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Abstract

:

Gap junctional channels are specialized components of the cellular membrane that allow the intercellular passage of small metabolites, ions, and second messengers to maintain homeostasis. They are comprised of members of the connexin gene family that encode a wide array of proteins that are expressed in nearly every tissue type. Cx43 is perceived to be the most broadly expressed connexin in humans, with several genetic skin diseases being linked to Cx43 mutations specifically. These mutations, in large, produce a gain of functional hemichannels that contribute to the phenotypes of Erythrokeratoderma Variabilis et Progressiva (EKVP), Palmoplantar Keratodemra Congenital Alopecia-1 (PPKCA1), and others that produce large conductance and increased permselectivity in otherwise quiescent structures. Gaining functional hemichannels can have adverse effects in the skin, inducing apoptosis via Ca2+ overload or increased ATP permeability. Here, we review the link between Cx43 and skin disease. We aim to provide insight into the mechanisms regulating the normal and pathophysiological gating of these essential proteins, as well as address current therapeutic strategies. We also demonstrate that transient transfection of neuro-2a (N2a) cells with mutant Cx43 cDNA resulted in increased hemichannel activity compared to wild-type Cx43 and untransfected cells, which is consistent with other studies in the current literature.
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1. Introduction


Intercellular communication is critical for cellular and tissue homeostasis within multicellular organisms, allowing for the transport of signaling molecules. Gap junctions are a key determinant in facilitating this process by allowing a direct exchange of small metabolites, second messengers, and ions [1]. In non-excitable tissue, gap junctions are involved in many physiological events, including cell differentiation, synchronization, and immune response [1,2,3,4]. This specialized intercellular coupling can also be found in excitable tissue, such as cardiac myocytes, where processes including rapid synchronization and facilitation of action potential propagation occur [5]. It is commonly known that gap junction channels are the only intercellular communication pathways that exclude the extracellular space, and are produced by the joining of adjacent connexin (Cx) channels in chordates [2,6,7,8,9].



The connexin genes form a close family displaying a large degree of amino acid identity and similarity within both the extracellular and transmembrane regions [10]. To date, the family of connexin genes is composed of 20 members within the mouse genome and 21 within the human genome, with 19 having clearly identifiable orthologs between both [11]. The genes are named starting with an abbreviation for gap junction, followed by their corresponding subgroup and order of discovery. For instance, the Cx43 gene was the first to be identified in the α-group and thus is named GJA1, while the Cx26 gene was the second identified gene of the β-group, and therefore is named GJB2. Currently, there are five recognized connexin subfamilies: GJA, GJB, GJC, GJD, and GJE [10]. The proteins are denoted according to the species from which they were derived, followed by the theoretical mass of the polypeptide, measured in kilodaltons (kDa) [12]. For instance, the approximately 32 kDa connexin protein first identified in the liver, is thus, referred to as Cx32. In order to form a complete gap junctional channel, six connexin subunits must oligomerize into a hemichannel, and then must attach to an adjacent hemichannel located on the plasma membrane of another cell. Connexins are transmembrane-spanning proteins with a half-life between one and five hours, suggesting a high turnover of gap junction channels and hemichannels per day [13,14]. Hemichannels may be formed from either single or multiple types of connexins, depending on compatibility, giving rise to heteromeric and homomeric hemichannels [15]. Connexins belonging to the same subfamily have a greater likelihood to form channels, such as A-connexins 40 and 43, rather than to those belonging to other groups [6].



Inflammation is an intricate process that serves to protect an organism against exogenous pathogens and the effects of cell damage. The inflammatory response entails a myriad of physiological events, including the recruitment of immune cells, vasodilation, increased membrane permeability, and generation of inflammatory signaling molecules [16]. Studies have shown that connexins play a key role in mediating inflammation. For example, inflammation by polycyclic aromatic hydrocarbons in lung and liver epithelial cells results in the inhibition of gap junction intercellular communication through production of arachidonic acid, chemokines, TNF, and Cox-2 activation [17,18,19,20]. In activated peritoneal macrophages, inhibition Cx43 function through either pharmacologic administration or gene knockout improved survival, indicated by a reduction in cytokines during sepsis [21]. In another example, in the inflammatory demyelinating diseases of the central nervous system, mutations in several connexin genes provide evidence that connexin channels in both oligodendrocytes and astrocytes are necessary for maintaining myelin and myelinated axonal integrity of the CNS [22].



Cx43 is perceived to be the most broadly expressed connexin in humans. Extensive studies involving Cx43 have indicated that aside from its role in communication, it can also regulate gene transcription, properties of the cytoskeleton, ATP transport, cell stress, and damage [23]. As an example of its abundance, Cx43 is widely expressed in the heart and is critical for myocyte growth and function. Genetically labeled adult rat cardiomyocytes were shown to dedifferentiate, proliferate, and electrically couple with neonatal rat ventricular myocytes through Cx43 activity and Ca2+-signal propagation [24]. In addition, Cx43 can be involved in pathogenic and deleterious pathways. Cx43 is critical for normal electrical conduction in the heart, for example, whereby deletions of this connexin causes arrhythmias [25]. In human diabetic retinopathy, expression of this protein was observed to be downregulated, where the degree of downregulation correlated to the amount of retinal vascular cell loss [26]. In mouse bone marrow-derived dendritic cells, Cx43 expression was increased significantly after treatment with Angiotensin II (AngII), promoting atherosclerosis and atherogenesis in the absence of an AngII type I receptor blocker [27]. Dysregulated Cx43 can also facilitate melanoma metastasis and signaling between tumor cells [28]. Truncation of the Cx43 C-terminus results in accelerated wound closure in the epidermis of transgenic mice, promoting earlier proliferation and cell migration [29]. In a mouse model of ODDD, there was an observed reduction in Cx43 expression overall, with marked decreases in gap junction coupling and plaque number, indicating certain mutations in GJA1 may be more dominant [30]. Lastly, two heterozygous Cx43 mutants found in the bladder were studied in another ODDD mouse model, where it was found that both mutations resulted in decreased Cx43 gap junctional intercellular communication and act in a dominant manner to display defects in bladder function [31]. Since connexin proteins are crucial components in an array of central cellular events, this leaves researchers with quite a few opportunities for therapeutic intervention during pathophysiological conditions.



There are several human skin diseases that are associated with mutations in Cx43 specifically. These diseases, namely Oculodentodigital Dysplasia (ODDD) and Palmoplantar Keratoderma and Congenital Alopecia-1 (PPKCA1), among others, result in a gain in the number of functioning hemichannels across the cell membrane. ODDD is a rare autosomal dominant disorder in which patients present with congenital deformities and complications of the face, eyes, teeth, and limbs [32]. Mutations in GJA1 encoding Cx43, in this case, can produce a variety of pathophysiological conditions that ultimately lead to ODDD, including reduced gap junction channel function, altered transport, and assembly of channels, or increased hemichannel function [33]. The goal of this article is to review the current literature on Cx43 and its specific role in the skin in normal and pathophysiological conditions, as well as discuss its association in the inflammatory response. In the epidermis, Cx43 is among the most abundantly expressed connexin proteins and is also expressed at high levels in palmoplantar skin along with Cx26. Given its ubiquitous nature, understanding its mechanism of action in each tissue, determining the level of co-expression with other connexins, and implementing therapeutic strategies for patients with these inflammatory diseases provides an ongoing challenge to current research.




2. Connexins and the Epidermis


2.1. Gating Properties of Connexins


Connexins become hemichannels following oligomerization in the ER-Golgi pathway, within either the intermediate compartment or Golgi apparatus. Once they form oligomers, hemichannels are brought to the plasma membrane to allow docking with appositional channels through their extracellular loops. Generally, it is perceived that hemichannels are delivered to the periphery of large docking areas, known as plaques, where older gap junctions are degraded and removed from the center through internalization before being replaced [34]. Undocked hemichannels may still activate under a number of conditions, such as mechanical stress, which may invoke different physiological responses by allowing the release of second messengers, including ATP or NAD+ [35,36]. Each hemichannel contains voltage gates, which adopt either a closed or open configuration depending on the relative polarity of the cell membrane. Within a gap junction, these gates can operate in series to determine whether the channel is in a fully open, residual, or closed configuration [37]. However, hemichannels are more likely to remain in a closed state in order to prevent the loss of integral metabolic and ionic components in a homeostatic environment [38]. However, closed channels may become open under specific circumstances through either electrical or chemical gating.



Gating is caused by alterations in channel structure that produce changes in channel conductance. In general, the magnitude of electrical coupling mediated by gap junctions is governed by the number of channels within the plasma membrane, their open probability, and their unitary conductance. Additionally, large plaque formations are another determinant for channel opening. In wild-type Cx43 immunofluorescence experiments, it was observed that coupling was absent in the presence of small protein aggregates on the plasma membrane. Further, it was estimated that cells with plaques comprising of 200–400 channels were typically uncoupled or coupled with few channels [39]. Due to the nature of gap junctions, the number of channels within plaques is driven by the expression, transport, and breakdown of connexins. In contrast, most hemichannels are activated by independent cell membrane depolarization events that are not associated with any other connexin channels [40,41]. Hemichannel opening is largely dependent on the concentration of divalent cations, such as Ca2+. In the case of hemichannels that are formed by various connexin isoforms, regulation by voltage can be significantly different depending on channel composition [42]. The interaction between membrane depolarization and hemichannel opening, thus invokes a repeated sequence of events, where increasing ion fluxes further depolarizes the resting membrane potential.



The permeability of gap junctional channels is governed by a number of factors. For example, the presence of sites along the pore of the channel allows for discrimination based on the size and charge of permeable solutes, of which Cx43 has been reported to possess [43]. In addition to these sites, solutes can be further selected by size based on the narrowest portion of the pore, as molecules small than this diameter may fully traverse the junction. Hydrogen bonding may also impact permeability, and it is considered a rate-limiting, where increasing the number of hydrogen bonds inversely affects solute permeation [44]. Due to the interactions between solutes and hydrogen bonds within the pore, solutes may need a specific conformation and orientation to pass based on enthalpic and entropic interactions [44]. Binding sites may also be present within the pore, which acts in a similar fashion [45]. Aside from structural constraints, gap junctional channels are sensitive to and strongly influenced by changes in voltage between the interior of both cells, known as the transjunctional voltage and membrane potential [3]. Depending on channel type, the configuration of the channel, as well as the amount of time spent in this configuration, can vary widely due to these two variables [45].




2.2. Connexins in Wound Healing


At its basic function, the skin is a specialized component of the human body that forms a protective barrier to the external environment. It is composed of a specialized stratified epithelium known as the epidermis. A key component of the epidermis are keratinocytes, which are located throughout the epithelium and can attach to the basal membrane, which serves as a boundary between the vascular dermis and avascular epidermis [46]. Epidermal keratinocytes are divided into the outer cornified layer, granular layer, spinous layer, and inner basal layer. Cells undergo differentiation and migration within the basal layer and are shed upon reaching the outer layers [47]. Cx43 is among the most comprehensively expressed connexin in the skin, particularly within keratinocytes.



There are several mechanisms through which connexins can be linked to skin disease and subsequent wound healing [48,49,50]. In the presence of cellular cues that drive gene expressions, such as assembly or turnover events, communication through connexin pathways may be upregulated or downregulated. After an injury, there is a transient downregulation of Cx43 in order to facilitate the healing process [51]. In general, wound healing involves the processes hemostasis, inflammation, proliferation, and maturation. Immediately following injury, hemostasis is initiated and involves the accumulation of clotting factors to prevent bleeding. Next, blood vessels enable the invasion of inflammatory leukocytes through dilation and increased permeability, resulting in phagocytosis of exogenous bacteria and damaged cells [52]. The restoration of the epithelium then proceeds by the release of several growth factors, such as epidermal growth factor (EGF) and fibroblast growth factor (FGF). The proliferation of new keratinocytes by epidermal or follicular stem cells also contribute to the restorative process [53]. The expression of Cx43 can vary during wound healing and has the ability to influence cell behaviors. Following an injury, Cx43 at the wound site becomes downregulated due to the increased production of cyclic adenosine monophosphate (cAMP) [54]. As a result, the cell junction becomes detached, and cytoskeleton remodeling ensues. In its active form, Akt can phosphorylate Cx43 and lead to further activation and migration of keratinocytes in the epidermis, promoting wound closure [54].



Numerous studies have reported that the function and activity of gap junctions and connexins play a role in nearly all aspects of wound healing, including inflammatory response coordination, signal transduction, wound healing and scarring. Further, altering Cx43 levels affect wound repair. In wound closure, mimetic sequences on extracellular loop one, called Gap26, and loop two, called Gap27, inhibit channel function by preventing hemichannel docking [55]. Connexin mimetic peptides (CMPs) have been developed to mimic small sequences of connexin proteins without altering gene expression, and include ACT-1, Gap26, Gap27, Gap19, and the L2 peptide [55]. It was observed that prolonged exposure to Gap26 and Gap27 enhances the rate of wound closure, reduce gap junction-mediated intercellular communication, and hemichannel activity in juvenile human keratinocytes and fibroblasts [56]. It was also observed that Gap27 upregulates genes associated with remodeling of the extracellular matrix, with amounts of collagen types I and III, transforming growth factor beta-1 (TGFß-1), and matrix metallopeptidase-2 (MMP-2), mRNA peaking seven days following injury in Cx43 deficient mouse skin [50]. Therefore, the expression and phosphorylated state of Cx43 in these layers of skin change throughout the wound repair process. After wound closure, expression levels of Cx43 return to homeostatic levels [51,57].



In general, the inflammatory pathway involves the recruitment of immune cells, namely neutrophils and macrophages, physiological events such as vasodilation, and increased production of cytokines and chemokines. Hemichannels are known to play a role in mediating inflammation. In this pathway, ATP can partake in either paracrine or autocrine signaling, being released into the extracellular compartment by damaged cells or tissue. During the immune activity, ATP is released from polymorphonuclear neutrophils (PMNs), a process governed by Cx43. ATP can interact with the P2X7 receptor, a class of purinergic receptors expressed in nearly all tissues within the human body [57]. PMNs serve as the first line of defense against bacterial infection and cell damage, utilizing this mechanism in inflammatory diseases like atherosclerosis and autoimmune diseases like systemic lupus erythematosus [58]. After being released, ATP feedback through another type of purinergic receptor, the P2X1 receptor, allows the accumulation of neutrophils to the affected site via chemotaxis [59]. In addition, ATP is part of a signaling pathway that begins the activation of macrophages. Pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) can interact with toll-like receptors (TLRs) located on the plasma membrane of macrophages. PAMPs are typically peptidoglycans for most bacteria and lipopolysaccharide (LPS) for gram-negative bacteria, while DAMPs are endogenous molecules that are released from damaged cells [57]. After action by PAMPs, TLRs subsequently facilitate signaling pathways like the transcription factor NF-κB and MAPK pathways. These pathways regulate the expression of a variety of cytokines, including IL-1ß, TNF-α, and IL-6 [60]. Gene expression may also be modified during the inflammatory process and may include the upregulation or downregulation of the connexin mRNA within cells [57].




2.3. Cx43 Hemichannels


Encoded by the GJA1 gene, Cx43 is regulated both transcriptionally and post-transcriptionally. At the transcriptional level, activated protein kinase C (PKC) and estrogen can stimulate Cx43 expression through the transcription factor binding sites activator protein-1 (AP-1) and specificity protein-1 (SP1) sites [54]. Post-transcriptional regulation of Cx43 relies on the multiple phosphorylation sites located within the C-terminal to modulate subcellular localization and gap junction formation [54]. At least 19 of the 26 serine residues and two of the six tyrosine residues in the C-terminal region of Cx43 have been discovered to be sites of phosphorylation which direct the stability and functionality of the gap junctions [61]. Trafficking of the Cx43 hemichannel to the cell membrane involves the phosphorylation of S364/S365 [61]. This event causes a conformational change to generate the P2 isoform of the protein, a process that is necessary for plaque assembly. A previous epitome mapping experiment found that the elimination of these residues correlates with the configuration of the protein C-terminus within the Golgi and overall gap junction inclusion [62]. This suggests that modification at these regions is both necessary and occur after or upon Golgi exit. Casein kinase 1 (CK1) can then phosphorylate the S325/S328/S330 sites on Cx43 during the transition from the plasma membrane to influence channel gating and permeability [61,63]. Aside from intracellular trafficking, connexins have been found to be involved in extracellular communication though both extracellular vesicles and tunneling nanotubules (TNTs). TNTs are dynamic membrane structures responsible for the transport of an array of molecules in many cell types [64]. Interactions with connexins, in particular Cx43, aids in TNT-mediated electrical coupling a docking between adjacent cells by facilitating the formation and stabilization of the structure through N-cadherin [64]. Additionally, it has been found that Cx43 can facilitate the release of extracellular vesicle contents by assembling into functional channels at the surface of the vesicle. This is achieved by increasing the efficacy of luciferin delivery to luciferase-expressing cells [64].



Phosphorylation events also take place during channel closure and internalization. For example, phosphorylation of S373 by Akt takes place in response to induced disassembly, resulting in increased junction size. In Madin–Darby canine kidney cells transfected with wild-type and mutant Cx43 (K/R), which possess no lysine receptors for ubiquitination, it was observed that treatment of Akt and its stabilization following administration of protease inhibitors led to larger gap junction plaques [65]. This event also controls the ability of Cx43 to interact with ZO-1, a MAGUK protein related to tight and gap junction regulation [61]. Additionally, direct phosphorylation of S279/S282 is caused by the activation of Erk1/2 by various signals. Many studies indicate modifying this protein kinase or phosphorylation site can decrease the gap junction function. In an oral mucosa and skin wound experiment, female mice treated with an Erk1/2 inhibitor following injury resulted in increased Cx43 expression, promoting collagen III production and upregulation with scar formation [66]. Electrophysiology experiments utilizing mutant S279/S282 in a Cx43 knockout mouse cell line suggest that phosphorylation at these sites affect gap junction open probability [67]. Therefore, the rapid closing and internalization of intercellular communication by Erk and plaque size modulation by Akt are both vital to maintain gap junctional homeostasis.



Currently, there are one syndromic and three non-syndromic skin conditions specifically associated with Cx43 (Table 1). Typically, mutations in GJA1 encoding Cx43 result in a syndromic, autosomal-dominant disorder known as ODDD, which is characterized by craniofacial structure, syndactyly of fingers or toes, and in rare circumstances skin disease [68,69]. Hearing loss is also observed; however, unlike other connexin-related diseases, ODDD hearing loss is conductive rather than sensorineural [47,68]. There is a total of 73 mutations in Cx43 that have been linked to ODDD, of which 64 are autosomal dominant missense mutations [33]. Moreover, the mechanism underlying ODDD has been extensively investigated and hypothesized to vary depending on the mutation involved [33]. For example, Cx43-G138R has been documented to increase hemichannel function coupled with the loss of gap junction channel function [70,71]. In contrast, Cx43-G21R has been documented to elicit improper oligomerization during transport to the plasma membrane and compromise hemichannel docking, thus form plaques that are essentially non-functioning [72]. Of the non-syndromic conditions identified by mutations in GJA1, both EKVP and PPKCA1 share a hyperkeratosis phenotype, whereas ILVEN affects Blaschko’s lines (discussed further in Section 2.4). Investigations of the mechanism for EKVP involve Cx43-A44V and Cx43-E227D, which have been reported to result in hemichannel localization failure and subsequent Golgi accumulation [73]. Two new mutations have since been discovered and are attributable to EKVP as well, producing similar phenotypes in cases [74]. In PPKCA1, Cx43-G8V has been reported to increased hemichannel activity, resulting in increased basal levels of Ca2+ and its permeability [75]. Lastly, the mechanism behind ILVEN and its associated Cx43 mutation (Cx43-A44V) have not yet been fully described. Additionally, a recently discovered GJA1 mutation (Cx43-G38E) results in a new non-syndromic phenotype whose mechanism is also not fully understood, known as Hypotrichosis with Keratosis Follicular and Hyperostosis. Mutations at this position produce characteristics similar to the other non-syndromic conditions stated, such as palmoplantar keratoderma and alopecia, but also hyperostosis of the skull and vertebrae [76].




2.4. Cx43 Mutations and Epidermal Pathophysiology


In large, connexin mutations that are associated with diseases contain either deletions or substitutions in single amino acids. Consequently, these mutations can be detrimental to the biochemical properties of these proteins, thus impacting the functionality of the channels that form [35,77]. Interestingly, mutations within this gene family can alter the characteristics of the hemichannel structure, often producing detrimental outcomes. For example, hemichannels may become constitutively active or dysregulated and can elicit a host of events that are catastrophic to the cell, including the depletion of essential molecules from the cytoplasm, plasma membrane depolarization, or osmotic pressure-induced cell lysis [78]. This process of keratinization can also be seen through interactions of other connexins with Cx43. For example, Cx26 mutants, which are directly associated with the keratitis-ichthyosis-deafness syndrome (KID) and palmoplantar keratoderma (PPK), can increase cell membrane permeability by interacting with Cx43 more effectively. This, in turn, can intensify Cx43 hemichannel activity; therefore, resulting in ATP leakage and Ca2+ overload [79,80].



In a previous study, we demonstrated that three Cx43 mutations linked to diseases of the epidermis, Cx43-G8V, Cx43-E227D, and Cx43-A44V, formed functioning hemichannels that mediated increased membrane current flow, suggesting a potential common feature of genetic skin disease related to this protein [69]. Currently, ten of the identified human connexin genes are linked to twenty-eight genetic diseases. Of these, eleven are skin disorders that contain overlapping phenotypes due to mutations in GJA1, GJB2, GJB3, GJB4, and GJB6 [35,47]. Mutations in GJA1, in particular, can cause an array of genetic diseases, including skin disease [33,47]. For example, the single substitution mutation Cx43-G8V is linked to PPKCA1 [75]. In PPKCA1, patients typically present with severe thickening of the skin (keratosis) at the palms, knees, elbows, and feet, congenital hair loss (alopecia), and whitening of the nails (leukonychia) [81]. The single substitution mutations Cx43-A44V and Cx43-E227D were also found to be linked to skin disease, causing erythrokeratoderma varibilis et progressiva (EKVP) [82]. In EKVP, patients typically present with keratosis that is either widespread or localized to a small area of the body. EKVP cases can also present with other skin pathologies due to its association with other mutations in the connexin gene family. For example, it is not uncommon for patients with EKVP to also have palmoplantar keratoderma, which is predominantly attributable to mutations in GJB2 [47,73,83]. In relation to Cx43 mutations, patients with EKVP can also present with leukonychia and darkening of the skin around the mouth [82]. Additionally, the Cx43-A44V mutation was also found in cases of inflammatory linear verrucous epidermal nevus (ILVEN) [84]. In ILVEN, patients typically present with reddened, raised areas (papules) that are located along the lines of normal skin development, called Blaschko’s lines [85].



Results from electrophysiological studies conducted in Xenopus oocytes that expressed mutant Cx43 cDNA showed channels with large conductances and increased function by both Cx43-A44V and Cx43-E227D (Figure 1). Under the same experimental conditions, wild-type Cx43 was unable to form these functional hemichannels [69].



HeLa cells deficient in gap junctional communication were also transfected to assess mutant Cx43 function and localization. Results from immunofluorescent staining revealed proper membrane trafficking to areas of cell contact, as well as the inability of untransfected cells to form gap junctions. In contrast, the unitary conductance of transfected HeLa cells was similar to wild-type Cx43, displaying the capability to form gap junctional channels [69]. These results demonstrate that these mutations efficiently form functioning gap junctions without differences in electrophysiology, and suggest that increasing hemichannel function, evident by the mutations studied, might influence skin pathologies associated with Cx43 [69]. Consistent with these findings, transient transfection of neuro-2a (N2a) cells with Cx43-A44V and Cx43-E227D resulted in greater hemichannel activity compared to wild-type Cx43 and untransfected cells, using whole-cell patch-clamp technique (Figure 2). These results (unpublished) are also consistent with other findings in the current literature [69].




2.5. A Generalizable Role for Hemichannel Activity?


There are studies of other connexin mutations associated with skin pathologies that may suggest a general role for the subsequent modifications in hemichannel activity. Mutations in Cx26, for instance, are known to increase hemichannel activity and are responsible for the phenotypes observed in Keratitis-Ichthyosis-Deafness syndrome (KID) and palmoplantar keratoderma (PPK). In a KID model, syndromic mutations produced a gain of function hemichannels in HeLa cells transfected with both mutant Cx26 and Cx43, altering the oligomerization capability of both proteins and promoting intracellular Ca2+ and ATP release [79]. Similar results were observed in a PPK model, where there was an increased number of functioning hemichannels in Xenopus oocytes transfected with both mutant Cx26 and Cx43 [80]. In PPKCA1, the Cx43-G8V mutation displays large membrane currents, ion influx, particularly Ca+2, and cell death in comparison to wild-type Cx43 [75]. Mutations in Cx30 generate large membrane currents and increased ATP leakage in Xenopus oocytes as well, subsequently increasing hemichannel function [86]. Cx31 mutants associated with EKVP also demonstrate similar physiological responses, with increased activity, leakage, and cell death and damage [87]. It is crucial to note also that in each of these studies, the wild-type isoform of each connexin was less likely to form functional hemichannels, and each pathology seemed to result in connexin upregulation. As these studies suggest, a general model for an increased gain of active hemichannels may involve increases in ATP and second messenger leakage from cells, along with necrotic cell death.



Conversely, connexin skin diseases may not always be due to aberrant hemichannel activity. For example, Vohwinkel Syndrome is an autosomal dominant syndromic disease caused by mutations in the GJB2 gene encoding Cx26 and is characterized by sensorineural deafness, palmoplantar hyperkeratosis, and pseudoainhum [88]. In a previous study, mutant Cx26 associated with Vohwinkel Syndrome (Cx26-D66H) did not form gap junctional plaques when expressed in both Xenopus oocytes and cervical epithelial cells and instead formed aggregates within the Golgi [89]. This failure to traffic to and assemble at the plasma membrane may be due, in part, to the inability of mutant Cx26 to interact and dock with other connexins [89]. In this case, evidence suggests a dominant-negative effect by Cx26-D66H, where a loss of function subsequently produces pathophysiological phenotypes rather than a gain-of-function described previously.




2.6. Current Strategies for Skin Pathology


When defective, connexins can be causal for a host of skin diseases, neuropathies, and other conditions not mentioned in this review. Given their extensive relationship, connexins can, therefore, be viable drug targets by focusing on gap junction regulation. Cx43 is an initial responder for several forms of injury, and therapeutic approaches depend heavily on disease indication and the life-cycle of Cx43 being affected [51]. For example, different approaches have been adapted to investigate the function of Cx43 in wound healing through antisense oligonucleotides and peptides in order to block channel function and interfere with Cx43 interacting proteins [55]. First, antisense oligonucleotides are short single strands of about 13–25 nucleotides that are complementary to specific mRNA. When bound to their target sequence, the expression of the target gene becomes downregulated. This type of treatment usually takes the form of a slow-releasing gel that can be applied topically to quickly downregulate the level of Cx43 in keratinocytes located at the wound edge, while decreasing the inflammatory response in blood vessels [90,91]. As mentioned previously, Cx43 antisense oligonucleotides can improve wound healing rates in a number of skin models, and therefore affect the expression of other genes involved. The reduction of Cx43 in mouse models demonstrated significantly greater rates of wound healing with thinner keratinocyte layers compared to untreated controls [92]. Second, peptides that can target the carboxyl terminus of Cx43 can be utilized to regulate channel function. For example, the A-connexin carboxyl-terminal peptide (ACT-1) can accomplish that by targeting the carboxy tail of Cx43. This prevents any interaction with ZO-1 and results in increased gap junction plaque size [46,55] by competitively inhibiting the interaction between the PDZ binding domains on both proteins [52]. Notably, ACT-1 does not interfere with expression levels, suggesting the role it plays in wound healing is not likely to be facilitated by Cx43 expression. This type of treatment also takes the form of topical applications to promote healing rates. Patients with chronic venous leg ulcers demonstrated an incidence of 100% wound closure after treatment for 12 weeks [93]. Increased rates of wound closure, diminished inflammation, and scar tissue formation were also observed in mouse and pigskin injury models, without altering Cx43 gene expression [94].



Considering normal physiological processes in humans require a sufficient level of gap junctional expression at all times, therapeutic strategies in which the expression of functional connexins is modified or regulated must proceed with caution [51]. Interventions, whether acute or chronic, have the capability of interfering with hemichannel function and gap junction coupling and produce adverse side effects. For example, it was found that expression of a Cx43 null mutation in neonatal mouse hearts resulted in further complications, such as insufficient pulmonary gas exchange, and lower rates of survival during development [95]. The use of antiarrhythmic peptides, which can reduce the effects of ischemia, cardiac arrhythmia, and atherosclerosis by modulating gap junctional communication [96], may also interfere with apoptotic cell isolation and wound healing [97]. Drug administration and targeting is a second obstacle for connexin therapeutic strategies. For example, previously developed drugs typically target wounds or disease locations that can be reached through topical applications, including skin and corneal wounds [51]. While beneficial for superficial intervention, this method can restrict systemic effects by directly applying to the wound site, and not to off-target areas in healthy tissues where connexins may also be affected [51]. Despite these limitations, therapeutic interference of connexin channels can be largely effective, given the potential to create drugs that can target both hemichannel and gap junctional isoforms with a high degree of specificity [97].





3. Conclusions


Connexin mutations associated with skin disease have the potential to enhance hemichannel activity in a process that may or may not affect hap junctional intercellular conductance. A gain of function mutations, such as those discussed in this review, have the capability to increase the permeability of connexin hemichannels. Our findings in electrophysiological studies revealed that while Xenopus oocytes transfected with Cx43-A44v, Cx43-E227D, and Cx43-G8V cDNA were still capable of forming gap junctional channels, increases in unitary conductance and transitions to sub-conducting states may be the result of a gain of functioning Cx43 hemichannels, a trend not observed in untransfected cells. Similar experiments in N2a cells also confirm this, and our findings are consistent with the current literature. Distinct roles have been identified in both pathophysiological and normal circumstances of gap junction and hemichannel function, alluding to the likelihood of the involvement of multiple mechanisms under these conditions. In the case of Cx43, such mechanisms may include increased Ca2+, ATP leakage, and membrane depolarization, subsequently resulting in phenotypes such as hyperkeratosis and other forms of dystrophies. However, since most of these genetic diseases are rare, whether a definitive mechanism for conditions such as PPKCA1 and ILVEN has yet to be fully investigated. Such efforts would not only improve our understanding of the role connexin hemichannels play in these disease states, but also facilitate drug targeting and increase the specificity of drugs during development.



Whether through pharmacologic or genetic models, substantial progress has been made to identify the role connexins play in the skin, and develop therapeutic strategies that target functionally active hemichannels. In recent years, utilization of connexin mimetic peptides and antisense oligonucleotides have been successful with inhibiting channel activity, directly influencing more localized regions of damage. Peptide mimetics such as ACT-1 are particularly advantageous since it can increase plaque size and restore wound healing without affecting the expression of Cx43 elsewhere in the system. While successful, therapeutics such as these still do not ensure sufficient administration of drug dosage as they are applied topically, which is a major challenge for current research. Further, these types of interventions are typically structured more towards management rather than treating disease symptoms. As a result, many questions remain concerning the intricacies of the regulatory mechanisms that direct gating and permselectivity and whether new therapeutics will have the capability of restoring epidermal homeostasis.







Funding


This research was funded by the US National Institutes of Health grants EY013163 and EY026911.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mese, G.; Richard, G.; White, T.W. Gap junctions: Basic structure and function. J. Investig. Dermatol. 2007, 127, 2516–2524. [Google Scholar] [CrossRef]

	



Villanelo, F.; Escalona, Y.; Pareja-Barrueto, C.; Garate, J.A.; Skerrett, I.M.; Perez-Acle, T. Accessing gap-junction channel structure-function relationships through molecular modeling and simulations. BMC Cell Biol. 2017, 18, 5. [Google Scholar] [CrossRef]

	



Herve, J.C.; Derangeon, M. Gap-junction-mediated cell-to-cell communication. Cell Tissue Res. 2013, 352, 21–31. [Google Scholar] [CrossRef]

	



Wong, P.; Laxton, V.; Srivastava, S.; Chan, Y.W.; Tse, G. The role of gap junctions in inflammatory and neoplastic disorders (Review). Int. J. Mol. Med. 2017, 39, 498–506. [Google Scholar] [CrossRef]

	



Epifantseva, I.; Shaw, R.M. Intracellular trafficking pathways of Cx43 gap junction channels. Biochim. Biophys. Acta Biomembr. 2018, 1860, 40–47. [Google Scholar] [CrossRef]

	



Nielsen, M.S.; Axelsen, L.N.; Sorgen, P.L.; Verma, V.; Delmar, M.; Holstein-Rathlou, N.H. Gap junctions. Compr. Physiol. 2012, 2, 1981–2035. [Google Scholar] [CrossRef]

	



Kanaporis, G.; Mese, G.; Valiuniene, L.; White, T.W.; Brink, P.R.; Valiunas, V. Gap junction channels exhibit connexin-specific permeability to cyclic nucleotides. J. Gen. Physiol. 2008, 131, 293–305. [Google Scholar] [CrossRef]

	



Sanchez, A.; Castro, C.; Flores, D.L.; Gutierrez, E.; Baldi, P. Gap Junction Channels of Innexins and Connexins: Relations and Computational Perspectives. Int. J. Mol. Sci. 2019, 20, 476. [Google Scholar] [CrossRef]

	



Skerrett, I.M.; Williams, J.B. A structural and functional comparison of gap junction channels composed of connexins and innexins. Dev. Neurobiol. 2017, 77, 522–547. [Google Scholar] [CrossRef]

	



Beyer, E.C.; Berthoud, V.M. The Family of Connexin Genes. Connexins 2009, 3–26. [Google Scholar] [CrossRef]

	



Beyer, E.C.; Berthoud, V.M. Gap junction gene and protein families: Connexins, innexins, and pannexins. Biochim. Biophys. Acta Biomembr. 2018, 1860, 5–8. [Google Scholar] [CrossRef] [PubMed]

	



Söhl, G.; Willecke, K. An update on connexin genes and their nomenclature in mouse and man. Cell Commun. Adhes. 2003, 10, 173–180. [Google Scholar] [CrossRef] [PubMed]

	



Scheckenbach, K.E.; Crespin, S.; Kwak, B.R.; Chanson, M. Connexin channel-dependent signaling pathways in inflammation. J. Vasc. Res. 2011, 48, 91–103. [Google Scholar] [CrossRef] [PubMed]

	



Sohl, G.; Willecke, K. Gap junctions and the connexin protein family. Cardiovasc. Res. 2004, 62, 228–232. [Google Scholar] [CrossRef]

	



Krishnan, S.; Fiori, M.C.; Cuello, L.G.; Altenberg, G.A. A Cell-Based Assay to Assess Hemichannel Function. Yale J. Biol. Med. 2017, 90, 87–95. [Google Scholar]

	



Willebrords, J.; Crespo Yanguas, S.; Maes, M.; Decrock, E.; Wang, N.; Leybaert, L.; Kwak, B.R.; Green, C.R.; Cogliati, B.; Vinken, M. Connexins and their channels in inflammation. Crit. Rev. Biochem. Mol. Biol. 2016, 51, 413–439. [Google Scholar] [CrossRef]

	



Osgood, R.S.; Upham, B.L.; Hill, T., 3rd; Helms, K.L.; Velmurugan, K.; Babica, P.; Bauer, A.K. Polycyclic aromatic hydrocarbon-induced signaling events relevant to inflammation and tumorigenesis in lung cells are dependent on molecular structure. PLoS ONE 2014, 8, e65150. [Google Scholar] [CrossRef]

	



Upham, B.L.; Dwyer-Nield, L.D.; Bauer, A.K. Dysregulation of Gap Junction Function and Cytokine Production in Response to Non-Genotoxic Polycyclic Aromatic Hydrocarbons in an In Vitro Lung Cell Model. Cancers 2019, 11, 572. [Google Scholar] [CrossRef]

	



Upham, B.L.; Blaha, L.; Babica, P.; Park, J.S.; Sovadinova, I.; Pudrith, C.; Rummel, A.M.; Weis, L.M.; Sai, K.; Tithof, P.K.; et al. Tumor promoting properties of a cigarette smoke prevalent polycyclic aromatic hydrocarbon as indicated by the inhibition of gap junctional intercellular communication via phosphatidylcholine-specific phospholipase C. Cancer Sci. 2008, 99, 696–705. [Google Scholar] [CrossRef]

	



Osgood, R.S.; Upham, B.L.; Bushel, P.R.; Velmurugan, K.; Xiong, K.N.; Bauer, A.K. Secondhand Smoke-Prevalent Polycyclic Aromatic Hydrocarbon Binary Mixture-Induced Specific Mitogenic and Pro-inflammatory Cell Signaling Events in Lung Epithelial Cells. Toxicol. Sci. 2017, 157, 156–171. [Google Scholar] [CrossRef]

	



Dosch, M.; Zindel, J.; Jebbawi, F.; Melin, N.; Sanchez-Taltavull, D.; Stroka, D.; Candinas, D.; Beldi, G. Connexin-43-dependent ATP release mediates macrophage activation during sepsis. eLife 2019, 8. [Google Scholar] [CrossRef] [PubMed]

	



Masaki, K. Early disruption of glial communication via connexin gap junction in multiple sclerosis, Balo’s disease and neuromyelitis optica. Neuropathology 2015, 35, 469–480. [Google Scholar] [CrossRef] [PubMed]

	



Prakoura, N.; Kavvadas, P.; Chadjichristos, C.E. Connexin 43: A New Therapeutic Target Against Chronic Kidney Disease. Cell. Physiol. Biochem. 2018, 49, 985. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.E.; Li, L.; Xia, X.; Fu, W.; Liao, Q.; Lan, C.; Yang, D.; Chen, H.; Yue, R.; Zeng, C.; et al. Dedifferentiation, Proliferation, and Redifferentiation of Adult Mammalian Cardiomyocytes After Ischemic Injury. Circulation 2017, 136, 834–848. [Google Scholar] [CrossRef]

	



George, S.A.; Poelzing, S. Cardiac conduction in isolated hearts of genetically modified mice—Connexin43 and salts. Prog. Biophys. Mol. Biol. 2016, 120, 189–198. [Google Scholar] [CrossRef]

	



Tien, T.; Muto, T.; Zhang, J.; Sohn, E.H.; Mullins, R.F.; Roy, S. Association of reduced Connexin 43 expression with retinal vascular lesions in human diabetic retinopathy. Exp. Eye. Res. 2016, 146, 103–106. [Google Scholar] [CrossRef]

	



Nie, W.; Yan, H.; Li, S.; Zhu, W.; Fan, F.; Zhu, J. Angiotensin II Promotes Atherogenesis through upregulating the Expression of Connexin 43 in Dendritic Cells. Cell. Mol. Biol. Noisy Grand Fr. 2015, 61, 96–101. [Google Scholar]

	



Tittarelli, A.; Guerrero, I.; Tempio, F.; Gleisner, M.A.; Avalos, I.; Sabanegh, S.; Ortiz, C.; Michea, L.; Lopez, M.N.; Mendoza-Naranjo, A.; et al. Overexpression of connexin 43 reduces melanoma proliferative and metastatic capacity. Br. J. Cancer 2015, 113, 259–267. [Google Scholar] [CrossRef]

	



Kretz, M.; Maass, K.; Willecke, K. Expression and function of connexins in the epidermis, analyzed with transgenic mouse mutants. Eur. J. Cell Biol. 2004, 83, 647–654. [Google Scholar] [CrossRef]

	



Flenniken, A.M.; Osborne, L.R.; Anderson, N.; Ciliberti, N.; Fleming, C.; Gittens, J.E.; Gong, X.Q.; Kelsey, L.B.; Lounsbury, C.; Moreno, L.; et al. A Gja1 missense mutation in a mouse model of oculodentodigital dysplasia. Development 2005, 132, 4375–4386. [Google Scholar] [CrossRef]

	



Lorentz, R.; Shao, Q.; Huang, T.; Fishman, G.I.; Laird, D.W. Characterization of gap junction proteins in the bladder of Cx43 mutant mouse models of oculodentodigital dysplasia. J. Membr. Biol. 2012, 245, 345–355. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, J.J.; Esseltine, J.L.; Shao, Q.; Jabs, E.W.; Sampson, J.; Auranen, M.; Bai, D.; Laird, D.W. Specific functional pathologies of Cx43 mutations associated with oculodentodigital dysplasia. Mol. Biol. Cell 2016, 27, 2172–2185. [Google Scholar] [CrossRef] [PubMed]

	



Laird, D.W. Syndromic and non-syndromic disease-linked Cx43 mutations. FEBS Lett. 2014, 588, 1339–1348. [Google Scholar] [CrossRef] [PubMed]

	



Su, V.; Lau, A.F. Connexins: Mechanisms regulating protein levels and intercellular communication. FEBS Lett. 2014, 588, 1212–1220. [Google Scholar] [CrossRef] [PubMed]

	



Srinivas, M.; Verselis, V.K.; White, T.W. Human diseases associated with connexin mutations. Biochim. Biophys. Acta Biomembr. 2018, 1860, 192–201. [Google Scholar] [CrossRef] [PubMed]

	



Retamal, M.A.; Reyes, E.P.; Garcia, I.E.; Pinto, B.; Martinez, A.D.; Gonzalez, C. Diseases associated with leaky hemichannels. Front. Cell. Neurosci. 2015, 9, 267. [Google Scholar] [CrossRef] [PubMed]

	



Bargiello, T.A.; Oh, S.; Tang, Q.; Bargiello, N.K.; Dowd, T.L.; Kwon, T. Gating of Connexin Channels by transjunctional-voltage: Conformations and models of open and closed states. Biochim. Biophys. Acta Biomembr. 2018, 1860, 22–39. [Google Scholar] [CrossRef]

	



Dosch, M.; Gerber, J.; Jebbawi, F.; Beldi, G. Mechanisms of ATP Release by Inflammatory Cells. Int. J. Mol. Sci. 2018, 19, 1222. [Google Scholar] [CrossRef]

	



Bukauskas, F.F.; Jordan, K.; Bukauskiene, A.; Bennett, M.V.; Lampe, P.D.; Laird, D.W.; Verselis, V.K. Clustering of connexin 43–enhanced green fluorescent protein gap junction channels and functional coupling in living cells. Proc. Natl. Acad. Sci. USA 2000, 97, 2556–2561. [Google Scholar] [CrossRef]

	



Jiang, J.X.; Gu, S. Gap junction-and hemichannel-independent actions of connexins. Biochim. Biophys. Acta BBA Biomembr. 2005, 1711, 208–214. [Google Scholar] [CrossRef]

	



Beyer, E.C.; Berthoud, V.M. Connexin hemichannels in the lens. Front. Physiol. 2014, 5, 20. [Google Scholar] [CrossRef] [PubMed]

	



Fasciani, I.; Temperan, A.; Perez-Atencio, L.F.; Escudero, A.; Martinez-Montero, P.; Molano, J.; Gomez-Hernandez, J.M.; Paino, C.L.; Gonzalez-Nieto, D.; Barrio, L.C. Regulation of connexin hemichannel activity by membrane potential and the extracellular calcium in health and disease. Neuropharmacology 2013, 75, 479–490. [Google Scholar] [CrossRef] [PubMed]

	



Valiunas, V.; Vogel, R.; Weingart, R. The kinetics of gap junction currents are sensitive to the ionic composition of the pipette solution. Pflug. Arch. 2000, 440, 835–842. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Rossi, A.R.; Harris, A.L. Computational Studies of Molecular Permeation through Connexin26 Channels. Biophys. J. 2016, 110, 584–599. [Google Scholar] [CrossRef] [PubMed]

	



Valiunas, V.; Cohen, I.S.; Brink, P.R. Defining the factors that affect solute permeation of gap junction channels. Biochim. Biophys. Acta Biomembr. 2018, 1860, 96–101. [Google Scholar] [CrossRef] [PubMed]

	



Chanson, M.; Watanabe, M.; O’Shaughnessy, E.M.; Zoso, A.; Martin, P.E. Connexin Communication Compartments and Wound Repair in Epithelial Tissue. Int. J. Mol. Sci. 2018, 19, 1354. [Google Scholar] [CrossRef] [PubMed]

	



Lilly, E.; Sellitto, C.; Milstone, L.M.; White, T.W. Connexin channels in congenital skin disorders. Semin. Cell Dev. Biol. 2016, 50, 4–12. [Google Scholar] [CrossRef]

	



Aasen, T. Connexins: Junctional and non-junctional modulators of proliferation. Cell Tissue Res. 2015, 360, 685–699. [Google Scholar] [CrossRef]

	



Davis, N.G.; Phillips, A.; Becker, D.L. Connexin dynamics in the privileged wound healing of the buccal mucosa. Wound Repair Regen. 2013, 21, 571–578. [Google Scholar] [CrossRef]

	



Cogliati, B.; Vinken, M.; Silva, T.C.; Araujo, C.M.M.; Aloia, T.P.A.; Chaible, L.M.; Mori, C.M.C.; Dagli, M.L.Z. Connexin 43 deficiency accelerates skin wound healing and extracellular matrix remodeling in mice. J. Dermatol. Sci. 2015, 79, 50–56. [Google Scholar] [CrossRef]

	



Laird, D.W. Life cycle of connexins in health and disease. Biochem. J. 2006, 394, 527–543. [Google Scholar] [CrossRef] [PubMed]

	



Montgomery, J.; Ghatnekar, G.S.; Grek, C.L.; Moyer, K.E.; Gourdie, R.G. Connexin 43-Based Therapeutics for Dermal Wound Healing. Int. J. Mol. Sci. 2018, 19, 1778. [Google Scholar] [CrossRef] [PubMed]

	



Martin, P.; Nunan, R. Cellular and molecular mechanisms of repair in acute and chronic wound healing. Br. J. Dermatol. 2015, 173, 370–378. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.F.; Cui, X. Connexin 43: Key roles in the skin. Biomed. Rep. 2017, 6, 605–611. [Google Scholar] [CrossRef]

	



Lorraine, C.; Wright, C.S.; Martin, P.E. Connexin43 plays diverse roles in co-ordinating cell migration and wound closure events. Biochem. Soc. Trans. 2015, 43, 482–488. [Google Scholar] [CrossRef]

	



Wright, C.S.; Van Steensel, M.A.; Hodgins, M.B.; Martin, P.E. Connexin mimetic peptides improve cell migration rates of human epidermal keratinocytes and dermal fibroblasts in vitro. Wound Repair Regen. 2009, 17, 240–249. [Google Scholar] [CrossRef]

	



Xu, C.Y.; Zhang, W.S.; Zhang, H.; Cao, Y.; Zhou, H.Y. The Role of Connexin-43 in the Inflammatory Process: A New Potential Therapy to Influence Keratitis. J. Ophthalmol. 2019, 2019, 9312827. [Google Scholar] [CrossRef]

	



Kolaczkowska, E.; Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev. Immunol. 2013, 13, 159–175. [Google Scholar] [CrossRef]

	



Wang, X.; Qin, W.; Xu, X.; Xiong, Y.; Zhang, Y.; Zhang, H.; Sun, B. Endotoxin-induced autocrine ATP signaling inhibits neutrophil chemotaxis through enhancing myosin light chain phosphorylation. Proc. Natl. Acad. Sci. USA 2017, 114, 4483–4488. [Google Scholar] [CrossRef]

	



Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. Perspect. Biol. 2009, 1, a001651. [Google Scholar] [CrossRef]

	



Solan, J.L.; Lampe, P.D. Spatio-temporal regulation of connexin43 phosphorylation and gap junction dynamics. Biochim. Biophys. Acta Biomembr. 2018, 1860, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Sosinsky, G.E.; Solan, J.L.; Gaietta, G.M.; Ngan, L.; Lee, G.J.; Mackey, M.R.; Lampe, P.D. The C-terminus of connexin43 adopts different conformations in the Golgi and gap junction as detected with structure-specific antibodies. Biochem. J. 2007, 408, 375–385. [Google Scholar] [CrossRef] [PubMed]

	



Ek-Vitorin, J.F.; Pontifex, T.K.; Burt, J.M. Cx43 Channel Gating and Permeation: Multiple Phosphorylation-Dependent Roles of the Carboxyl Terminus. Int. J. Mol. Sci. 2018, 19, 1659. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro-Rodrigues, T.M.; Martins-Marques, T.; Morel, S.; Kwak, B.R.; Girao, H. Role of connexin 43 in different forms of intercellular communication—Gap junctions, extracellular vesicles and tunnelling nanotubes. J. Cell Sci. 2017, 130, 3619–3630. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, C.A.; Su, V.; Lau, A.F.; Lampe, P.D. Activation of Akt, not connexin 43 protein ubiquitination, regulates gap junction stability. J. Biol. Chem. 2012, 287, 2600–2607. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Guo, L.; Yang, X.; Wang, J.; Hou, Y.; Zhu, S.; Du, J.; Feng, J.; Xie, Y.; Zhuang, L.; et al. TGF-beta1-Induced Connexin43 Promotes Scar Formation via the Erk/MMP-1/Collagen III Pathway. J. Oral. Rehabil. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Cottrell, G.T.; Lin, R.; Warn-Cramer, B.J.; Lau, A.F.; Burt, J.M. Mechanism of v-Src- and mitogen-activated protein kinase-induced reduction of gap junction communication. Am. J. Physiol. Cell Physiol. 2003, 284, C511–C520. [Google Scholar] [CrossRef]

	



Avshalumova, L.; Fabrikant, J.; Koriakos, A. Overview of Skin Diseases Linked to Connexin Gene Mutations. Int. J. Dermatol. 2014, 53, 192–205. [Google Scholar] [CrossRef]

	



Srinivas, M.; Jannace, T.F.; Cocozzelli, A.G.; Li, L.; Slavi, N.; Sellitto, C.; White, T.W. Connexin43 mutations linked to skin disease have augmented hemichannel activity. Sci. Rep. 2019, 9, 19. [Google Scholar] [CrossRef]

	



Dobrowolski, R.; Sasse, P.; Schrickel, J.W.; Watkins, M.; Kim, J.S.; Rackauskas, M.; Troatz, C.; Ghanem, A.; Tiemann, K.; Degen, J.; et al. The conditional connexin43G138R mouse mutant represents a new model of hereditary oculodentodigital dysplasia in humans. Hum. Mol. Genet. 2008, 17, 539–554. [Google Scholar] [CrossRef]

	



Dobrowolski, R.; Sommershof, A.; Willecke, K. Some oculodentodigital dysplasia-associated Cx43 mutations cause increased hemichannel activity in addition to deficient gap junction channels. J. Membr. Biol. 2007, 219, 9–17. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.Q.; Shao, Q.; Langlois, S.; Bai, D.; Laird, D.W. Differential potency of dominant negative connexin43 mutants in oculodentodigital dysplasia. J. Biol. Chem. 2007, 282, 19190–19202. [Google Scholar] [CrossRef] [PubMed]

	



Ishida-Yamamoto, A. Erythrokeratodermia variabilis et progressiva. J. Dermatol. 2016, 43, 280–285. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Liang, J.; Chen, P.; Zeng, K.; Xue, R.; Tian, X.; Liang, L.; Wang, Q.; Shi, M.; Zhang, X. Two de novo GJA1 mutation in two sporadic patients with erythrokeratodermia variabilis et progressiva. Mol. Genet. Genomic. Med. 2019, 7, e670. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Cao, X.; Lin, Z.; Lee, M.; Jia, X.; Ren, Y.; Dai, L.; Guan, L.; Zhang, J.; Lin, X.; et al. Exome sequencing reveals mutation in GJA1 as a cause of keratoderma-hypotrichosis-leukonychia totalis syndrome. Hum. Mol. Genet. 2015, 24, 243–250. [Google Scholar] [CrossRef]

	



Bursztejn, A.C.; Magdelaine, C.; Mortemousque, B.; Zerah, M.; Schmutz, J.L.; Leheup, B. Hypotrichosis with keratosis follicular and hyperostosis: A new phenotype due to GJA1 mutation. J. Eur. Acad. Dermatol. Venereol. 2019, 33, e219–e221. [Google Scholar] [CrossRef]

	



Kelly, J.J.; Simek, J.; Laird, D.W. Mechanisms linking connexin mutations to human diseases. Cell Tissue Res. 2015, 360, 701–721. [Google Scholar] [CrossRef]

	



Levit, N.A.; Mese, G.; Basaly, M.G.; White, T.W. Pathological hemichannels associated with human Cx26 mutations causing Keratitis-Ichthyosis-Deafness syndrome. Biochim. Biophys. Acta 2012, 1818, 2014–2019. [Google Scholar] [CrossRef]

	



Garcia, I.E.; Maripillan, J.; Jara, O.; Ceriani, R.; Palacios-Munoz, A.; Ramachandran, J.; Olivero, P.; Perez-Acle, T.; Gonzalez, C.; Saez, J.C.; et al. Keratitis-ichthyosis-deafness syndrome-associated Cx26 mutants produce nonfunctional gap junctions but hyperactive hemichannels when co-expressed with wild type Cx43. J. Investig. Dermatol. 2015, 135, 1338–1347. [Google Scholar] [CrossRef]

	



Shuja, Z.; Li, L.; Gupta, S.; Mese, G.; White, T.W. Connexin26 Mutations Causing Palmoplantar Keratoderma and Deafness Interact with Connexin43, Modifying Gap Junction and Hemichannel Properties. J. Investig. Dermatol. 2016, 136, 225–235. [Google Scholar] [CrossRef]

	



Basaran, E.; Yilmaz, E.; Alpsoy, E.; Yilmaz, G. Keratoderma, hypotrichosis and leukonychia totalis: A new syndrome? Br. J. Dermatol. 1995, 133, 636–638. [Google Scholar] [CrossRef] [PubMed]

	



Boyden, L.M.; Craiglow, B.G.; Zhou, J.; Hu, R.; Loring, E.C.; Morel, K.D.; Lauren, C.T.; Lifton, R.P.; Bilguvar, K.; Paller, A.S.; et al. Dominant De Novo Mutations in GJA1 Cause Erythrokeratodermia Variabilis et Progressiva, without Features of Oculodentodigital Dysplasia. J. Investig. Dermatol. 2015, 135, 1540–1547. [Google Scholar] [CrossRef] [PubMed]

	



Richard, G.; Brown, N.; Rouan, F.; Van der Schroeff, J.G.; Bijlsma, E.; Eichenfield, L.F.; Sybert, V.P.; Greer, K.E.; Hogan, P.; Campanelli, C.; et al. Genetic heterogeneity in erythrokeratodermia variabilis: Novel mutations in the connexin gene GJB4 (Cx30.3) and genotype-phenotype correlations. J. Investig. Dermatol. 2003, 120, 601–609. [Google Scholar] [CrossRef] [PubMed]

	



Umegaki-Arao, N.; Sasaki, T.; Fujita, H.; Aoki, S.; Kameyama, K.; Amagai, M.; Seishima, M.; Kubo, A. Inflammatory Linear Verrucous Epidermal Nevus with a Postzygotic GJA1 Mutation Is a Mosaic Erythrokeratodermia Variabilis et Progressiva. J. Investig. Dermatol. 2017, 137, 967–970. [Google Scholar] [CrossRef] [PubMed]

	



Altman, J.; Mehregan, A.H. Inflammatory linear verrucose epidermal nevus. Arch. Dermatol. 1971, 104, 385–389. [Google Scholar] [CrossRef] [PubMed]

	



Essenfelder, G.M.; Bruzzone, R.; Lamartine, J.; Charollais, A.; Blanchet-Bardon, C.; Barbe, M.T.; Meda, P.; Waksman, G. Connexin30 mutations responsible for hidrotic ectodermal dysplasia cause abnormal hemichannel activity. Hum. Mol. Genet. 2004, 13, 1703–1714. [Google Scholar] [CrossRef] [PubMed]

	



Chi, J.; Li, L.; Liu, M.; Tan, J.; Tang, C.; Pan, Q.; Wang, D.; Zhang, Z. Pathogenic connexin-31 forms constitutively active hemichannels to promote necrotic cell death. PLoS ONE 2012, 7, e32531. [Google Scholar] [CrossRef]

	



Maestrini, E.; Korge, B.P.; Ocana-Sierra, J.; Calzolari, E.; Cambiaghi, S.; Scudder, P.M.; Hovnanian, A.; Monaco, A.P.; Munro, C.S. A missense mutation in connexin26, D66H, causes mutilating keratoderma with sensorineural deafness (Vohwinkel’s syndrome) in three unrelated families. Hum. Mol. Genet. 1999, 8, 1237–1243. [Google Scholar] [CrossRef]

	



Bakirtzis, G.; Jamieson, S.; Aasen, T.; Bryson, S.; Forrow, S.; Tetley, L.; Finbow, M.; Greenhalgh, D.; Hodgins, M. The effects of a mutant connexin 26 on epidermal differentiation. Cell Commun. Adhes. 2003, 10, 359–364. [Google Scholar] [CrossRef]

	



Becker, D.L.; Thrasivoulou, C.; Phillips, A.R. Connexins in wound healing; perspectives in diabetic patients. Biochim. Biophys. Acta 2012, 1818, 2068–2075. [Google Scholar] [CrossRef]

	



Mori, R.; Power, K.T.; Wang, C.M.; Martin, P.; Becker, D.L. Acute downregulation of connexin43 at wound sites leads to a reduced inflammatory response, enhanced keratinocyte proliferation and wound fibroblast migration. J. Cell Sci. 2006, 119, 5193–5203. [Google Scholar] [CrossRef] [PubMed]

	



Kretz, M.; Euwens, C.; Hombach, S.; Eckardt, D.; Teubner, B.; Traub, O.; Willecke, K.; Ott, T. Altered connexin expression and wound healing in the epidermis of connexin-deficient mice. J. Cell Sci. 2003, 116, 3443–3452. [Google Scholar] [CrossRef] [PubMed]

	



Ghatnekar, G.S.; Grek, C.L.; Armstrong, D.G.; Desai, S.C.; Gourdie, R.G. The effect of a connexin43-based Peptide on the healing of chronic venous leg ulcers: A multicenter, randomized trial. J. Investig. Dermatol. 2015, 135, 289–298. [Google Scholar] [CrossRef] [PubMed]

	



Ghatnekar, G.S.; O’Quinn, M.P.; Jourdan, L.J.; Gurjarpadhye, A.A.; Draughn, R.L.; Gourdie, R.G. Connexin43 carboxyl-terminal peptides reduce scar progenitor and promote regenerative healing following skin wounding. Regen. Med. 2009, 4, 205–223. [Google Scholar] [CrossRef]

	



Reaume, A.G.; de Sousa, P.A.; Kulkarni, S.; Langille, B.L.; Zhu, D.; Davies, T.C.; Juneja, S.C.; Kidder, G.M.; Rossant, J. Cardiac malformation in neonatal mice lacking connexin43. Science 1995, 267, 1831–1834. [Google Scholar] [CrossRef]

	



Clarke, T.C.; Thomas, D.; Petersen, J.S.; Evans, W.H.; Martin, P.E. The antiarrhythmic peptide rotigaptide (ZP123) increases gap junction intercellular communication in cardiac myocytes and HeLa cells expressing connexin 43. Br. J. Pharmacol. 2006, 147, 486–495. [Google Scholar] [CrossRef]

	



De Vuyst, E.; Boengler, K.; Antoons, G.; Sipido, K.R.; Schulz, R.; Leybaert, L. Pharmacological modulation of connexin-formed channels in cardiac pathophysiology. Br. J. Pharmacol. 2011, 163, 469–483. [Google Scholar] [CrossRef]








[image: Ijms 20 06186 g001 550] 





Figure 1. Electrophysiological data were obtained from Xenopus oocytes containing mutant Cx43-A44V (A) and Cx43-E227D (B) hemichannels using the cell-attached patch-clamp technique. Hemichannel responses to voltage ramps between −70 and +70 mV were recorded and plotted as unitary currents. Current-voltage relations for the Cx43 mutants were essentially linear across the tested range. Transitions to a sub-conducting state (B), or the fully closed state were occasionally observed (A). 
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Figure 2. Skin disease-associated Cx43 mutations generate large hemichannel currents within transfected N2a cells (A). Single cells were measured using whole-cell patch-clamp technique, with a holding potential of 0 mV. Membrane current responses to voltage pulses were recorded between −90 to +90 mV at 10 mV increments. Untransfected (B) and wild-type Cx43 (C) expressing cells exhibited small membrane currents. Cx43-A44V (D) and Cx43-E227D (E) expressing N2A cells displayed larger hemichannel currents compared to the wild-type. 
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Table 1. Connexin mutations associated with syndromic and non-syndromic skin disease.
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	Pathology
	Connexin
	Gene
	Mutation
	Clinical Features
	Mechanism Linked to Pathology?





	Erythrokeratoderma Variabilis et Progressiva (EKVP3)

(OMIM 617525)
	Cx43
	GJA1
	A44V (131C-T);

E227D (681A-T);

P283L (848C-T);

T290N (869C-A)
	Widespread or Localized Keratosis, Palmoplantar Keratoderma
	Hemichannel Functionality

or Unknown



	Inflammatory Linear Verrucous Epidermal Nevus (ILVEN)
	Cx43
	GJA1
	A44V (131C-T)
	Raised Papules along Blaschko’s Lines
	Hemichannel Functionality



	Oculodentodigital Dysplasia (ODDD)

(OMIM 164200)
	Cx43
	GJA1
	Y1