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Connexins are proteins which comprise gap junctions in cells. These junctions can directly connect neighboring
cells and the cell interior with the extracellular microenvironment and thus they act as tissue integrators. In addition,
connexins perform a variety of non-channel functions. Alterations in connexin regulation can lead to unfavorable
shifts in the tissue adhesive context thus eradicating the constraints of the normal tissue microenvironment,

triggering (or enhancing) cancerogenesis and further tumor progression.
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tumor development metastasis tumor resistance

| 1. Introduction

Modern cancer research is focused on the identification of the mechanisms of cancer initiation, promotion and
progression to further develop efficient treatment strategies. Accumulating experimental data testify to the
tremendous role of the tissue microenvironment in tumor development and the formation of the unique tumor
microenvironment (TME) W2 TME is a complex and continuously evolving entity that includes immune cells,
stromal cells, blood vessels, and non-cellular components such as extracellular matrix (ECM) and exosomes, and
is characterized by specific physicochemical properties . The crosstalk of TME constituents is executed by the
simultaneous action of paracrine, autocrine, and endocrine signaling, and by the direct communication of adjacent
and juxtaposed cells Bl Direct intercellular communication and cell-matrix communication are maintained through
intercellular junctions BIZEIR and contacts with the extracellular matrix based on integrins and non-integrin

receptors 19,

Connexins (Cxs) are proteins that form gap junctions (GJ) in cells of chordate organisms by assembling connexin
monomers into hexameric hemichannels (connexins), that can function both autonomously, or undergo coupling to
form a full-fledged channel that directly connects adjacent cells. To date 21 connexin isoforms have been
discovered in humans . The most widely used naming of connexin proteins is based on their predicted molecular
weight in kilodaltons (e.g., Cx43, Cx32, etc.), whereas the classification of connexin genes was devised based on
their sequence homology which falls into five subfamilies (a, B, v, 8, €) 2. Connexins which have been found to
play a significant role in cancer include Cx43 (the best studied), Cx25, Cx26, Cx32, Cx30, Cx31, Cx37, and Cx46.
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Genes of connexins are shown to have one or multiple 5’UTR (untranslated region) exons which are separated
from the exon containing the coding sequence by an intron of variable size. In some connexin genes, coding
sequence may be interrupted by an additional intron. This allows a great variety of alternatively spliced connexin
mRNA variants 22, The transcription of connexin genes can be initiated by two promoters which are both regulated
by universal and tissue-specific transcription factors. Among the universal regulators the most prominent are the
Spl, AP-1, cAMP and Whnt signaling pathways. Tissue specific regulation is provided by homeobox proteins, T-box
and GATA transcription factors, hormones, etc. 18, The production of connexins can be regulated epigenetically by
hypermethylation of the promoter or acetylation/deacetylation of histones 2413 Concerning translation, connexins
can be both silenced (via miRNA regulation) or facilitated (translation initiation via strong internal ribosome entry
site (IRES)) 16IlL7],

The mutations in connexin gene family, both germline and somatic, have been established to be associated with
multiple developmental abnormalities and syndromes. Nevertheless, the link between connexin mutations and
cancer is still not clear. Several studies have revealed the association of certain type of tumors with mutated forms
of connexins. Thus, the rate of mutated GJAL gene (coding Cx43) is increased in colon adenocarcinomas 8!,
stomach adenocarcinomas and cutaneous melanoma 2. Mutations of GJB2 (coding Cx26) might be associated
with an increased propensity to develop skin cancer [2%; and germline mutations of this gene are assumed to
increase the risk for early onset prostate cancer 21, Mutated GJB6 (coding Cx30) and GJB7 (coding Cx25) might
contribute to gastric and colorectal malignancies [22. Cancer-specific rates of observed mutations support the
important function of this group of proteins in the origin and development of tumors; however, their precise role and

ability to drive carcinogenesis has to be further studied.

Connexins are tetraspan proteins, possessing four transmembrane domains, two extracellular loops and one
intracellular loop; and intracellular N- and C-terminal tails (Figure 1). The transmembrane domains (TM1 to TM4)
and amino terminus of connexins are relatively conserved, and form and maintain the connexin scaffold and
transmembrane pore (23 Early studies have shown that the vestibule of the connexin pore channels has a
relatively large aperture ~40 A, while it narrows in the membrane to ~15 A due to a tilted domain orientation 24 and
that the pore is formed by TM1 or TM3 [23l281i27] Fyrther studies have indicated that the N-terminus is also involved

in the formation of the connexin funnel 28!,
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Figure 1. (A) Scheme of the connexin structure. Connexin is a tetraspan molecule which contains four
transmembrane a-helices (1-4), two extracellular loops and one cytoplasmic loop; the amino- and carboxy-termini
are located inside the cell. Transmembrane domains participate in the formation of the connexon scaffold and pore
formation; extracellular loops are responsible for channel docking; the cytoplasmic loop and the N- and C-tails are
the platform for the regulation of connexin functioning. (B) Participation of the connexin C-tail in regulation. The
reported cancer-related signaling is represented in italic (explanations are in the text).

The extracellular loops are the most conserved regions of the connexin molecule, and are responsible for
connexins docking. They possess consensus patterns with three characteristic cysteines in each loop 22, These
cysteines are not susceptible to post-translational modifications, namely to S-nitrosylation, and there is an

assumption that these cysteines may also act as extracellular redox sensors 9. Additionally, point mutations
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artificially induced in the extracellular loops led to the failed coupling of Cx43 hemichannels 1 and a permanently
closed state of Cx46 hemichannels B2 but with no affection on their synthesis, membrane trafficking or non-
channel-related properties. The variability in connexins is mostly due to the cytoplasmic loop and C-terminal tail
which act as a highly versatile platform for connexin regulation and connexin-mediated signaling. Regulation is
performed by various post-translational modifications of the C-tail and signaling is realized through a wide range of

interactions with the cytoskeleton and potential oncogenes (Figure 1B) [23],

| 2. Connexin Localization and Its Role in Cancer

Connexin junctions directly connect cells in the TME, so connexin localization in the cell is an important issue as it
determines cell behavior (Figure 2). The localization of connexins at the cell membrane can be considered in
terms of their colocalization with other junctional proteins, contributing to cell polarity and cell surface protrusions.
Connexins can also be localized intracellularly and be membrane-associated (in mitochondria) or represented in

soluble form. A special case of localization of membrane-associated connexins is in exosomes.

Hemichannels on exosomes Q Q Hemichannels on PM

Hemichannels on
the tips of TNTs

Soluble in cytoplasm
or nucleus

Hemichannels Gap junctions

in mitochondria

@ Normal cell @ Tumor cell .——=>_—<— Fibroblast

Figure 2. Possible localization of connexins in the cell. The localization of connexins 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, ultimately represented as a functional connexin residing in the cell membrane in the hemichannel or
channel state (when docked with a connexin of a neighboring cell). The localization of connexin channels at the

membrane can be considered relatively to their localization to the basal membrane (cell polarity), attributed to cell
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protrusions (e.g., tunneling nanotubes, TNTs) or extracellular vesicles (e.g., exosomes). Connexins can be also

transferred to the inner membrane of mitochondria.

3. Connexin Participation in the Structural and Functional
Integration of Malignant, Stromal, and Immune Cells within
the Tumor

The coordinated actions of TME elements is one of the putative factors which determine tumor progression.

3.1. Connexins Integrate Tumor Cells

Connexin channels are direct bridges between neighboring cells, thus the presence of functional gap junctional
plagues allows us to consider a network of such cells as a functional “syncytium”, somewhat similar to cardiac
tissue 24, The formation of such a structure provides metabolic cooperation and a platform for rapid signaling, both
applicable to the cancer microenvironment to adapt to limitations. For example, such cooperation can rapidly
regulate cell sizes in the actively proliferating tumor. Cells deep in the tumor experience great solid stress, thus
their size is limited so water can be transported to cells of the outer layers accompanied by ion transport which
proceeds through gap junctions. This causes swelling of the outer layer cells leading to increased cell proliferation
(331 Ccx43-mediated glucose transfer reduces the size of the necrotic core in spheroids of colon cancer cells and
elevates oxygenation and higher level of oxidative phosphorylation 8. Cx43 located on the tips of TNTs possess
integrative properties due to their capability to unite separate cells, as was indicated in vitro, such physical
integration is relevant for the formation of metastatic foci and participates in angiogenesis due to the integration of

endotheliocytes and pericytes.

3.2. Connexins Integrate into the Bone Metastaic Niche

Connexins coordinate the bone metastatic niche and lead to successful metastasis establishment due to the
interaction of malignant cells with the osteoclast syncytium. In the osteoblast-conditioned microenvironment,
membrane-localized Cx43 mediates tumor cell chemotaxis via its non-channel functions. At the leading edge of
migrating cells, Cx43's C-tail interacts with Racl and contractin, thus sustaining cell migration towards the
osteogenic metastatic niche 7. The direct interaction of cancer cells with osteoblasts through Cx43-based gap
junctions provides a Ca?* influx to the cancer cells enhancing their malignant potential 8. By interacting with the
osteoclast syncytium, cancer cells promote bone resorption during which a massive release of calcium and
transforming growth factor-beta (TGFP) takes place. TGF(3 up-regulates Cx43, thus elevating the intracellular
concentrations of calcium and enhancing GJ intercellular communications; in turn, Cx43 accelerates metastasis in
the framework of this vicious cycle B2, Taken together, the participation of connexin in bone metastasis may be
considered a two-stage process with the connexin C-tail-mediated attraction of cancer cells and channel-related
progression. At the same time it should be noted that in the bone microenvironment osteocytes perform purinergic

signaling and can create an oxidative microenvironment by Cx43 hemichannel activity, thus combating tumor
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invasion 4941 presumably, the overall role of connexins in bone as the potential soil for metastasis might depend

on the ratio of the microenvironment participants.

3.3. Connexins in the Brain Niche

In the brain microenvironment, connexins appear to be the instrument that cancer cells use to turn astrocytes to
allies. The connexin C-tail-mediated inhibition of Src kinase down-regulates (-catenin, triggering the preferential
differentiation of neural progenitor cells towards astrocytes (against neurons). While the establishment of connexin
GJs between normal neural cells and tumor cells can attenuate cell proliferation due to miR-124-3p transfer 42,
astrocytes are reported to possess pro-tumorigenic activities in the glioma microenvironment 431441451 One of the
possible reasons for this is the transfer of miRNA derived from glioma cells to astrocytes, which promotes pro-
invasive behavior, as was shown for miR-5096 48! and miR-19b 47, |n the case of miR-19b, invasiveness might be
associated with the disruption of cell-matrix adhesion. The resulting shift in the microenvironment drives tissue
malignization 28!,

Connexins heavily contribute to successful brain metastasis. Cx43 GJ communication mediates the extravasation
of cancer cells to the brain parenchyma via a transcellular way. This process is initiated by the interaction of cancer
cells with endothelium. The extravasated tumor cells engage Cx43 contacts with astrocytes in favor of the
formation of metastasis and then form Cx43 contacts with each other, thus establishing a metastatic node 42, The
preferential interaction of tumor cells with astrocytes has been shown to be promoted by c-MYC (cellular
myelocytomatosis, a proto-oncogene) 9. Thus, in the brain niche connexins may have anti-tumor properties in the
case of early tumors, while in the case of metastasis from tumors of other organs, connexins of the brain
microenvironment mostly provide the means for tumor cells to pass through the blood—brain barrier and

accommodate in the brain parenchyma.

3.4. Connexins Mediate Interactions of Cancer Cells and Cells of the Immune
System

An important aspect of the integrative functions of connexins in the TME is their contribution to the communication
of tumor cells and cells of the immune system. Connexins participate in immunological synapses 21 and execute
both pro- and anti-tumor activities 22, The anti-tumor activity of connexins mostly consists of their involvement in
antigen presentation. Cx43 has been 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 key to the activation and execution of the cytotoxic functions towards tumor
cells B3IB4I55156] . Of note, the connexin-mediated cytotoxic effect can also be directed towards normal cells. The
transfer of peptides across the gap junctions between melanoma cells and endothelial cells, for example, may
provoke the destruction of endotheliocytes by cytotoxic T cells, thus hindering tumor neovascularization and

lowering the supply of oxygen and nutrients to growing tumors B2,
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Immune cells can also participate in the microenvironmental adaptation of the tumor. It has been suggested that
tumor-associated macrophages (TAMs) may begin to act as intermediaries of nutrients between the tumor and
vessels, creating an extensive cellular network integrated by Cx43 channels. The resulting rise in tumor

metabolism not only increases its adaptability, but also leads to higher aggressiveness 28],

The connexin-mediated cooperation of stromal cells with immune cells can contribute to tumor progression and
manifests as a failed regeneration process. In the case of the giant-cell tumor of bone, Cx43 participates in the
fusion of osteoclasts and monocytes. This abnormal cellular cooperation is most likely associated with an attempt
by monocytes to regenerate the cancer-associated damage to bone tissues, which instead leads to an increase in

the size of the tumor 22,

3.5. Connexins in the Interactions between Tumor Cells and Other Types of Stromal
Cells

Connexin contacts are established between various stromal cells, characteristic of certain metastatic niches or
immune cells. Fibroblasts are a vital tissue component which substantially participates in the TME. The
participation of connexins in integrating fibroblasts into the TME is tumor suppressive in the case of the early tumor
and pro-tumorigenic in the advanced stage. Normal fibroblasts of the skin inhibit keratinocyte colony formation by
the establishment of Cx43 GJ intercellular communications. When normal fibroblasts are exposed to sublethal
doses of hydrogen peroxide (e.g., in aging) they lose Cx43 expression and thus GJ intercellular communications,
which leads to the activation of keratinocyte colony formation. When the transformed fibroblasts start to prevail in
the tissue microenvironment this is the turning point towards tissue malignization 9. Interestingly, during the
development of melanoma, where Cx43 is lost in malignant cells, Cx43, Cx26 and Cx30 expression was reported
to be enhanced in the surrounding normal epidermis and correlated with the grade of the tumor, while this was not
observed in benign nevi, as shown by measuring the mRNA content [1] and the evaluation of the protein localized
at the membrane 2. Such an up-regulation of Cx26 and Cx30 occurs during wound healing and triggers
keratinocyte proliferation 1. |t should also be noted that high levels of Cx43 is characteristic for basal
keratinocytes, while during maturation the level of Cx43 decreases and Cxs 26, 30 and 31 start to increase, yet

their levels are still relatively low [63],

Cells of squamous cell carcinoma down-regulate homologous GJ intercellular communications mediated by Cx43
between fibroblasts in vitro in a paracrine fashion with the involvement of calcium signaling 84, In the same type of
cancer in vivo, Cx43 expression was observed in cancer-associated fibroblasts (CAF) located in the perlecan-rich
stroma which is characteristic of invasion. Interestingly, these fibroblasts were localized in areas deficient in
vasculature, i.e., areas of limited oxygen and nutrient supply ©2. Tumor cells can also use fibroblasts as energy
donors, triggering the process of cytoplasmic and organelle sharing between fibroblasts and melanoma cells by
TNT formation [6€l,

Initial connexin contacts between tumor cells and non-fibroblast cells can induce profibrotic properties in them, the

most prominent of which is the enhanced expression of type | collagen. This was indicated for stellate cells in
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hepatocellular 87 and pancreatic 8! carcinomas.

Apparently in the TME as long as connexins are predominantly used by non-tumor cells to successfully retrain
tumor cells rather than by tumor cells to subjugate normal cells, they thus act as tumor suppressors. When normal
stromal communication is lost, tumor cells multiply and start to prevail in the microenvironment and thus connexins

become a means of tumor progression.

| 4. Involvement of Connexins in Cancer Initiation

Early studies in connexin-deficient mice revealed their increased susceptibility to carcinogens [BAZAZLZ2] Thjg
phenomenological coincidence strongly indicated that connexins are involved in cancer initiation. Indeed, Cx43-
knockout mice tended to be statistically more predisposed to developing lung cancer induced by urethane or
DMBA (7,12-dimethylbenz[a]anthracene) than the wild-type mice (279 Cx32-deficient mice had an increased
incidence of liver tumors after exposure to chemical carcinogens (DEN, diethylnitrosamine) and radiation (X-rays),

with a higher number and sizes of tumor nodes compared to wild-type mice [1Z2],

Shifts in overall connexin abundance, but predominantly its loss, is associated with tissue malignization under the
action of various transforming factors, such as metabolic disorders, inflammation, bacterial infection, etc. Thus,
non-alcoholic hepatosteatosis can be accompanied by the down-regulated expression of Cx32 which eventually
causes liver fibrosis and is followed by hepatocellular carcinoma 3. In the inflammatory microenvironment, for
example, in the presence of pro-inflammatory cytokines (TNF-a, IL-1B and IL-6) during aging /4! or prostaglandin
E2 [ the level of Cx43 decreases. Pre-tumorigenic cells which have lost Cx43 are susceptible to the
inflammatory microenvironment and they acquire a motile phenotype 8. Improper diet and related metabolic

stresses are shown to induce malignant transformation of the intestinal epithelium.

The improper membrane localization of connexins can also become a tumor-initiating event. Infection with human
papillomavirus 16 causes mutation in the human homolog of Drosophila discs large (hDIg)-binding motif of the
Cx43 C-tail, which results in the disruption of proper Cx43 and hDIg trafficking to the membrane so Cx43 remains

in the cytoplasm 2,

Another mechanism is the initiation of endometrial cancer in obese patients which can be due to the disruption of
Cx43 GJ intercellular communications by hypermethylation of the Cx43 promoter in normal endometrial epithelium
mediated by the microenvironment conditioned by adipose stromal cells which massively release plasminogen
activator inhibitor 1 8],

Considering not only the levels of individual connexins, but also taking into account their interplay with each other,
relative changes in their levels are also important. For example, the turning point for the transformation of bile duct
epithelium by Clonorchis sinensis metabolites and eventual cancer development is accompanied by the
simultaneous decrease in the expression of Cx32 and up-regulation of Cx43 and Cx26. Cx43 in this case acts as a

tumor promoter as its inhibition leads to a proliferation decrease 2. Similarly, the altered expression and
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functionality of Cx43 and Cx32 in liver oval cells have been demonstrated to cause hepatocellular and
cholangiocellular neoplasms due to the disruption of adequate cell differentiation Y. This evidence may be
supported by the fact that differentiation towards normal liver tissues in early development requires the sustained

expression of Cx32 and down-regulation of Cx43 (81182

Another way to alter intercellular communication and hence the tissue context is the stable expression of connexins
which are normally only transiently expressed in a tissue when necessary for precise functional needs. For
example, in normal breast development Cx32 is expressed only during lactation precisely at the interfaces of
luminal cells 3] but this is characteristic of metastatic breast cancer lesions in lymph nodes. Overexpression of
Cx32 in the normal breast epithelium cell line MCF10A turned the cell morphology towards a mesenchymal

phenotype and increased the migratory activity of these cells by triggering the expression of EMT markers (4],

5. Role of Connexins in Forming a Hypoxia-Resistant Cancer
Cell Phenotype

Hypoxia is a biological condition characterized by insufficient oxygenation of tissues which, in the case of malignant
tumors, is caused by rapid cell proliferation B3] The oxygenation levels in tumors are lower compared to normal
tissues. For example, it was demonstrated with the polarography method, that the oxygenation levels in well-
oxygenated tissues, such as muscle, lie in the range of 20 to 70 mmHg, while in breast tumors it ranges between 3

and 30 mmHg, which indicates hypoxia 87,

Hypoxic conditions are, on the one hand, a circumstance that is destructive to 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. Connexins participate in both of these aspects.

Overcoming hypoxia on a large scale is realized in tumors by promoting angiogenesis mainly by establishing the
proliferative and migrative phenotype of endothelial cells. This can be realized via different types of cell—cell
interactions, i.e., between tumor cells, tumor cells and endotheliocytes and between stromal cells, including
vascular cells, and is mostly provided by functional GJ intercellular communications. For example, transcriptional
suppression of Cx43 and Cx26 in MDA-MB-231 breast cancer cells led to the down-regulation of GJ intercellular
communications between cancer cells and cancer cells-and-endotheliocytes, accompanied by reduced migrative
and invasive properties, as shown by real-time cell analysis B8 These results suggest that GJ intercellular
communications between tumor cells and endotheliocytes enhance their migration and proliferation. It has been
shown that collectively migrating tumor cells that have formed Cx43 contacts with endothelial cells, i.e., pre-hypoxic
micrometastases, trigger vascularization upon the onset of hypoxic conditions 2. On the other hand, GJ
intercellular communications between endothelial cells is vital for initial vessel integrity. Loss of Cx43 expression
and hence its patchy membrane localization leads to increased permeability of the existing vessels and promotes
angiogenesis, as shown for high-grade serous ovarian cancer 29, Vascular permeability is reported to be the factor

stimulating angiogenesis 1. Another mechanism of angiogenesis stimulation due to Cx43 loss relies on the
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massive production of pro-angiogenic factors due to the elevated levels of hypoxia-induced factor alpha 1 (HIF1a),

as Cx43 is responsible for HIF1a ubiquitination and degradation indicated in melanoma 22!,

One of the characteristics of a severely hypoxic microenvironment that should be handled is acidosis, and
functional GJ intercellular communications mediated by connexins allows its management. Thus, in spheroids of
pancreatic cancer, it has been shown that connexin channels between hypoxic and normoxic cells allow the rapid
distribution of bicarbonate ions to neutralize acidification in hypoxic areas [3l. More than this, tumors can protect
themselves from acidification by another mechanism, specifically, transmitting lactate through Cx43-based
channels B4, 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 Cx43 channels through the myofibroblast syncytium 22l The transfer of
ions occurs passively, which is energetically beneficial for hypoxic cells, as they retain ATP; moreover, a spread of
lactate can additionally act as an alternative nutrient shared between cancer cells, as lactate is indirectly involved
in the tri-carbon acid cycle 28, Although as demonstrated in severe acidosis, when lactate concentrations are too
high and high calcium concentrations are established, Cx43 channels close and uncouple, which leads to the

interruption of the GJ intercellular communications in rat hepatocellular carcinoma and human glioblastoma A172
[97]

Thus, connexins participate in hypoxia resistance by providing a trans-cellular path for oxygen and nutrients in
arranged cells which jut into the depths of the tissue from the perivascular space 28! or by providing the spread of
alternative nutrients (lactate) simultaneously protecting cells from acidification. The loss of GJ intercellular
communications in vascular cells triggers angiogenesis; and the re-establishment of GJ intercellular
communications in impaired vessels facilitates the migration of tumor cells through the vessel wall, enabling the
formation of metastatic units already possessing resistance to hypoxia.

6. The Multifaceted Role of Connexins in Both Tumor
Progression and Suppression Due to the Intracellular
Transfer of miRNA

miRNAs are one of the most potent factors of the TME and they are transmitted between both malignant and
stromal cells through connexin-based gap junctions or via extracellular vesicles (exosomes). Thus, Cx43-based
channels have been reported to transmit miRNA-145 from microvascular endothelial cells to colon cancer cells
leading to the inhibition of angiogenesis 28, A similar cancer-inhibiting effect was recently reported in glioma where
the miR-152-3p transmitted from normal astrocytes to C6 glioma cells via Cx43-based channels attenuated their
migration and invasion 22: and in hepatocellular carcinoma where miR-142 and miR-233 were transferred from
macrophages to tumor cells 2%, |n glioma cells loaded with tumor-suppressive miR-124-3p, GJ intercellular
communications enhanced the transfer and distribution of miRNA to neighboring cells which attenuated cell

proliferation, as was shown in vitro and in vivo 42,
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A considerable amount of data has been gathered on the pro-tumorigenic role of miRNA transfer by connexin
channels. The miR-5096 derived from glioma cells possesses a pro-invasive effect when transferred to astrocytes
(48] and a pro-angiogenic effect when transferred to microvascular endothelial cells along with the suppression of
Cx43 expression 291 Hypoxia-induced miR-192-5p transferred through Cx43-channels from melanoma cells to
cytotoxic T-lymphocytes triggers the immune surveillance escape 192 Bone marrow-derived miRNAs targeting

CXCL12 were indicted to contribute to breast cancer quiescence 193],

In the case of the exosome-mediated transmission, connexin channels have been reported to recruit miRNAs to
exosomes as they possess RNA-binding motifs in their structure 224, The miRNA transmission mediated by
exosomes containing connexins facilitates cancer progression in hypoxic conditions (Cx46-rich exosomes) 2931, |t
is interesting to note that Cx43-based channels have a higher permeability for various miRNAs compared to
channels formed by other connexins, such as Cx26, Cx30, and Cx31 108 or Cx32 and Cx37 1971,

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 cell 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.

| 7. Connexins and Cancer Stemness

Cancer stemness is an important factor of cancer progression, which determines cancer self-renewal, dormancy,
and resistance to treatment [2%8]. Connexins are reported to participate in regulating cancer stemness in positive

and negative ways, or utilized by cancer stem cells to perform their functions.

Connexins can reduce the stemness of cancer cells or provide assistance in cancer treatment aimed at resistant
stem cells. Thus, ectopic expression of Cx43 in lung cancer cells reduces the abundance of cancer stem cells, as
was shown by a reduction in tumor sphere formation and stemness markers in transfected cells 293, Stemness
attenuation was also reported for Cx30 in glioma due to its ability to interfere with the insulin-like growth factor 1
receptor, which is involved in maintaining self-renewal 119, The assistance in coping with cancer stem cell drug
resistance consists of the establishment of GJ communications, which was indicated in liver cancer, where

simultaneous ectopic expression of Cx43 and SUMO1 resulted in a higher responsivity to treatment 111,

Connexins can also support the stemness features of cancer cells. The most prominent stemness feature
supported by them is self-renewal which was established in the case of intracellular localization of connexins. For
example, it has been shown that Cx26, Cx32 and Cx46 can form alternative signaling with the pluripotency
transcription factor NANOG, up-regulate CD133 or markers of stemness Oct4 and Sox2, which leads to an
increased cancer abundance of stem cells and the acquisition of an invasive tumor phenotype 22, The functional
GJ communications can also support stemness features, as was indicated for Cx46, which maintains self-renewal
in glioblastoma [13l: and for Cx43 which is crucial for maintaining pluripotency and proliferation in embryonic stem

cells (4] and maintaining dormancy in the bone marrow niche 131,
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Connexins can also be used by cancer stem cells as a means of the realization of their aggressiveness. Thus,
Cx43 was reported to mediate breast cancer immune escape by establishing communications between cancer
stem cells and mesenchymal stem cells which results in a preferential Treg response against T-helper 17 cells 116l
Additionally, Cx43 facilitates lung cancer metastasis to the brain by establishing communications between cancer
stem cells and astrocytes [117],

The recent conceptual papers by J.E. Trosko discussed the hypothesis that connexins may act as key molecules
which underlie cancer stem cell origin and determine the cancer stem cell type due to their tissue integration
properties with the most crucial point, cell differentiation. Cancer cell stemness, in this case, is assumed to be
maintained on the one hand by the sustained expression of the Oct4A oncogene which prevents the expression of
connexin genes, thus making it impossible for cells to differentiate at all, or in the case of when Oct4A oncogene is
absent the stemness is maintained by other oncogenes which prevent proper connexin localization and the
execution of their differentiation functions [118][119][120]
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