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Abstract

Cellular and molecular mechanisms of wound healing, tissue repair and fibrogenesis are
established in different organs and are essential for the maintenance of function and tissue integrity
after cell injury. These mechanisms are also involved in a plethora of fibroproliferative diseases or
organ-specific fibrotic disorders, all of which are associated with the excessive deposition of
extracellular matrix components. Fibroblasts, which are key cells in tissue repair and fibrogenesis,
rely on communicative cellular networks to ensure efficient control of these processes and to
prevent abnormal accumulation of extracellular matrix into the tissue. Despite the significant
impact on human health, and thus the epidemiologic relevance, there is still no effective treatment
for most fibrosis-related diseases. This paper provides an overview of current concepts and
mechanisms involved in the participation of cellular communication v7a connexin-based pores as
well as pannexin-based channels in the processes of tissue repair and fibrogenesis in chronic
diseases. Understanding these mechanisms may contribute to the development of new therapeutic
strategies to clinically manage fibroproliferative diseases and organ-specific fibrotic disorders.
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Introduction

Tissue repair is a fundamental biological process that allows the orderly replacement of
damaged or dead cells after injury caused by acute or chronic stimuli, including infections,
autoimmune reactions and mechanical injuries (Huang & Ogawa, 2012; Wynn, 2007). In
addition, this process may be triggered by metabolic, immunological, genetic or iatrogenic
factors (Wynn & Ramalingam, 2012). Tissue repair typically consists of two phases, namely
(7) the regeneration phase, in which injured cells are replaced by cells of the same type, and
(i) the fibroplasia phase, in which normal tissue is replaced by connective tissue. Fibrosis is
usually the outcome of abnormal tissue healing that follows continued aggressive stimulus,
which results in the deposition of excessive amounts of extracellular matrix (ECM)
components and the formation of permanent scars (Wynn, 2007).

Despite the diverse etiologies, fibroproliferative diseases, including idiopathic pulmonary
fibrosis, systemic sclerosis, liver cirrhosis, rheumatoid arthritis, ulcerative colitis, myocardial
infarction, macular degeneration, progressive renal disease, myelofibrosis, systemic /upus
erythematosus, hypertrophic and keloid cutaneous scars share many cellular and molecular
characteristics (Wynn, 2007; Wynn & Ramalingam, 2012). These diseases are associated
with high morbidity and mortality rates. It has been estimated that 45% of all deaths
recorded in developed countries are attributable to chronic fibroproliferative pathologies
(Wenzke et al., 2012; Wynn, 2008). Despite the enormous impact on public health, there is
still no specific and effective clinical treatment available for reducing tissue fibrosis (Wynn
& Ramalingam, 2012). The most important cells that mediate fibrosis are fibroblasts that,
when activated, transform into myofibroblasts, which are the primary sources of collagen
and other ECM molecules (Wynn, 2007; Wynn, 2008). Myofibroblasts originate from
several sources, including resident fibroblasts, endothelial and epithelial cells after
undergoing a process known as the epithelial to mesenchymal transition (EMT).
Myofibroblasts may also derive from circulating fibrocytes in bone marrow-related stem
cells. The involvement of fibroblasts in fibrogenesis is a coordinated effort that relies on the
sequential modulation of diverse cellular events, such as transdifferentiation into
myofibroblasts, migration, proliferation, ECM synthesis, tissue remodeling and apoptosis
(Wynn & Ramalingam, 2012). Upon fibrogenesis, fibroblasts are activated by various stimuli
and require a complex system of signals to be received and transmitted.

In this context, intercellular communication through gap junctions plays an important role in
the regulation of tissue homeostasis, wound healing and tissue repair, angiogenesis, control
of cellular differentiation and proliferation (Chanson et al., 2005; Evert et al., 2002; Mesnil
et al., 2005). Gap junctions, connecting adjacent cells, are composed of juxtaposed
hemichannels, each is formed by six proteins named connexins. In 2000, a set of connexin-
like proteins was demonstrated in vertebrates and named pannexins (Panchin et al., 2000).
Pannexins are related to innexins, which form gap junctions in invertebrates (Baranova et al.,
2004). In contrast to their connexin counterparts, pannexins only gather in a hemichannel
configuration and, as such, do not form gap junctions (Dahl & Keane, 2012).

At present, one of the greatest challenges in clinical practice relates to the control and
regulation of fibrogenic processes with several therapies already proposed for the reversion

J Membr Biol. Author manuscript; available in PMC 2017 May 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Cogliati et al.

Page 3

of tissue fibrosis. Although present in very different organs, fibrogenesis seems to be driven
by a limited set of signaling pathways, including those involving transforming growth factor
beta (TGF-p), mitogen-activated protein kinase (MAPK) and platelet-derived growth factor
(PDGF) pathways as well as cascades that trigger metalloproteinases, EMT, mechanical
stress, oxidative stress and inflammation (Wenzke et al., 2012). These intracellular signaling
pathways are typically affected by cellular communication networks, including those
mediated by connexin-based and pannexin-based channels. The present paper reviews
current knowledge about these particular channels in wound healing and tissue repair in
different organs and also exemplifies its clinical significance.

2 Connexin-based and pannexin-based channels: structure and functions

2.1 Connexin hemichannels and gap junctions

Most cells present in multicellular organisms have the capacity to communicate by different
mechanisms, which is a de facto prerequisite for the control of tissue homeostasis. Thus,
through extracellular, intracellular and intercellular signaling cascades, cells regulate and
maintain their physiological and metabolic functions (Vinken et al., 2008). Direct
intercellular communication is only mediated by gap junctions that are present in nearly all
vertebrate cell types, except in red blood cells, mature skeletal muscle fibers, some neurons
and sperm cells (Mesnil et al., 2005). Gap junctions are specialized regions of the plasma
membrane that form juxtaposed connexons or hemichannels between adjacent cells.
Hemichannels are hexameric structures composed of proteins named connexins in
vertebrates (Goodenough, Goliger & Paul, 1996) that are members of a multigene family. In
human, there are 21 different types of connexins. Analysis of the connexin cDNA revealed
regions of high homology as well as areas with little or no homology and allowed
classification according to their molecular weight; thus the nomenclature commonly used to
designate the different connexin species refers to their predicted molecular weight expressed
in kilodaltons preceded by the abbreviation Cx (/.e. Cx26, Cx32, Cx43, etc.). Connexins can
interact with each other yielding homomeric connexons (/.e. formed by six equal connexins)
or heteromeric connexons (/.¢. formed by different connexins) (Fig. 1). In turn, connexons
can also interact with each other, generating homotypic channels (/.¢e. formed by equal
connexons) or heterotypic channels (/.e. formed by different connexons) (Yamasaki & Naus,
1996). The connexins isotypes are distributed among the tissues most in a tissue-specific
way but some are present in more than one tissue type. Gap junctions allow the intercellular
diffusion of small and hydrophilic molecules, such as cyclic adenosine monophosphate
(cAMP) and inositol triphosphate (IP3), and ions (Bruzzone, White & Paul, 1996; King &
Bertram, 2005). This flux is called gap junctional intercellular communication (GJIC) and is
controlled by many mechanisms, including phosphorylation of connexins, calcium
concentration, pH, etc. Because of the nature of the substances that can diffuse from one cell
to another, gap junctions play a critical role in regulating tissue homeostasis and different
processes responsible for the recovery of the homeostatic balance triggered as a result of
damage, such as in the case of wound healing and tissue repair, angiogenesis and
carcinogenesis (Chanson et al., 2005; Evert et al., 2002; Yamasaki & Naus, 1996). In the last
decade, it has become clear that hemichannels in non-junctional areas at the cell plasma
membrane surface can also function as transmembrane channels. In fact, connexons foresee
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a pathway for communication between the intracellular compartment and the extracellular
environment. The messengers that diffuse through hemichannels are quite similar to those
implied in GJIC, including adenosine triphosphate (ATP), nicotinamide adenine
dinucleotide, glutamate, glutathione and prostaglandins (Fig. 2). However, in contrast to gap
junctions, hemichannels are believed to specifically open up in pathological conditions,
rather than maintaining tissue homeostasis (Vinken, 2011; Vinken et al., 2012; Wang et al.,
2013b).

2.2 Pannexin channels

Pannexins constitute a family of three vertebrate proteins (D'hondt et al., 2009; Panchin,
2005; Penuela et al., 2008). They are named according to their order of discovery using the
prefix Panx (/.e. Panx1, Panx2 and Panx3). Pannexins share no sequence homology
(Panchin, 2005), but display considerable structural similarities with connexins (Fushiki et
al., 2010). Indeed, the topology of pannexins consists of four transmembrane domains, two
extracellular loops, an intracellular loop and intracellular A-terminal and C-terminal tails
(Boassa et al., 2007; Locovei, Bao & Dahl, 2006a; Penuela et al., 2007). There are, however,
also some structural differences between both types of proteins. Thus, whereas connexins
contain three cysteine residues in their extracellular loops, pannexins only have two (Fig. 1).
The cytoplasmic A-terminal tail is highly conserved among different pannexins, while the C-
terminal region and the intracellular loop vary between pannexins. Six to eight pannexins
can oligomerize to form transmembranous channels similar to connexin hemichannels, the
connexons, which are therefore called pannexons (Ambrosi et al., 2010). Unlike connexin
hemichannels, pannexin channels are not opened by high extracellular calcium, but can be
activated by intracellular calcium and extracellular ATP (Bruzzone et al., 2005; Locovei,
Wang & Dahl, 2006b; Taylor, Wright & Mahaut-Smith, 2015). Moreover, the opening of
Panx1-based pannexons may be induced by various experimental conditions, most of a
pathological nature, including activation of purinergic receptors, mechanical stress, high
intracellular calcium concentrations and membrane depolarization (Locovei et al., 2006b;
Pelegrin & Surprenant, 2006) (Fig. 2). The expression of Panx1, but not Panx2 or Panx3, in
paired Xenopus laevis oocytes was reported to lead to intercellular channels, only with
excessively long pairing times of 24 to 48 hours (Barbe, Monyer & Bruzzone, 2006;
Bruzzone et al., 2003). Unlike connexins, pannexins are regulated by A-glycosylation at the
single asparagine residue on the surface of their second extracellular loop (Fig. 1) (Boassa et
al., 2007; Evans & Martin, 2002; Gehi, Shao & Laird, 2011; Penuela et al., 2007; Rahman,
Carlile & Evans, 1993). This posttranslational modification appears to regulate cellular
localization and may act as a barrier for the alignment and docking of two adjacent pannexin
channels and, thus, to block the formation of gap junctions /n vivo (Penuela et al., 2009;
Penuela, Simek & Thompson, 2014). This notion is further substantiated by the fact that
plasma membrane-localized pannexin channels have a different appearance in comparison
with gap junctions in immunofluorescence and ultrastructural studies. In this respect, Panx1
and Panx3 are detectable at the plasma membrane not in cell-cell contact areas, but at the
apical pole of polarized cells. Pannexins are widely distributed in several tissues and cell
types (Penuela et al., 2008; Swayne, Sorbara & Bennett, 2010). Panx1 is, indeed,
ubiquitously expressed in the central nervous system, eyes, prostate, thyroid, heart, skeletal
muscles, gonads, liver and kidneys (Baranova et al., 2004; Bruzzone et al., 2003). Panx2 has
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been described mainly in the central nervous system (CNS) including hippocampus,
neocortex, cerebellum, thalamus and hypothalamus (MacVicar & Thompson, 2010; Ray et
al., 2005; Vogt, Hormuzdi & Monyer, 2005). However, recent research showed that the
Panx2 expression is not exclusive for the CNS (Le Vasseur et al., 2014). Panx3 is detectable
in skin, osteoblasts and chondrocytes (Barbe et al., 2006; Bruzzone et al., 2003). Pannexin
channels are permeable to substances smaller than 1 kilodalton, including ions, IP3, ATP,
amino acids, arachidonic acid and derivatives (Iglesias et al., 2009; Wang et al., 2013b).
Hence, pannexons are currently believed to underlie autocrine and paracrine communication
by controlling the extracellular release of ATP in a variety of cell types (Fig. 2), including
neurons (Kawamura, Ruskin & Masino, 2010), astrocytes (lglesias et al., 2009; Kim &
Kang, 2011; Silverman et al., 2009), taste bud cells (Dando & Roper, 2009; Huang &
Ogawa, 2012; Huang & Roper, 2010), T-cells (Schenk et al., 2008; Woehrle et al., 2010),
erythrocytes (Locovei et al., 2006b; Sridharan et al., 2010), airway epithelial cells (Ransford
et al., 2009; Seminario-Vidal et al., 2011), endothelial cells (Godecke et al., 2012), skeletal
and smooth muscle cells (Buvinic et al., 2009), pituitary cells (Li, Tomi¢ & Stojilkovic,
2011) and liver cells (Xiao et al., 2012). In particular, Panx1-based channels have been
characterized as a mechanosensitive ATP release channel involved in many cellular events,
such as calcium-dependent cell death after ischemia involved neurodegeneration (Bargiotas
et al., 2011), release of ATP and uridine triphosphate 'find-me' signals from apoptotic cells
(Chekeni et al., 2010; Elliott et al., 2009), tumor suppression in glioma cells (Lai,
Bechberger & Naus, 2009; Lai et al., 2007) and keratinocyte differentiation (Celetti et al.,
2010). Panx1 was also reported to trigger the Toll-like receptor-independent inflammasome
based on recognition of bacterial molecules passing from endosomes to cytosol (Silverman
et al., 2009).

3 Connexins and pannexins in skin

3.1 Expression in keratinocytes and dermal fibroblasts

A wide repertoire of connexins is expressed in mammalian skin, including Cx26, Cx30,
Cx30.3, Cx31, Cx31.1, Cx32, Cx37, Cx40, Cx43 and Cx45. Keratinocytes mainly produce
Cx26 and Cx43 (Richard, 2000), while human dermal fibroblasts predominantly express
Cx43 and Cx45 and lower quantities of Cx40. Moyer and Ehrlich (2003) demonstrated that
human dermal fibroblasts treated with hyaluronic acid show a higher density of Cx43 in the
plasma membrane and pronounced GJIC activity. Hyaluronic acid is a structural component
of connective tissue and acts as a mediator of several cellular functions, including GJIC
(Nagy et al., 1996). Furthermore, hyaluronic acid is important for the organization of de
novo synthesized collagen fibrils by fibroblasts during tissue granulation (locono et al.,
1998). Therefore, more efficient GJIC can improve structuring of collagen fibrils deposited
on the skin wound, leading to aesthetically successful healing, /n casu stimulated by
hyaluronic acid. Skin wounds in rodents treated with Cx43-specific antisense
oligodeoxynucleotides exhibit enhanced secretion of TGF-B1 from dermal fibroblasts,
associated with increased proliferation and migration capacities (Mori et al., 2006; Qiu et al.,
2003). Kretz et al. (2004) evaluated skin wound healing in the tail of Cx43-deficient mice
and observed early closing of the skin wound, which was linked with increased mobilization
and proliferation of keratinocytes. Moreover, experimental quenching of Cx43 production in
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keratinocytes showed an increase in proliferation and differentiation during wound healing
(Pollok et al., 2011). Moreover, inhibitors of connexin hemichannels and gap junction
improve cell migration rate in dermal fibroblasts /n vitro, suggesting that a decrease in
connexin-based GJIC capacity may be required for efficient skin regeneration during wound
healing (Cogliati et al., 2011; Wright et al., 2013; Wright et al., 2009). Cx26 also seems to
participate in wound healing, since a high level of Cx26 in keratinocytes is accompanied by
a state of hyperproliferation and wound remodeling (Djalilian et al., 2006).

Panx1 is detectable in the stratum granulosum and stratum spinosum layers in human facial
skin. While Panx1 is present at the plasma membrane surface, Panx3 resides in the cytosol
of keratinocytes (Penuela et al., 2007). Panx1 and Panx3 are indispensable for maintaining
keratinocyte homeostasis and for the control of differentiation and regeneration of the
epidermis. Panx1 is expressed in the suprabasal layer of newborn skin and throughout all
layers of thin epidermis. By contrast, Panx1 is absent in thick skin and is hardly detectable
in sebaceous glands. On the other hand, Panx3 is produced in all thin and thick epidermal
layers, yet located intracellularly in the basal layer and sebaceous glands. Celetti et al.
(2010) reported that exogenous expression of Panx1 in rat epithelial keratinocytes cells
disrupts the architecture of the epidermis and markedly increases cytokeratin 14 expression.
On the other hand, Panx3 production in rat epithelial keratinocytes does not affect
cytokeratin 14 abundance, thus supporting the notion that Panx3 is not involved in directing
the differentiation of these cells. In human, western blotting experiments confirm Panx1
expression in subcutaneous fibroblasts (Pinheiro et al., 2013). Most of the epidermis is
comprised of keratinocytes, but melanocytes are also interspersed, and although not
explicitly observed in situ, a melanocyte cell line has been shown to express Panx1 (Penuela
etal., 2012).

3.2 Skin fibrotic diseases

It is well known that connexin gene mutations are linked with several dermatological
pathologies, such as hystrix-like ichthyosis with deafness, keratitis-ichthyosis-deafness
syndrome, Vohwinkel syndrome erythrokeratoderma variabilis and oculodentodigital
dysplasia (Brandner et al., 2004). Among those, oculodentodigital dysplasia is characterized
by a fusion of the digits and malformations of the bones, eyes and teeth caused by mutant
Cx43 expression (Paznekas et al., 2009). Following changes in Cx43 expression in animal
models of wound healing, several authors have reported the same observations in human
diseases related to poor skin healing, such as hypertrophic scars and keloids (Lu et al., 2007)
or in wounds of diabetic patients (Abdullah et al., 1999; Bajpai et al., 2009; Wang et al.,
2007). Fibroblasts derived from keloid or hypertrophic scars indeed have much smaller
amounts of Cx43 in comparison with normal skin. This indicates that GJIC is important for
controlling the balance between proliferation and apoptosis of fibroblasts in the skin as well
as for managing the production of ECM. Diabetic patients typically cope with issues related
to skin wound healing. These so-called diabetic ulcers are typified by delayed wound
contraction, less migration of fibroblasts, ECM deposition and collagen synthesis (Bajpai et
al., 2009). Abdullah et al. (1999) evaluated fibroblasts from diabetic patients and noticed
downregulated gap junction activity, yet unaltered Cx43 expression. However, diabetic rats
exhibit abnormal expression of dermal and epidermal connexins, with postponed
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reepithelialization of wounds and aberrant Cx43 production in the epidermis of wound edges
(Abdullah et al., 1999). Multicenter randomized clinical trials have been showed that the
topical administration of a Cx43-based peptide mimetic, ACT1, accelerates the healing of
chronic venous leg ulcers and chronic diabetic foot ulcers in humans (Ghatnekar et al., 2015;
Grek et al., 2015). This could point to a function for Cx43 in cutaneous tissue repair.

4 Connexins and pannexins in liver

4.1 Expression in hepatocytes and non-parenchymal liver cells

Cx32 and Cx26 are the main gap junction building blocks in the liver, located in the plasma
membrane of hepatocytes (Stutenkemper et al., 1992; Vinken et al., 2008). Cx32 was the
first connexin species to be cloned (Kumar & Gilula, 1986; Paul, 1986). As such, Cx32 is
ten times more abundant than Cx26 in the liver of rats and humans, and occupies about 3%
of the plasma membrane (Nicholson et al., 1987; Vinken et al., 2008). Cx32 is uniformly
distributed in all regions of the liver, while Cx26 is preferably expressed in the acinar
periportal region (Kojima et al., 1994). In contrast, most non-parenchymal liver cells,
including stellate cells, Kupffer cells and sinusoidal endothelial cells, mainly harbour Cx43,
while liver vascular cells predominantly produce Cx37 and Cx40 (Eugenin et al., 2007;
Fischer et al., 2005; Gonzalez et al., 2002; Hernandez-Guerra et al., 2014). Fisher et al.
(2005) demonstrated the occurrence of Cx43-based GJIC between hepatic stellate cells,
which is of relevance for the development of liver fibrosis. When activated into
myofibroblasts, these cells are responsible for the production and degradation of ECM
components located in perisinusoidal regions or fibrous septa (Friedman, 2008). Quiescent
hepatic stellate cells not only express Cx43, but also small amounts of Cx26. Upon
transdifferentiation into myofibroblasts, Cx43 and Cx26 steady-state levels increase, with
preferential location at the cell plasma surface and perinuclear area, respectively. The
resulting GJIC activity is thought to contribute to liver fibrogenesis (Fischer et al., 2005).
Portal fibroblasts can also transdifferentiate into myofibroblasts and are involved in the
establishment of periportal fibrosis (Guyot et al., 2006). Suppression of GJIC has been
reported to counteract hepatic stellate cell activation. In addition, DNA synthesis was
downregulated and lower levels of type I collagen were obtained in these conditions (Uyama
et al., 2003). In a similar study, cultured hepatic stellate cells were treated with TGF-p1, a
cytokine with important profibrogenic action, and decreased Cx43 production and GJIC
were observed. In addition, hepatic stellate cells in which Cx43 expression was
epigenetically silenced showed reduced cellular proliferation (Lim, Maubach & Zhuo,
2009). A couple of reports demonstrated Panx1 expression in liver tissue, in particular
produced by hepatocytes (Bruzzone et al., 2003; Csak et al., 2011; Ganz et al., 2011; Kim,
Kim & Lee, 2015; Xiao et al., 2012) and Kupffer cells (Séez et al., 2014). Two studies
showed the presence of Panx2 in mouse liver (Le Vasseur et al., 2014) and rat hepatocytes
(Li et al., 2008).

4.2 Liver fibrosis and cirrhosis

Studies carried out in patients suffering from alcoholic liver cirrhosis have demonstrated that
liver expression of Cx32 gradually decreases upon progression of this disease. Likewise,
progressively downregulated hepatic Cx32 levels have been observed in patients with
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chronic viral hepatitis and hepatocellular carcinoma. Furthermore, Cx32 also frequently
shows subcellular localization in liver disease, a phenomenon called internalization
(Nakashima et al., 2004). The downregulation of Cx32 in human liver during chronic disease
can be reproduced in experimental models. In this light, induction of liver fibrosis in rodents
with carbon tetrachloride or dimethylnitrosamine is accompanied by a drastic decrease in
Cx32 expression in hepatocytes, whether or not associated with its cytosolic relocalization.
It has been suggested that diminished Cx32 expression in chronic liver diseases may be
related to the process of regeneration, which usually occurs in conjunction with liver injury
(Mangnall, Bird & Majeed, 2003). Oloris et al. (2007) studied the development of hepatic
granulomas induced by Schistosoma mansoni in Cx43-deficient mice. These animals
showed greater deposits of collagen fibers around granulomas when compared to wild-type
animals. In addition, our group demonstrated that Cx43-deficient mice exhibit excessive
fibrosis after chronic administration of carbon tetrachloride. The fibrotic animals also
showed less necroinflammatory lesions in liver parenchyma, reduced hepatocellular
proliferation and lower serum levels of alanine aminotransferase and aspartate
aminotransferase (Cogliati et al., 2011). These results suggest the involvement of Cx43 in
the control of liver fibrogenesis. Recently, hepatic Cx43 expression was found to be
increased in human acute-on-chronic liver failure (Balasubramaniyan et al., 2013) and gap
junctions may contribute to modulating portal pressure and intrahepatic vascular relaxation
in cirrhosis (Hernandez-Guerra et al., 2014). Inflammation induced by lipopolysaccharide in
animals as well as in isolated perfused livers showed an increase of Cx32 mRNA
degradation in mice and rats (De Maio et al., 2000; Gingalewski et al., 1996; Theodorakis &
De Maio, 1999). Cx26 also seemed to be downregulated under these circumstances, albeit
independently of mRNA degradation (De Maio et al., 2000; Temme et al., 1997). Rat
cholestasis models manifest a reversible decrease of hepatic gap junctions (De Vos &
Desmet, 1978; Fallon et al., 1995). Indeed, it has been found that upon bile duct ligation,
both Cx32 mRNA and protein levels drop, which is mediated by p38 MAPK (Kojima et al.,
2003). Other studies indicated that Cx26 decreases after bile duct ligation (Cogliati et al.,
2011). In contrast, Cx43 protein is positively affected in this model (Fallon et al., 1995).
Teixeira et al. (2007) reported that livers of heterozygous Cx43 knock-out mice that had
their bile ducts obliterated display less hepatic vein angiogenesis, while other parameters,
such as biliary duct hyperplasia, remain unchanged.

5 Connexins and pannexins in heart

5.1 Expression in cardiomyocytes and cardiac fibroblasts

Cx43, Cx40 and Cx45 are the three predominant connexins expressed by the cardiomyocytes
(Delmar & Makita, 2012). Most of the cardiac gap junctions composed of Cx43 are located
at intercalated discs, often with larger junctional plaques at the disc periphery, and are rarely
distributed to the sides of the cardiomyocytes. This specific localization of Cx43 in the heart
is essential for rapid propagation of action potentials (Agullo-Pascual & Delmar, 2012).
Cx43 knock out embryos die at birth as a result of a failure in pulmonar gas exchange

caused by a swelling and blockage of the right ventricular outflow tract from the heart. This
finding suggests that Cx43 plays an essential role in heart development (Reaume et al.,
1995). In addition to GJIC, Cx43-based hemichannels between the cytosol and the
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extracellular area of cardiomyocytes are involved in cellular signaling to control intracellular
volume, cell survival and cardioprotection (Goodenough & Paul, 2003; Plotkin, Manolagas
& Bellido, 2002). Kienitz et al. (2011) have shown that Panx1 constitutes the molecular
equivalent of a channel called the large conductance cation channel. This channel is
activated upon calcium release from the sarcoplasmic reticulum following caffeine
stimulation in cardiomyocytes, which potentially promotes arrhythmogenic activities.
Moreover, ATP released by Panx1-based channels can bind to adenosine receptors at the
plasma membrane of cardiomyocytes to participate in cardioprotection. These pores also
contribute to cardioprotection during ischemic preconditioning by the release of endogenous
cardioprotectants. Cardiac fibroblasts and myofibroblasts communicate with each other in
three ways, namely (/) by a paracrine mechanism through secretion of various growth factors
and cytokines, such as interleukin 1, interleukin 6, tumor necrosis factor-a. and TGF-B, (/)
in an indirect manner with the ECM, and (/) directly by cell-cell interactions, including gap
junctions. Collectively, this communicative network affects the function of the heart, cardiac
myocyte proliferation, cardiac myocyte apoptosis, ECM composition, cell migration and
electrical conductivity (Kakkar & Lee, 2010). After myocardial infarction, cardiac
fibroblasts, which express Cx43 and Cx45, turn into myofibroblasts and are responsible for
the healing of the affected tissue. These myofibroblasts communicate with cardiomyocytes,
which may impact some functions of the former, such as scar contraction and collagen
formation (Chilton, Giles & Smith, 2007). Experiments performed with Cx43-deficient mice
pointed out that cardiac fibroblasts display more cell proliferation compared with normal
fibroblasts and vice versa, whilst fibroblasts overexpressing Cx43 manifest decreased cell
proliferation. These results confirm the involvement of Cx43-based signaling in the
maintenance of homeostasis and functionality of cardiac fibroblasts. In addition to its
antiproliferative action, Cx43-related GJIC also controls the differentiation of cardiac
fibroblasts into myofibroblasts and thus wound healing and tissue repair in the heart (Zhang
et al., 2008). Indeed, suppression of Cx43 expression in isolated murine fibroblasts is
associated with inhibition of a-smooth muscle actin production, a marker of cell
differentiation into myofibroblasts (Asazuma-Nakamura et al., 2009). Connexin
hemichannels have been implicated in the extracellular release of ATP from cardiac
fibroblasts. This was found to promote the activation of purinergic P2Y receptors to mediate
profibrotic responses with an increase of migration, proliferation and expression of a-
smooth muscle actin as well as several profibrotic markers. Although expressed in cardiac
fibroblasts, Panx1-based channels seem no major players in the regulation of ATP release.
Thus, ATP levels were not altered following downregulation of Panx1 expression,
suggesting that hemichannels consisting of Cx43 and Cx45, but not of Panx1, control ATP
release induced by hypotonic stimulation and cell swelling of rat cardiac fibroblasts (Lu et
al., 2012).

5.2 Myocardial fibrosis

Acute ischemic heart diseases as well as arrhythmogenesis and myocardial infarction have
been associated with defective GJIC as a result of connexin remodeling. During cardiac
ischemia, Cx43 becomes phosphorylated, which destabilizes gap junctions resulting in the
decrease of Cx43 amounts at the intercalary disks and an increase of Cx43 presence at
lateral areas of cardiomyocytes (Lampe & Lau, 2004). These changes lead to disturbances in
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current flow from Purkinje fibers to the ventricular myocytes, which compromises the
transfer current anisotropically down the longitudinal aspect of the cells. The mechanisms
behind this Cx43 lateralization process are not known, but may involve acetylation of Cx43
(Colussi et al., 2011). Johansen et al. (2011) demonstrated that gap junctions close, while
connexin hemichannels open up in cardiac ischemia. In vitro and in vivo studies using
Gapl9, a mimetic peptide which selected inhibit Cx43 hemichannels, showed a reduction in
the cardiomyocytes injuries during ischemia/reperfusion while preserving electrical and
metabolic cell-cell communication (Wang et al., 2013c). In cardiac fibrosis, fibroblasts are
activated, causing them to transdifferentiate into myofibroblasts. This facilitates profibrotic
responses, such as the production of ECM proteins, collagen and cytokines contributing to
heart failure and the impairment of cardiac function (Baum & Duffy, 2011). Recently,
Panx1-based signaling has been reported to be involved in the early stages of cardiac
fibrosis. Dolmatova et al. (2012) showed that both expression and A-glycosylation of Panx1
are increased in these conditions. Consequently, the presence of Panx1 at the plasma
membrane is promoted, where it interacts with the scaffolding protein synapse-associated
protein 97 in early ischemia. ATP released by Panx1-based channels in cardiomyocytes
during cellular stress activates cardiac fibroblasts via activation of the MAPK and p53
pathways, which, in turn, mediate cardiac fibrosis development (Nishida et al., 2008).

6 Connexins and pannexins in lung

6.1 Expression in airway epithelial cells and lung fibroblasts

Normal alveolar epithelium expresses Cx26, Cx32, Cx43 and Cx46 (Koval, 2002). Their
hemichannels as well as Panx1 channels are involved in both surfactant secretion and
apoptosis by mediating ATP release and subsequent activation of P2Y purinergic receptors.
Furthermore, Panx1-based channels control mucociliary clearance and maintain proper
airway epithelial function during stress (Lieb et al., 2002). In this respect, intercellular
propagation of calcium waves between airway type | cells and type 11 cells underlies ciliary
beating (Boitano, Dirksen & Evans, 1998), inflammatory cytokine production (Martin &
Prince, 2008), surfactant production (Ichimura et al., 2006; Patel et al., 2005) and host
defense (Homolya, Steinberg & Boucher, 2000). Seminario-Vidal et al. (2011) recently
reported that hypotonic stress increases ATP release from Panx1-based channels in airway
epithelial cells /n vitroand ex vivo (Seminario-Vidal et al., 2011). It has been suggested that
RhoA/Rho kinase signaling serves as a trigger for this process. Rho signaling promotes
membrane-cytoskeletal rearrangements, which facilitates the insertion of Panx1 in the
plasma membrane (Okada et al., 2013; Seminario-Vidal et al., 2009; Seminario-Vidal et al.,
2011).

6.2 Cystic fibrosis and idiopathic pulmonary fibrosis

Both connexins and pannexins are able to modulate chronic inflammatory processes in the
lung. Moreover, GJIC between pulmonary epithelial cells has been shown to be defective in
cystic fibrosis, a chronic infectious and inflammatory disease caused by mutations of the
cystic fibrosis transmembrane conductance regulator gene (Chanson et al., 2001). In
addition, the activation and proliferation of lung fibroblasts forming focal aggregates is
crucial in the development of idiopathic pulmonary fibrosis, leading to excessive deposits of
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ECM components. Studies with pulmonary fibroblasts derived from idiopathic pulmonary
fibrosis patients indicated lower Cx43 expression and reduced gap junction activity
(Trovato-Salinaro et al., 2006). Furthermore, double knock-out mice for Cx43 and Cx40
proteins die prematurely, correlating with severe spontaneous lung abnormalities, including
increased fibrosis and alveolar wall thickening (Koval et al., 2011). These results thus show
that aberrant GJIC may favor disordered proliferation of pulmonary fibroblasts, thereby
promoting ECM synthesis.

7 Connexins and pannexins in kidney

7.1 Expression in kidney epithelial cells and fibroblasts

Wagner & Kurtz (2013) described the importance of GJIC for the functional control of
renin-secreting cells in the kidney. Indeed, Cx40 turned out to have a profound impact on the
regulation of renin secretion as well as on the intrarenal position of renin-expressing cells
(Krattinger et al., 2007; Kurtz et al., 2007; Wagner et al., 2010; Wagner et al., 2009), while
Cx37 and Cx45 appear to be less relevant in this regard (Wagner et al., 2009). However, Gerl
et al. (2014) recently reported that Cx43 is not essential for the control of renin synthesis and
secretion. Confirmed immunofluorescence for Cx37, Cx40 and Cx43 were found in the
endothelial cells of interstitial microvessels. Cx40 was localized in glomerular mesangial
cells as well as in smooth muscle cells of the juxtaglomerular area (Piao et al., 2011). Gap
junctions and connexin hemichannels affect kidney function by facilitating tubular
purinergic signaling and vascular conduction. Treatment of normal rat kidney epithelial cells
with lipopolysaccharide leads to decreased cell growth through downregulation of Cx43
expression (Gerl et al., 2014). The role of pannexin channels in the kidney tissue and renal
physiology is still limited; Panx1 expression was recently detected in renal tubules and in the
endothelial of renal arteries and to a lesser extent in smooth muscle cells (Hanner et al.,
2012).

7.2 Renal fibrosis

During tubulointerstitial fibrosis, a chronic kidney disease frequently diagnosed in diabetes
patients and characterized by an increase of ECM deposits, fibrotic scar formation and
deteriorating renal function, tubular epithelial cells are able to differentiate into
myofibroblasts cells through an EMT-related mechanism (Hills & Squires, 2010; Okada et
al., 1997). In fact, high concentrations of glucose increase TGF-B1 secretion from human
proximal tubule cells, thereby inducing the EMT transition by downregulating epithelial
markers as such as E-cadherin and by promoting the appearance of mesenchymal markers
expression, including vimentin and N-cadherin. Moreover, TGF-B1 disrupts GJIC between
kidney cells. Activation of Cx43-based hemichannels plays a role in the pathogenesis of
renal ischemic lesions. In fact, moderate ATP depletion activates these pores in human renal
proximal tubule cells, which increases cell death incidence (Vergara et al., 2003a; Vergara et
al., 2003b).

J Membr Biol. Author manuscript; available in PMC 2017 May 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Cogliati et al. Page 12

8 Conclusions and perspectives

Tissue homeostasis is driven by entangled extracellular, intracellular and intercellular
signaling mechanisms. The latter is mainly controlled by gap junctions, while both connexin
hemichannels and pannexin channels mediate extracellular communication. The impairment
of these cellular communicative networks typically burgeons into disease. The
fibroproliferative pathologies are triggered by tissue insults and, in particular, by subsequent
repair events. Tissue repair is accompanied by a plethora of changes in connexin and
pannexin expression as well as in their channel opening. Vice versa, tissue repair can be
modulated by interfering with connexin production and functionality. The role of connexin-
based channels in fibrogenesis is dependent on a number of parameters, such as the tissue
type, identity of the connexin isoform and the experimental setting (Table 1). Nevertheless,
in some tissues, such as skin and cornea, inhibition of connexin-based channel activity by
chemical modulators or genetic approaches generally enhances wound healing. These
observations may open new perspectives for the clinical treatment of a multitude of diseases,
especially chronic pathologies. In this respect, there is an urgent need for inhibitors that
distinguish between pannexin and connexin signaling on the one hand and between connexin
hemichannel communication and GJIC on the other hand. Given the opposite roles of gap
junctions and connexin hemichannels in the (dys)regulation of the homeostatic balance, such
specific inhibitors are indispensable for a targeted and efficient clinical outcome. While
GJIC suppressors were described decades ago (For review Bodendiek & Raman, 2010),
specific and /in vivo-applicable connexin hemichannel (Abudara et al., 2014; Davidson et al.,
2012; lyyathurai et al., 2013; Wang et al., 2013a; Wang et al., 2013c) and pannexin channel
inhibitors have only recently become available. Future efforts should be focused on the
further development of such tools as well as on the testing of their clinical applicability, in
casufor the clinical management of fibroproliferative diseases.
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MAPK mitogen-activated protein kinase
Panx pannexin

TGF-B(1) transforming growth factor beta (1)
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Fig. 1. Molecular architecture of connexin and pannexin (hemi)channels and gap junctions.
Connexins and pannexins consist of four membrane-spanning domains, two extracellular

loops, one cytoplasmic loop, and cytoplasmic Aterminal tail and C-terminal tail. Connexins
contain three cysteine residues in their extracellular loops, while pannexins only have two.
Unlike connexins, pannexins may be A-~glycosylated on their extracellular loops. 6 connexin
proteins are able to form a hemichannel, while pannexins form a connexin-hemichannel-like
channel, composed of six or eight pannexin proteins. Gap junctions are specialized regions
of the plasma membrane that form juxtaposed connexons or hemichannels, composed only
of connexins, between two adjacent cells. Gap junctions allow the intercellular diffusion of
small molecules, metabolites and secondary messengers, a flux called GJIC.
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F_ig.;._ Involvement of connexins and pannexins (hemi)channels and gap junctionsin purinergic
signaling.

Siggnals%rom purinergic P2Y metabotropic and/or purinergic P2X ionotropic responses,
tyrosine kinase receptor activation, influx of calcium from voltage gated calcium channels
(VGCC) and/or induction of calcium release from mitochondria during ischemia cause an
increase of intracellular calcium concentrations (1) that will promote ATP release by a
vesicular exocytosis way. ATP acts mainly as an autocrine/paracrine signal, modulating a
variety of cellular functions by activating ionotropic P2X or metabotropic P2Y receptors (2).
The increase of intracellular calcium concentrations also triggers the opening of pannexin
channels, which release ATP (3). The binding of ATP to P2X receptors, which are ATP-
gated cation channels, enhances the depolarization and cell response through influx of
sodium, calcium or potassium ions. ATP also binds to PY2 receptors (4), which are
metabotropic G-protein coupled receptors, leading to phospholipase C (PLC) activation,
generation of IP3 and release of cytosolic calcium from intracellular stores (5). IP3 is able to
diffuse through gap junctions to synchronize the tissue response through calcium wave
propagation (6). This autocrine and paracrine communication through ATP release triggers
the intercellular diffusion of calcium and IP3-mobilizing second messengers. Connexin
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hemichannels can open and release ATP by a reduction in the extracellular calcium
concentration or by mechanical stimulation and hypoxia (7). The opening of connexin
hemichannels occurs in response to many physiological and pathological situations,
including volume regulation, proliferation, calcium wave propagation by extracellular
messengers and cell death during metabolic inhibition. Released ATP is enzymatically
degraded within seconds by ectonucleotidases (8). Purinergic signaling molecules, such as
adenosine, promote metabotropic P1 receptors and G-protein coupled receptors, which lead
to the activation of adenylate cyclase (AC) that degrades ATP into cAMP (9).
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