

signaling and Cnxs in normal and pathological conditions [37]. Also, point mutations 

artificially induced in extracellular loops led to failed docking yet did not affect Cnx43 

tumor suppressive properties thus confirming strong Cnx43 non-channel functions [38]. 

Transmembrane domains (TM1 to TM4) of Cnxs and amino terminus are also relatively 

conserved regions. TMs form and maintain the connexon scaffold and the trans-

membrane pore. Amino terminus of Cnxs is shown to regulate voltage-mediated gating, 
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participate in Cnx trafficking, mediate compatibility during heterologous oligomerization 

[39]. 

Cnxs variability is mostly provided by the cytoplasmic loop and the C-terminal tail which 

act as a highly versatile platform for Cnx regulation and Cnx-mediated signaling. The role 

of the C-tail of Cnx 43 in its channel and non-channel functioning are well-discussed in 

comprehensive review by E. Leithe and colleagues [40]. Summarizing the data 

concerning the role of Cnx43 C-tail in cancer phosphorylation status of the C-tail is key 

as it governs connexin localization on the membrane and the functionality of the 

assembled channel [41-44]. Phosphorylation can be controlled by interaction with ZO-1 

[43]. Indeed, Cnx 43 bears binding sites for signaling kinases Akt and ERK and inhibits 

the hyperphosphorylation of Akt/ERK which leads to the attenuation of tumor growth in 

glioblastoma patients [45]. On contrary, it was reported that C-tail mediated inhibition of 

Src kinase downregulates β-catenin, triggering the preferential differentiation of neural 

progenitor cells towards astrocytes (against neurons), and may act as a tumor initiating 

event in brain tumor [46] as astrocytes are reported to possess pro-tumorigenic activity 

in glioma microenvironment [47-49]. The polymorphism of the Cnx37 C-tail may affect the 

outcome of its phosphorylation and stimulate the growth of angiosarcoma [50]. Cnx36 C-

tail phosphorylation by Ca2+/calmodulin-dependent kinase is reported to decrease its 

binding affinity to PZD-domain and increase the affinity to proteins 14-3-3γ and 14-3-3η 

[51]. The mentioned proteins of the 14-3-3 family were reported to participate in cancer 

development [52,53].  

The membrane attributed β-catenin localization and its sequestration from the nucleus is 

provided by Cnx 43 and is accompanied by the reversal of tumor phenotype in MCF-7 

and MDA-MB-231 cells [54]. In rat insulinoma the Cnx37 C-tail conformation, capable to 

interact both with cell cycle regulatory proteins and pore-forming domain, mediates 

growth suppression [55]. Mutation in the hDlg (human homologue of Drosophila Discs 

Large)-binding motif of Cnx 43 C-tail, induced by human papillomavirus 16, is reported to 

disrupt proper Cnx43 and hDlg trafficking to the membrane, so that Cnx 43 remains in 

the cytoplasm. This is considered to be a tumor initiating event [56].The mutation of 

Cnx26 C-tail leads to the disruption of its appropriate trafficking due to the acquiring the 

Golgi-retention sequence. The resulted intracellular Cnx26 accumulation enhances the 

tumorigenicity of head and neck squamous cell carcinoma cells [57]. Cnx26 C-tail was 

also reported to directly interact with dynamin 2 which is responsible for Cnx ubiquitination 

and degradation [58]. The recent review implicates that dynamin 2 is an important 

contributor to cancer development [59]. Cnx 26 C-tail maintains stemness in triple 

negative cancer by interaction with NANOG and FAK [60]. 
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Figure 1. A. The scheme of Cnx structure. Cnx is a tetraspan molecule which contains 4 transmembrane 

α-helices, 2 extracellular loops and 1 cytoplasmic loop; the amino- and carboxy-termini are located in the 

cell. Transmembrane domains participate in the formation of the connexon scaffold and pore; extracellular 

loops are responsible for channel docking; the cytoplasmic loop and N- and C-tails are the platform for the 

regulation of the Cnx functioning. B. The participation of the C-tail of Cnxs in signaling regulation. The 

reported cancer-related signaling is represented in italic (explanations are in the text).  

3. Connexon assembly, trafficking, localization and function 

3.1. Connexon assembly and trafficking 

Cnx hexamerization results in the assembly of hemichannel, or connexon. The pore of 

the connexon allows passage of small substances (up to 1.2 kDa), in particular ions 

(Ca2+, K+, bicarbonate), secondary messengers (inositol 3-phosphate, cAMP), Reactive 

Oxygen Species (ROS), small molecules (glucose, amino acids, nucleotides, ATP, 

NAD+), peptides and microRNA [20]. Connexon scaffold and pore are formed by 

transmembrane domains (TMs). It should be noted that the pore entrance has relatively 

large aperture ~40Å while it narrows in the membrane to ~15Å due to tilted domain 

orientation [61]. According to the early works, the pore formation in connexons was 

attributed to TM1 or TM3 [22,62,63]; further studies indicated that the N-terminus is also 

involved in the formation of the connexon funnel [64].  

Advancements in the methods of structural biology allowed to examine connexon 

structure with improved precision as it was shown in recent cryo-EM studies. In 

connexons formed by Cnx46/50, the wide vestibule of the pore from the cytoplasmic side 

is formed by TM2 and TM3. The membrane embedded part of the pore is maintained by 

TM1 and TM2 and lined with N-terminal helix which is responsible for in the channel 

gating. The extracellular part of the pore in the full-fledged gap junction is maintained by 

extracellular loop 1. The pore contains ordered water molecules both in solvent-

assessable and buried sites which are contemplated to contribute to the regulation of 
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channel specificity, conductance and gating [65]. The similar structural features are 

reported for full-fledged channels, based on Cnx26 [66]. In case of Cnx31.3, its N-terminal 

helix is not lining the pore, but is in entrance-covering position and determines the very 

small pore diameter (8 Å against 10 and 11 Å in Cnx26 and Cnx46/50 channels 

respectively). It should also be mentioned that Cnx31.3 is not capable to form full-fledged 

channels and its oligomerization is represented only by hemichannel formation [67]. 

Taking into account that the composition of the scaffolds of connexons for Cnx31.3 and 

Cnx26 is nearly identical, this obligate hemichannel state might be attributed to 

differences in the extracellular loops, affecting the backbone positioning [68].  

Cnx oligomerization can occur by two routes which are determined by the signature motif 

in the region of cytoplasmic loop transition to TM3. The first route is characteristic for 

alpha-Cnxs: they are stabilized in the monomeric state by quality control proteins and 

their further oligomerization takes place in the trans-Golgi network. This is determined by 

a conserved arginine or lysine residue in the cytoplasmic loop-TM3 transition region. The 

second route is characteristic for beta-Cnxs. They tend to oligomerize rapidly due to the 

unstable monomeric state, as they possess a signature conserved di-tryptophan motif. 

There are also Cnxs which lack signature motif (Cnx37 and Cnx40) [69,70]. The presence 

of two oligomerization pathways influences the ability of Cnxs to form heteromeric 

hexamers. Thus, alpha Cnxs tend to heterooligomerize with each other and with Cnxs 

lacking the conserved motif; beta Cnxs-tend to heterooligomerize exclusively with each 

other. This process is determined by the expression levels of proteins both in case of 

alpha- and beta Cnxs, as well as by the extent and timing of the stable monomeric state 

in case of alpha-Cnxs [71]. 

 

 

Figure 2. The scheme of connexon and channel assembly. Connexon is a hexamer which is formed with 

Cnx monomers and it can be homomeric (constituted of the Cnx molecules of the same type) or heteromeric 

(constituted of different Cnxs). Connexons can act as hemichannels and mediate the contact of the cell 

interior with the extracellular space. Connexons of the neighboring cells can be docked together into the 

channel which directly connects the adjacent cells. Cnx based channels can be homotypic (connexons are 

of similar composition) or heterotypic (connexons are of different composition). 

3.2. Connexon localization and function 

Considering Cnx junctions as a factor which directly connects the cells in the TME, the 

matter of Cnx localization in the cell is an important issue as it may determine cell 

behavior. Localization of Cnxs on the cell membrane can be considered in terms of their 

attribution to certain membrane domains, cell polarity and cell surface protrusions. Cnxs 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2021                   doi:10.20944/preprints202112.0262.v1

https://doi.org/10.20944/preprints202112.0262.v1


can also be localized intracellularly and be membrane-associated (in mitochondria) or be 

represented in soluble form. A special case of localization of membrane-associated Cnxs 

is in exosomes (Fig. 3). 

3.2.1. Attribution to the cell membrane domains 

Cnx localization is associated with cholesterol and sphingolipids in the lipid rafts [72]. The 

Cnx channels usually assemble in gap junction plaques. These plaques may be 

intersected by junctional proteins of other types both integral and adapter thus 

establishing a cross-talk of different types of junctions. Gap junction plaques can be 

intersected by strands of tight junctions and connected to PZD domains of zonula 

occludens-1 protein (ZO-1). ZO-1 localization on the periphery of the plaque regulates 

the plaque size and localization [73]. Proteins of cadherin family can also regulate gap 

junction assembly. Thus, N-cadherin expression in non-transformed rat liver epithelial 

cells attenuates Cnx43 gap junction assembly by causing its internalization via clathrin-

independent pathway, while E-cadherin mediates the opposite [74]. Analogously, in 

human squamous carcinoma, E-cadherin was reported to delay the disassembly of 

Cnx43-based gap junctions [75].  

3.2.2. Attribution to cell polarity 

In normal epithelium, gap junctions tend to possess apicolateral localization in case of 

thyroid gland and in luminal cells of breast [76,77] or basolateral localization in renal 

epithelium [78]. Connexins are reported to maintain cell polarity [79]. Gap junctions are 

involved in apical extrusion of transformed or apoptotic cells from the epithelium as they 

propagate calcium wave which is followed by the reorganization of F-actin and its 

perinuclear localization [80]. 

3.2.3. Attribution to cell surface protrusions 

Connexin localization may be attributed to the tip areas of cell surface protrusions (e.g. 

tunneling nanotubes, TNTs). Tunneling nanotubes are thin cell surface protrusions with 

actin core. Their length can reach several cell diameters, and the diameter of TNTs does 

not exceed 1 µm. TNTs allow direct connection of distantly located cells within the tissue 

and thus are involved in the coordination of communication in the tissue and the 

development of cell resistance to necrosis and apoptosis [81-83]. Connexins are reported 

participate in the regulation of TNTs formation. Loss of Cnx43 expression is associated 

with a significant decrease in the length and amount of TNT in breast cancer cell lines 

[33]. In line, secreted factors present in the conditioned medium stimulated TNT formation 

more effectively when derived from Cnx43 expressing cells than from knockout cells. 

Moreover, Cnx43 is involved in crosstalk with RhoA kinase (ROCK), protein kinase A 

(PKA), focal adhesion kinase (FAK) and p38 signaling pathways. It was reported that 

inhibition of these pathways can induce TNT formation [33]. Cnx43 can also promote the 

formation of filopodia in HeLa cells by remodeling the actin cytoskeleton via activation of 

p21-activated protein kinase 1 and MAPK p38 pathway [84,85]. In MCF-7 breast cancer 

cells TNTs were reported to be an important means of spheroid formation in low-adhesive 

conditions in vitro. At its early stages TNTs have enabled physical adhesion in the 

suspended cells establishing Cnx43 contacts with further E-cadherin expression [86]. 

Thus, TNTs can be considered as an integrating factor in the tumor tissue. 

3.2.4. Intracellular localization of connexins 
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Connexins can also be localized on intracellular compartments, namely on mitochondria. 

Full-fledged versions of connexin are found in mitochondria of a wide variety of cells, 

including cardiomyocytes, endothelium, astrocytes [87-89]. Mitochondria cannot 

synthesize connexin on their own and integrate it into the inner membrane from the 

cytoplasm of the cell through the heat shock protein (HSP)90-dependent translocase of 

the outer membrane (TOM20) complex pathway [90]. HSP90-dependent translocation of 

Cnx30 to mitochondria observed after irradiation was shown to induce enhanced ATP 

production and protect glioblastoma cells from radiation treatment [91].  

One of the main signs of transformed cells is changes in metabolism and death pathways, 

in which mitochondria occupy a central position. It is known that tumors tend to develop 

conditions similar to ischemia under chronic hypoxia. A possible way of reducing 

mitochondrial ROS production in such a conditions depends on an increase in the 

phosphorylation of Cnx43, which accelerates its translocation into mitochondria [92]. 

Moreover, Cnx43 can modulate the release of cytochrome c and the activation of caspase 

3, thereby providing an anti-apoptotic effect and increasing resistance to toxins, 

chemotherapeutic drugs, or ionizing radiation [93]. Also, the anti-apoptotic role of 

mitochondrial Cnx43 is mediated by the conserved motif in Cnx 43 structure homologous 

to the protein of Bcl-2 group which controls the cytochrome c release [94]. Despite the 

assumptions made about an increase in cell resistance to hypoxia due to mitochondrial 

connexin, a number of works suggest that Cnx43 is involved in mitochondrial respiration, 

which increases oxygen consumption. The authors suggest that an increase in the 

expression of mitochondrial connexin shifts cellular metabolism from anaerobic glycolysis 

towards oxidative phosphorylation which is associated with the increased sensitivity of 

cells to oxidative stress [95,96]. 

Cnx relocalization can be triggered by an external factor. Cnxs possess voltage mediated 

gating, so they can be susceptible to the changes in electromagnetic field. A number of 

early fundamental works showed that the organization of gap junction plaques can be 

influenced by a low-frequency electromagnetic field (LF EMF) [97-100]. It was shown that 

Cnx43 undergoes internalization under cells treatment with LF EMF and localizes in 

perinuclear region of cytoplasm. The same effect was observed under the Cnx 

hyperphosphorylation by GJIC inhibitor 12-O-tetradecanoylphorbol-3-acetate (TPA). 

Indeed protein kinase C (PKC) inhibition by staurosporine significantly reduced GJIC 

downregulation mediated by LF EMF [97]. In addition to phosphorylation Cnx regulation 

by LF EMF proceeds at the transcriptional level, as was shown that long-term exposure 

has reduced mRNA levels of Cnx 43 [98]. Although the experimental evidence that the 

LF EMF impact on connexin relocalization exists, it is not limited to it solely. It can GJIC 

solely not affecting Cnx 43 levels [99] or even stimulates Cnx 43 synthesis and proper 

gap junction assembly [100]. The role of intracellular localization of Cxs is generally 

associated with tumor progression [57,101,102], but this issue is still to be studied. 
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Figure 3. Possible localization of Cnxs in the cell. The localization of Cnxs in the cell can be attributed to its 

soluble forms (located in the nucleus or cytoplasm) or membrane bound forms which can be observed 

during its trafficking and ultimately represented as functional connexon resided in the cell membrane in the 

state of hemichannel or channel (when docked to the connexon of the neighboring cell). The localization of 

Cnx channels on the membrane can be considered relatively to the localization to the basal membrane (cell 

polarity) or attributed to the cell protrusions (e.g. tunneling nanotubes) or extracellular vesicles (e.g. 

exosomes). Connexons can be also transferred into the inner membrane of mitochondria. An important 

issue is the affiliation of the Cnx type to the tissue. 

3.2.5. Connexin localization in exosomes 

Exosomes are extracellular lipid bilayer vesicles with average size of 100 nm which are 

produced by most eukaryotic cells and which carry a bioactive cargo of various nature 

(protein, lipids, miRNA etc.). Tumor-derived exosomes one of the major contributors to 

TME and they long distance signaling in cancer. [103,104]. Connexins were indicated to 

localize in exosomes, and be associated (i.e. colocalized) with exosomal characteristic 

proteins tetraspanins [105]. Exosomal connexins can facilitate the release of the exosome 

contents into the recipient cell and thus enchance malignant potential as was shown for 

Cnx43 [106,107], and Cnx46 [105]. Exosomal Cnx43 facilitated colony formation and 

enhanced migration, determining the progression of glioma [107]. Analogously it was 

shown that the recipient cells which have encountered with Cnx46 exosomes acquired 

enhanced invasive and migrative phenotype [105].  

Connexins may determine the mechanism of the of exosome loading with RNA and DNA. 

Using bioinformatics analysis, it has been suggested that Cnx43 and Cnx26 possess RNA 

and DNA-binding motifs, and it may be important for the transmission of genetic 

information between cells through extracellular vesicles [108]. 

3.2.6. Connexon hemichannel functioning 

Connexon functioning as hemichannel has a separate contribution to TME and the 

development of cancer. Hemichannels can participate in the uptake of beneficial 

molecules (glucose, survival factors) or provide uptake of glutamate, which promote cell 

survival under nutrient deficiency [109]. Hemichannel-dependent purinergic signaling 

loop regulates leader cell activity and subsequent collective migration in breast cancer 
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[110]. In addition, connexin hemichannel purinergic signaling is responsible for activating 

the expression of pro-apoptotic genes in glioblastoma [111] and melanoma [112]; and 

hemichannel ATP release by osteocytes inhibited breast cancer cell metastasis to the 

bone [113]. 

4. Connexins as contributors to tissue integration 

 Considering cancer as a wrongly developed tissue, the coordinative work of the 

elements of the TME is of particular interest. We here intend to focus on the coordinative 

features of Cnxs in awry tissue context, from the perspective of functional and 

morphological aspects of the organization of the cells in tumor tissue. Connexin channels 

are the direct bridges between neighboring cells, thus the presence of functional gap 

junctional plaques allows to consider a network of such cells as a functional “syncytium” 

somewhat similar to cardiac tissue [114]. Formation of such a structure provides 

metabolic cooperation and a platform for rapid signaling, both are applicable to adapt to 

limitations of cancer microenvironment. For example, such cooperation can rapidly 

regulate cell sizes in the actively proliferating tumor. Cells of deep layers of the tumor 

experience great solid stress, their size is limited, so the water is transported to the cells 

of the outer layers and is accompanied by the ion transport which proceeds through gap 

junctions. This causes the swelling of the cells of the outer layers leading to increased 

cell proliferation [115]. TNTs may be involved in the process of cytoplasmic sharing which 

can be considered a additional evidence of syncytium-like cancer functioning [116]. 

These examples of Cnxs participation in the formation of functional syncytium-like 

network in cancer may be expanded. Cnxs are reported to establish interactions between 

tumor cells and physiological structural syncytium, e.g. osteoclast syncytium, where they 

act as tumor promoters facilitating metastasis. In osteoblast conditioned 

microenvironment, Cnx43 localized on the membrane mediates tumor cell chemotaxis via 

its non-channel functions. At the leading edge of migrating cells, Cnx43 C-tail interacts 

with Rac1 and contractin thus sustaining cell migration towards the osteogenic metastatic 

niche [117]. The direct interaction of cancer cells with osteoblasts through Cnx43-based 

gap junctions provides a Ca2+ influx to cancer cells enhancing their malignant potential 

[118]. By interacting with osteoclast syncytium, cancer cells promote bone resorption 

during which a massive release of calcium and transforming growth factor-beta (TGFβ) 

takes place. TGFβ upregulates Cnx43, thus elevating intracellular concentrations of 

calcium and enhancing GJIC; in turn, Cnx43 accelerates metastasis in the framework of 

this vicious cycle [119]. Taken together, the participation of connexin in bone metastasis 

may be considered as two-stage process with the connexin C-tail mediated attraction of 

cancer cells and channel-related progression. 

The material summarized above discusses the functional aspect of the tissue 

consolidation to the syncytium-like structure. It must be also noted that cancer tissues are 

capable of establishing the structural syncytium – large cell-like structure formed by the 

joining together of two or more cells. It implies direct fusion of cancer cells with each other 

or with stromal cells [120,121]. Cell fusion phenomenon in cancer is mostly considered 

as one of the mechanisms contributing to cancer heterogeneity formation stemming from 

creation of different hybrid cells which, in turn, give rise to various cell populations [122] 

or act as active metastatic units ( the latter was shown for cancer cell fusion with 

leukocytes) [123]. Interestingly, aberrant fusion of initially normal cells can act as cancer 

initiating event through the establishment of genomic instability [124,125]. The 
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participation of Cnxs in the formation of structural syncytium is studied mainly for normal 

physiologic processes, e.g., for the trophoblast formation [126,127]. The contemplated 

mechanism of this process lies in their cooperation with fusogens such as syncytin. For 

example, in choriocarcinoma cell fusion is initiated after cAMP stimulation of cells, which 

upregulate Cnx43 on the mRNA level providing syncytin transcription by interacting with 

GCM1-ERVW-1-SLC1A5 pathway [128]. Another example of such cooperation is the 

functional compensatory substitution of syncytin-B by connexin 30 as shown in syncytin-

B-null mice [129].  

Another aspect of the integrative functions of connexins in TME is their contribution to the 

communication of the tumor cells and cells of immune system. Connexins participate in 

the immunological synapse [130] and execute both pro-and antitumor activity [131]. 

Cnx43 was shown to accumulate at the interfaces between dendritic cells (DC) and 

cytotoxic immune cells, such as natural killers and cytotoxic T-lymphocytes, and between 

cytotoxic immune cells and target cells. These interactions are the key in the activation 

and the execution of the cytotoxic functions towards tumor cells [132-135]. The DC-

mediated tumor antigen presentation can be enhanced by the bacterial infection via the 

establishment of functional Cnx43 contacts between infected cancer cell and DC, as was 

reported for murine melanoma cells infected with Salmonella [136]. The cytotoxic effect 

can be also provoked towards stromal cells, e.g. endothelial cells. In 3D collagen cultures, 

the transfer of peptides across gap junctions between melanoma cells and endothelial 

cells causes the destruction of endotheliocytes by cytotoxic T cells [137]. Likewise, at 

immunological synapses between DC and T cells, the Cnx43 hemichannels are involved 

in the release of ATP and the induction of purinergic receptor signaling, which promotes 

T-cell activation, proliferation, and clonal expansion [138].  

Cnx contact between tumor cells and immune cells are reported to mediate pro-

tumorigenic effect. It was found that c-MYC (cellular Myelocytomatosis, a proto-

oncogene) mediated elevation of Cnx43 contact between cancer cells and astrocytes 

facilitates breast cancer metastasis to the brain [139]. Cnx43 participates in the fusion of 

osteoclasts and monocytes in the microenvironment of giant-cell tumor of bone. This 

abnormal cellular cooperation is most likely associated with an attempt by monocytes to 

regenerate the cancer-associated damage to the bone tissue, which instead leads to an 

increase in the size of the tumor [140]. Cnx contacts between tumor cells also mediate 

the escape of immune surveillance. In melanoma, hypoxic melanoma cells transfer miR-

192-5p to DC and tumor-associated T-lymphocytes via Cnx40-based contacts 

suppressing cytotoxic activity of T-lymphocytes and thus provoking the development of 

an immune-resistant tumor phenotype [141]. Another way to escape immune surveillance 

can be implemented through the disruption of immunological synapse between 

melanoma cell and natural killers. It has been shown that hypoxia-induced 

overexpression of Cnx43 in melanoma cells is associated with formation of functional 

channels which were even are properly localized at the site of the immunological synapse 

with natural killer cells, but the autophagy prevented Cnx 43 to establish functional 

synapse, which was phenomenologically shown by colocalization of Cnx 43 and LC3+ 

autophagosomes [142]. 

5. Connexins and cancer initiation 

Early studies in connexin-deficient mice revealed their increased susceptibility to 

carcinogens[143-146]. This phenomenological coincidence strongly indicated that 
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connexins are involved in cancer initiation. Indeed, Cnx43 knockout mice tended to be 

statistically more predisposed to develop lung cancer induced by urethane or DMBA 

(7,12-Dimethylbenz[a]anthracene) than the wild type mice [143,144]. Cnx32-deficient 

mice had an increased incidence of liver tumors after exposure to chemical carcinogens 

(DEN, diethylnitrosamine) and radiation (X-rays), with higher number and sizes of tumor 

nodes compared to wild-type mice [145,146].  

Further investigation of participation of connexins in the processes of tissue 

transformation induced by an external factor and its switch to malignancy revealed that it 

can be mediated both by connexins’ channel and non-channel functions. For example, 

the well-known carcinogenic bacterium H. pylori can affect connexins 26, 32, 37, 43 by 

triggering various signaling pathways (p38 MAPK, JAK2/STAT3) or through epigenetic 

action on DNA (methylation of promoters, acetylation of histones) thus regulating 

expression levels of these molecules, governing their localization or creating their 

polymorphism [147,148]. Parasitic invasion can also induce malignancy with the decisive 

participation of connexins. It was reported that transformation of the epithelium of the bile 

ducts with the eventual cancer development can be provoked by the metabolites of the 

Clonorchis sinensis. The turning point in this process is the simultaneous decrease in the 

expression of Cnx32 and upregulating of Cnx43 and Cnx26. Cnx43 in this case is acting 

as a tumor promoter as its inhibition leads to proliferation decrease [149]. Similarly, non-

alcoholic hepatosteatosis can be accompanied by downregulated expression of Cnx32 

which eventually causes liver fibrosis and is followed by hepatocellular carcinoma [150]. 

The altered expression and functionality of Cnx43 and Cnx32 in oval cells in liver is 

demonstrated to cause the hepatocellular and cholangiocellular neoplasms due to the 

disruption of the adequate cell differentiation[151]. Another example is malignant 

transformation of the intestinal epithelium induced by improper diet and related metabolic 

stress. In this case activation of PPARD occurs followed by activation of beta catenin 

signaling which eventually leads to the proinvasive elevation of connexin 43 level [152].  

Thus, overexpression of Cnx32 in normal breast epithelium cell line MCF10A decreased 

cell viability, turned cell morphology towards mesenchymal phenotype and increased 

migratory activity of the cells with no changes in their proliferative activity [153]. This signs 

of epithelial-mesenchymal transition (EMT) were accompanied by simultaneous elevation 

of protein levels of E-cadherin and vimentin, and of note, Cnx32 overexpression, obtained 

by lentiviral transfection, directly promoted E-cadherin level elevation. On the contrary, 

Cnx32 overexpression in malignant breast cell line MDA-MB-231 did not alter viability, 

proliferation rate or migration activity, however, altered the ratio of EMT markers: along 

with the persistent high expression of vimentin and slug, the expression of E-cadherin 

decreased. This indicates that Cnx32 overexpression may act as a transformation-

promoting event which introduces the element of motility to normal tissue [153]. Another 

example of the morphogenic field disturbance due to the induction of cell motility was 

reported for healthy skin and heart tissue subjected to injury under hypoxic conditions. In 

this case, phosphorylation of connexins by Akt-kinase resulted in the sharp increase in 

the number of gap junctions which interfere with  the interaction of connexin with ZO-1, 

leading to migration of keratinocyte epithelial cells [154]. 

Considering non-channel role of connexins in tuning the microenvironment, their 

intracellular signaling through C-tail, discussed in paragraph 2.3., provide a number of 

ways influencing cancer initiation [46,56]. Another example of non-channel connexin-

dependent carcinogenesis is supposed to be associated with de novo expression of 
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Cnx46 in breast epithelium is necessary to protect cells from hypoxia which was 

phenomenologically demonstrated using xenograft models in vivo. Expression of Cnx46 

is not detected in normal breast epithelium and is detected in an early breast cancer, thus, 

it is assumed by the authors that Cnx expression is a cancer initiation event [155]. 

Similarly de novo expression of Cnx 26 and Cnx 30 was observed in the epidermal cells 

of the melanoma microenvironment and was not detected in the microenvironment of 

benign lesions [156]. 

The data on contemplated carcinogenic events mediated by connexins are summarized 

in Table 1. Apparently, the tumor initiating event, or, to be more precise, a complex of 

conditions in the site of tumor initiation, make a switch towards the decrease of the 

connexins immanent to the tissue and elevation of connexins which are normally foreign 

to it. This might be one of the crucial factors in the turn towards TME. It is still to be 

investigated, why the expression of the foreign connexin is more suitable for new 

conditions; and what is the ratio of channel related role and non-channel functions of 

these foreign connexins. The obtained data in this respect is mainly phenomenological 

and mechanistic explanation how the switch in Cnx profile promotes malignant 

transformation is the matter for future research. 

Table 1. A summary of contemplated carcinogenic events mediated by connexins 

Connexin Cell type Initiation trigger References 

Cnx32 
Gastric epithelial cells  

GES-1 

H. pylori infection increase GATA-3 

expression and decreased Cnx32 

expression 

[147] 

Cnx32 
Metastatic breast cancer cells MDA-

MB-231 

Cnx32 overexpression decrease the mRNA 

and protein expression of E-cadherin while 

increasing vimentin and slug at mRNA levels 

without altering their protein expression 

[153] 

Cnx32 Rat hepatocytes 

Combination of a high-fat diet and 

dimethylnitrosamine decrease Cnx32 

expression 

[150] 

Cnx43 
Colon Adenocarcinoma SW480, 

SW620, CT26, HCT116 

β-catenin activation of PPAR-delta leads to 

upregulation of Cnx43 
[152] 

Cnx43 Rat neural progenitor cells 

TAT-Cx43266–283 (cell-penetrating peptide 

containing the sequence 266–283 of the 

Cnx 43 C-tail) inhibit Src activity 

[46] 

Cnx43 Glioma cells GL261 Genetical upregulation of Cnx43 [48] 

Cnx43 Cholangiocyte cells H69 

Cnx43 is upregulated by N-

nitrosodimethylamine secreted by 

Clonorchis sinensis 

[149] 

Cnx46 Human breast cancer cells MCF-7 
Hypoxia induces upregulation of Cnx46 

expression 
[155] 

 

6. Connexins in cancer progression and metastasis 

TME can maintain processes of tumor progression, invasion, and metastasis and can 

also determine tumor resistance to treatment. Further we consider the participation of 

Cnxs in the specific aspects of TME such as its physicochemical features and cancer 

stemness.  

6.1. Hypoxia, acidosis and interstitial fluid pressure 
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Hypoxia is a biological condition characterized by insufficient oxygenation of tissues 

which, in case of malignant tumors, is caused by rapid cell proliferation [157,158]. The 

oxygenation levels in tumors are lower compared to normal tissues. For example, it was 

demonstrated with polarography method, that oxygenation levels in well-oxygenated 

tissues, such as muscle, lies in the range of 20 and 70 mmHg, while in breast tumor it 

ranges between 3 to 30 mmHg, which indicates hypoxic characteristics [159].  

Hypoxic conditions are, on the one hand, a circumstance that is destructive for tumor 

cells, which cells must cope with, and on the other hand, a powerful selection factor for 

their collective adaptation with the subsequent development of progression mechanisms. 

One of the characteristics of severely hypoxic microenvironment is acidosis, and 

functional GJIC mediated by connexins allow to manage it. Thus, in spheroids of 

pancreatic cancer, it has been shown that connexin channels between hypoxic and 

normoxic cells allow rapid distribution of bicarbonate ions to neutralize acidification in 

hypoxic areas [160]. The transfer of ions occurs passively, which is energetically 

beneficial for hypoxic cells, as they retain ATP. More than that, the tumors can protect 

themselves from acidification by another mechanism, specifically, transmitting lactate 

through Cnx43-based channels [161].  

It has been shown that acidosis management can be also carried out with the participation 

of the stroma. Hydrogen ions, produced by tumor cells are captured from the extracellular 

space by the AE2 transporter on myofibroblasts and are then spread via Cnx43 channels 

through the myofibrblast syncytium. [162]. At the same time, severe acidosis along with 

high calcium concentrations lead to the closure of connexin channels and their uncoupling 

and interruption of the GJIC in rat hepatocellular carcinoma and human glioblastoma 

A172 [163].  

Overcoming hypoxia on a large scale is realized in tumors by promoting angiogenesis. In 

high-grade serous ovarian cancer, endothelial cells are characterized by elevated level 

of HIF1a (Hypoxia-Induced Factor 1 alpha), while the level of Cnx43 reduces and its 

localization on the membranes of endotheliocytes is patchy indicating loss of adequate 

GJIC and hence the increased permeability of the existing vessel [164]  which is reported 

to be the factor stimulating angiogenesis [165]. At the same time, Cnx43 level in smooth 

muscle cells was increased [164]. The interaction between smooth muscle cells and 

dysfunctional endothelium testifies for their switch from contractile to  synthetic 

phenotype, associated with greater angiogenic potential due to enhanced proliferative 

and migrative potential [166]. It has been shown that endothelial cells grow together with 

tumor cells in pre-hypoxic areas (micrometastases) and trigger vascularization upon the 

onset of hypoxic conditions. This phenomenon may be associated with the collective 

migration of tumor cells that have formed Cnx43-based contacts with endothelial cells 

[167]. In melanoma, Cnx43 was reported to promote ubiquitination and degradation of 

the HIF1a protein in hypoxic conditions, which results in the suppression of tumor 

angiogenesis [168]. Transcriptional suppression of Cnx43 and Cnx26 in MDA-MB-231 

breast cancer cells led to the downregulation of GJIC between cancer cells and cancer 

cells-endotheliocytes and was accompanied by reduced migrative and invasive 

properties as shown by real-time cell analysis [169].  

Tumor cells can recruit connexins in favor of tumor progression in hypoxic conditions by 

triggering EMT. Thus, hypoxic conditions in non-small cell lung cancer trigger the 

P53/MDM2 pathway and contribute to a decrease in the abundance of Cnx26 and Cnx43 
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due to their ubiquitination-mediated degradation and translocation into the cytoplasm. 

This resulted in reduction of E-cadherin level and an increase in N-cadherin level, the 

common event in EMT [101]. Connexin translocation into cytoplasm is reported to be 

associated with the enhancement of malignant phenotype [102,170,171]. 

Another hypoxia-induced cancer progression mechanism, mediated by Cnxs, is the 

escaping of the immune surveillance is (discussed in p. 4). Considering the accumulated 

experimental data, further investigation of the role of Cnxs in tumors their abundance, 

localization and function should be examined in tumor cells and stromal cells 

simultaneously. The recent paper by M. Navarette provides a comprehensive flow 

cytometry technique to evaluate gap junction-mediated intercellular communication 

between cytotoxic T-cells and tumor cells [172]. 

Along with hypoxia and acidosis tumor microenvironment is also characterized by 

elevated interstitial fluid pressure which in its advanced stages can cause collateral 

condition, accompanying cancer, namely edema. Reports on the involvement of 

connexins in this condition are modest. For example, it has been shown that Cnx43 

together with aquaporin 4 are involved in the development of cerebral edema in glioma, 

and the expression of connexin depends on the expression of aquaporin [173]. The 

phenomenological data on the correlation between connexin mutations and the 

development of lymphoedema in breast cancer patients allow to consider connexins as 

prognostic markers for of predisposition to this condition which is discussed in the recent 

review [174]. 

6.2. microRNA 

Among the types of cargo which can be transmitted through connexin-based channels, 

miRNAs are one of the most potent factors of TME. The transmission of miRNAs via gap 

junctions is reported to proceed via channels themselves or via extracellular vesicles. 

Thus, channels based on Cnx43 are reported to transmit miRNA-145 from microvascular 

endothelial cells to colon cancer cells leading to inhibition of angiogenesis [175]. The 

similar cancer inhibiting effect was recently reported in glioma where the miR-152-3p 

transmitted from normal astrocytes to C6 glioma cells via Cnx43-based channels have 

attenuated their migration and invasion [176]. On contrary, the miR-5096 derived from 

glioma cells possesses pro-invasive effect when transferred to astrocytes [177]; and 

hypoxia-induced miR-192-5p transferred through the Cnx43-channels from melanoma 

cells to cytotoxic T-lymphocytes and triggers the escape of immune surveillance [141]. In 

case of the exosome-mediated transmission, connexin channels are reported to recruit 

miRNAs to exosomes, as they possess RNA-binding motifs in their structure [108]. The 

miRNA transmission mediated by exosomes which contain connexins facilitates cancer 

progression in hypoxic conditions (Cnx46-rich exosomes) [105]. It’s interesting to note 

that channels based on Cnx43 have a higher permeability for various miRNAs compared 

to channels formed by other connexins, such as Cnx26, Cnx30 and Cnx31 [178], or 

Cnx32 and Cnx37 [179].  

Summarizing these data, the trend towards tumor progression or suppression may be 

determined by the type of miRNA which is being transferred and the direction of transfer 

(from a tumor cell to a normal one or vice versa, or between tumor cells with different 

malignant potential). This can probably be determined by the presence, quantity, affinity 

and conformational availability of RNA-binding motifs in various connexins. 
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6.3. Cancer stemness 

An important factor of cancer progression is cancer stemness, which determines cancer 

self-renewal, dormancy and resistance to treatment [180]. Connexins are reported to 

participate both in inhibiting cancer stemness and facilitating it depending on the cellular 

and tissue context. Thus, Cnx43 SUMOylation improved gap junction functions between 

liver cancer stem cells which led to higher responsivity to treatment with herpes simplex 

virus 1 thymidine kinase (HSVtk) gene in combination with ganciclovir [181]. Ectopic 

expression of Cnx43 in lung cancer cells reduced the abundance of cancer stem cells 

[182]. Stemness attenuation was also reported for Cnx30 in glioma due to its ability to 

interfere with the insulin-like growth factor 1 receptor [183]. On the other hand, Cnx43 

was reported to mediate breast cancer immune escape by establishing communication 

between cancer stem cells and mesenchymal stem cells which results in preferential Treg 

response against T-helper 17 cells [184]. Cnx43 colocalization with N-cadherin was 

characteristic to breast cancer stem cells and participated in maintaining dormancy in the 

bone marrow niche [185]. Cnx43-based gap junctions between lung cancer stem cells 

and astrocytes are reported to be necessary for brain metastasis [186]. Cnx26 was 

indicated to mediate self-renewal of cancer stem cells in triple-negative breast cancer by 

forming a signaling complex with the pluripotency transcription factor NANOG and focal 

adhesion kinase [60]; and drive ductal carcinoma in situ towards invasive phenotype as 

shown in in vitro model [187]. Similarly, hepatoma cells can acquire invasive phenotype 

due to the increase of cancer stem cell abundance as shown in xenograft model in vivo. 

It is caused by their self-renewal, mediated by high abundance of cytoplasmic Cnx32 

[188]. Ectopic expression of Cnx46 in MCF-7 breast cancer cell line up-regulated the 

molecules associated with EMT and stemness [189]. The recent conceptual papers by 

J.E. Trosko discuss the hypothesis that connexins may act as key molecules which 

underlie cancer stem cell origin and determine the cancer stem cell type [190,191] and 

from broader perspective can be considered as a key in the search of the unifying origin 

of human diseases due to their tissue integration properties [192]. 

7. Conclusions 

 According to the accumulating data, connexins play a decisive regulatory role in 

the formation of tissue microenvironment in health and disease, in particular during the 

development of malignant tumors. This role is carried out both through the formation of 

GJIC and through the non-channel functions of the connexins. The connexins can be 

considered as one of the main integrating factors of tumor tissue, taking into account that 

gap junctions form direct bridges connecting cancer cells with each other and with stromal 

cells in a syncytium-like structure. Despite the fact that connexins are widely reported to 

be cancer suppressive, it is more correct to say that their role is multidimensional and 

depends on the tissue context. For example considering the functionality of connexin 

channels, it is important to specify whether they are localized on the plasma membrane 

or on the membrane of intracellular compartments (e.g. mitochondria) [90]; to which 

membrane domains they are attributed, namely either they are localized corresponding 

with the cell polarity or on the tips of cell surface protrusions (e.g. TNTs) [33]; are the 

channels assembled of the connexin subtype immanent for the tissue or they are 

comprised by the connexin of the foreign subtype [149,153]. 

Since connexins can be considered as the direct tissue integrators, their role in the 

conditioning of the morphogenic field disturbances (or overcoming these disturbances) is 
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of the particular interest, especially when accepting that cancer initiation is the dynamic 

process which emerges by deregulating tissue constraints. The steps towards tissue-

relevant research design are being made, namely a growing preference is paid to 3D in 

vitro models compared to conventional monolayers [193-197]. The need for such models 

is evidenced by the fact that the abundance of connexins in monolayers is seriously 

altered compared to in vivo [198]; the molecular mass of the connexins may be lower in 

vitro due to the lack of the posttranslational modifications which take place in vivo [199]. 

At the same time, the connexins abundance can be different in monolayer and in 3D in 

vitro models [200] or may be equal in 2D and 3D conditions but the overall cell phenotype 

may be drastically different due to the differences in abundance of the junction proteins 

[201]. To date there are no ideal models capable to recapitulate the actual tumor 

microenvironment. Differences in the experimental conditions result in the controversial 

data obtained using the existing models based on the cells of the identical origin [198,202] 

thus the search and investigation of new models is a relevant task . 

The tight interplay of all of the participants of cell junctional complexes encourages to 

practice integrative approach to studying the cancer initiation and progression with 

assessing the participation of all junction proteins collectively, taking into account not only 

their presence/absence or abundance, but also the ratio of different junction proteins, 

their localization and functional state, etc. This might seem overly ambitious, yet the 

rapidly developing research methods and a plethora of elaborated tumor models along 

with state-of-art techniques of data analysis may one day be translated into a set of 

comprehensive therapeutic strategies. Here we refer to several comprehensive recent 

reviews [203-205] discussing the applicability of connexins as the therapeutic targets for 

the treatment of cancer both in terms of their suppression or recruitment. 
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