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Abstract

Pannexins form channels at the plasma membrane surface that establish a pathway for
communication between the cytosol of individual cells and their extracellular environment. By
doing so, pannexin signaling dictates several physiological functions, but equally underlies a
number of pathological processes. Indeed, pannexin channels drive inflammation by assisting in
the activation of inflammasomes, the release of pro-inflammatory cytokines, and the activation and
migration of leukocytes. Furthermore, these cellular pores facilitate cell death, including apoptosis,
pyroptosis and autophagy. The present paper reviews the roles of pannexin channels in
inflammation and cell death. In a first part, a state-of-the-art overview of pannexin channel
structure, regulation and function is provided. In a second part, the mechanisms behind their
involvement in inflammation and cell death are discussed.
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1 Introduction

Inflammation and cell death result from tissue responses against infections, chemical insults
and physical injuries. In multicellular organisms, a wide range of signaling pathways act in
concert in order to control these pathological processes [1-3]. Indeed, communication
circuits govern the spread of signals over the tissue and modulate inflammatory and cell
death responses in cells surrounding the site of injury. A key event in both processes is the
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release of adenosine-5’-triphosphate (ATP) in the extracellular milieu. Apoptotic cells
release ATP and uridine-5’-triphosphate (UTP) at the earliest stages of death, which act as
“find-me” signals to attract monocytes, macrophages and microglia to the area of insult [4—
7]. Moreover, binding of ATP to purinergic P2 receptors at the plasma membrane surface
was shown to underlie the activation of the nucleotide-binding oligomerization domain
receptors (NLR) pyrin domain-containing 3 (NLRP3) inflammasome [8-10], the
amplification of the extravasation and emigration responses of neutrophils [11] and
cytolysis-pore formation during pyroptosis [12]. On the other hand, extracellular ATP
liberation promotes neuronal cell death during ischemic conditions [13, 14] and, when
induced by chemotherapeutic drugs, tumor cell death [15-17]. In the last decade, pannexin
(Panx) channels have been identified as key mediators of extracellular ATP release. The
Panx family consists of 3 members, namely Panx1, Panx2 and Panx3 [18]. Among those,
Panx1 has yet been most extensively studied. In fact, the activation of Panx1 channels during
pathological conditions is triggered by several signals, including increases in extracellular
K* and intracellular Ca2* concentration [Ca%*];, caspase-mediated cleavage, c-Jun N-
terminal kinases [19] and the Src family of tyrosine kinases [20, 21]. Moreover, in
metastasic breast cancer cells, the appearance of the Panx1 truncated form, namely
Panx11-89, leads to an open stage of the Panx1 wild channels [22]. This is probably due to
the lack of the carboxyterminal (CT) tail of Panx11-89 [22]. Opening of Panx1 channels has
been observed in several other disease processes, such as in Crohn’s disease [23], brain
ischemia [14], melanoma [24], endotoxic shock [12], epilepsy [25] and upon infection with
human immunodeficient virus (HIV) [26]. The present paper will review the roles of Panx
channels in the processes of inflammation and cell death related to most of these
pathological conditions.

2 Pannexin channels: basic features

2.1 Structural properties

Panx proteins have been discovered in 2000 as homologs of the innexin family of
invertebrate gap junction proteins [27]. Of the 3 Panx members characterized in human and
mouse, Panx1 is most widespread and has been detected in brain, spleen, skin, cartilage,
bladder, kidney, liver, lung, colon, erythrocytes, platelets and immune cells [28-37]. In
contrast, Panx2 expression seems to be confined to the nervous system [18, 30], yet a recent
study suggests that this protein is also highly abundant in non-neuronal mouse tissues, albeit
being preferentially located in the intracellular compartment [38]. This has been linked to
the presence of Panx2 in the membrane of endosomal vesicles [39] and points to its possible
role in intracellular signaling rather than extracellular communication. Moreover, it has been
reported that heteromeric channels consisting of Panx1 and Panx2 can be formed at the
plasma membrane of Xenogpus oocytes [40] with an attenuated functional activity as
observed by a decreased dye uptake and currents from whole cell recording patch clamp [30,
41]. This suggests that Panx2 may also have a function in the modulation of Panx1 activity.
Panx3 is present in cartilage, skin and bone [28, 42]. Throughout the years, Panx proteins
have been frequently studied together with connexin (Cx) proteins. Panx and Cx proteins
indeed share the same topology consisting of 4 transmembrane domains, 2 extracellular
loops, 1 intracellular loop, 1 cytosolic aminoterminal tail and 1 cytosolic CT tail (Figure 1).
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However, no sequence homology exists between both types of proteins [43]. Within the Panx
family, the aminoterminal tail is highly conserved, whereas the CT tail shows considerable
sequence variability [43]. Unlike Panx2, which has a longer CT tail, Panx1 and Panx3
appear to be closely related to each other [43]. Although it has been generally accepted that
Panx proteins gather in hexameric channels, reminiscent of Cx hemichannels, it has been
demonstrated that Panx2 may assemble in octameric cellular pores [44, 45] (Figure 1).
While Cx hemichannels can interact with unapposed counterparts occurring on neighboring
cells to form intercellular gap junctions [46, 47], it is currently highly debated whether Panx
channels retain this characteristic [48, 49]. In this respect, Bruzzone and group first
demonstrated the ability of Panx1 to form gap junctions in paired Xengpus oocytes [30].
Similarly, Lai and team showed dye coupling in glioma cells transfected with Panx1-green
fluorescent protein [50]. In addition, intercellular Ca2* movement through Panx1-based gap
junctions was reported in human prostate cancer epithelial transfected with Panx1-green
fluorescent protein cells [51]. Sahu and co-workers described dye transfer and electrical
coupling in HelLa cells transfected with Panx1-enhanced green fluorescent protein and
Panx3-IRES2-enhanced green flurescent protein [52]. More recent evidence, however, favors
gap junction-independent functions of these proteins in different cell types and tissues. Thus,
immunocytochemistry analysis has revealed a more diffuse staining pattern of Panx1 and
Panx3 in a number of tissues, such as mouse spleen and human skin, respectively [28].
Moreover, electron microscopy studies of hippocampus showed the lack of Panx1
interaction with neighboring cells [53]. Furthermore, Panx1 channels have been found to be
functional in the cell membrane of single cells, including erythrocytes, macrophages,
neutrophils, T-cells and Kupffer cells [32, 34-37]. Operational Panx1 channels have also
been detected in the apical pole of the airway epithelial cells [54] or in the postsynaptic site
of neurons [53], thereby not participating in cell-to-cell contact. The main reason suggested
to underlie the absence of gap junctional coupling via Panxs lies in the presence of
glycosylation patterns at the extracellular loop regions, which may impede docking of Panx
channels of adjacent cells [45]. Nevertheless, a recent study performed on various Panx1-
transfected cell lines demonstrates that Panx1 can be differentially glycosylated depending
on the cell type, leading to cell-specific formation of Panx1-based gap junctions [52].

2.2 Regulatory properties

2.2.1 Transcriptional regulation—Panx1 and Panx3 genes are located on human
chromosome 11 and mouse chromosome 9, whereas Panx2 is found on human chromosome
22 and mouse chromosome 15 [18]. The human Panx1 gene bears 4 introns and 5 exons,
which drive the generation of 2 isoforms from alternative spliced exon 5, called Panxla and
Panx1b, containing 2 intracellular C-terminus lengths due to the insertion of a 4 amino acid
sequence [18]. Another human variant displays a single deletion of a single valine at position
377, yielding Panx1bv, which, like the other Panx1 variants, remains at the plasma
membrane [55]. Furthermore, 2 novel Panx1 isoforms generated from alternative splicing at
exons 2 and 4 have been identified in rat pituitary cells [56]. Both splice variants are located
in intracellular compartments and inhibit the ATP-releasing capacity of full length Panx1
when co-expressed [56]. The presence of Panx1 splice variants may be due to differential
regulation of the expression of the Panx1 gene. Thus, this gene contains a promoter located
in a highly conserved CpG island, which possesses multiple transcriptional start sites, but
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that lacks core promoter elements. This supports the notion that transcription factors can
initiate the processing of Panx1 gene. In fact, the transcription factors E26 transformation-
specific translocation variant 4 and 3’,5’-cyclic adenosine monophosphate response element-
binding protein are known to bind to the Panx1 gene promoter [57]. Likewise, the Panx3
gene promoter is regulated by the transcription factor runt-related transcription factor 2 in
bone [42]. Only 1 Panx2 splice variant has been described in humans, namely Panx2alt2
[18]. In addition to classical cis/trans regulation, gene expression is also controlled by
epigenetic mechanisms, including DNA methylation and reversible histone modifications. In
this context, Panx1 gene expression has been found to depend, at least in part, on DNA
methylation, as Panx1 mRNA levels can be upregulated by the demethylating agent 5-
azacytidine [57]. A recent study showed that Panx1 gene transcription is regulated by
histone modifications rather than DNA methylation upon nerve injury [58]. In particular,
histone markers associated with transcriptional activation, like H3K4me3 and H3K9ac,
became more prominent in this condition at the expense of hallmarks of gene silencing, such
as H3K9me2 and H3K27me3 [58].

2.2.2 Posttranslational regulation—Posttranslational modifications, such as
phosphorylation, A-glycosylation and S-nitrosylation, have been reported to affect Panx
trafficking and channel gating [59]. Whereas phosphorylation is a major regulator of the Cx
life cycle and activity, and although potential phosphorylation sites have been identified in
Panx1 and Panx3 [28], this posttranslational modification is considered to play only a minor
role in Panx metabolism and functionality [28, 45]. Nevertheless, the Src family of tyrosine
kinases were firstly identified to promote Panx1 opening by phosphorylation due to the
activation of A-methyl-D-aspartate receptors in anoxic conditions in the neurons [20]. These
results were recently confirmed by Weilinger and group in a study in which the
phosphorylation site at a highly conserved tyrosine residue was identified, namely tyrosine
residue Y308, which constitutes a putative target site for the Src family of tyrosine kinases
and that favors channel opening [60]. This phosphorylation site differs in venous endothelial
cells in the presence of tumor necrosis factor alpha (TNFa), in which the site Y198 was
identified [21]. This difference may reside in the activation mechanisms and cell types used
in both studies. Moreover, N-glysosylation seems a critical determinant in Panx physiology
[59]. Several potential glycosylation sites are present in Panx1 and Panx3 [28], yet only 1
has been confirmed for both proteins, namely asparagine residues N254 in Panx1 and N71 in
Panx3 occurring at the extracellular side [28]. Panx2 is also a glycoprotein with a predicted
N-glycosylation site at asparagine residue N86 in the first extracellular loop [41]. Panx1 and
Panx3 exist in 3 glysosylated variants, including a non-glycosylated core protein (Gly0), a
high-mannose glysosylated protein (Gly1) and an extensively glycosylated species (Gly2)
[28, 41, 45]. Glycosylation of Panx1 and Panx3 has been suggested to control cellular
trafficking to the plasma membrane surface [45], where they preferentially reside in their
Gly2 form. This glycosylation status avoids the docking between 2 adjacent channels, thus
impeding gap junction formation [45]. S-nitrosylation is another posttranslational
modification described to take place on Panx1 proteins. In this light, the S-nitrosylation by
S-nitrosoglutathione of the cysteine groups 40 and 346 in Panx1 results in the inhibition of
extracellular ATP release [61]. In addition, nitric oxide suppresses Panx1 channel activity by
activating the 3’,5’-cyclic guanosine monophosphate-protein kinase G pathway [62]. The
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latter is the result of phosphorylation at S206 site carried by protein kinase G, which may be
allosterically modulated by the phosphorylation at S394 [62]. Recently, Panx3, but not
Panx2, has also been identified as a substrate for S-nitrosylation. S-nitrosylation of Panx1
and Panx3 can be reversed by the reducing agent dithiothreitol [63].

2.3 Functional properties

Panx channels can be activated in both physiological and pathological conditions. Although
Panx1 channels open at positive potential, a number of physiological stimuli have been
identified to promote their opening at membrane resting potential. These include the
elevation of [Ca2*]; [64], ATP binding to purinergic P2 receptors, such as P2Y receptors
[64], as well as ionotropic receptors, like P2X7 receptors [34], oxygen deprivation [20, 32,
65, 66] and mechanical stress [32, 67]. A more recently identified mediator of Panx1
channel opening is insulin [68]. The opening of Panx channels allows the permeation of ions
and small molecules in the size range of approximately 1.5 kDa [67, 69], of which ATP is
the best studied molecule. ATP signaling through Panx1 channels underlies various
physiological functions, such as mucociliary lung clearance [54, 70], differentiation of
olfactory sensory neurons [71], glucose uptake in insulin-stimulated adipocytes [68], and
potentiation of muscle contraction [72] and control of blood flow [32, 73] in skeletal muscle
fibers. Moreover, due to its presence in postsynaptic neurons, Panx1 has been hypothesized
to play a role in the synaptic processes in brain [13]. Similar to Panx1 channels, Panx3 can
mediate ATP release and has been implicated in the differentiation of chondrocytes by the
modulation of intracellular ATP/cyclic adenosine monophosphate levels [74]. Strikingly,
Panx1 channels have been reported to lack ATP permeability although acting as anion
selective-channels [75]. This discrepancy might be explained by the conductance stage of
the channel, which depends on the conformation of the channel. First evidence with
Xenopus oocytes showed the presence of a large unitary conductance of approximately 500
pS that allows the release of ATP as well as multiple subconductance stages [67]. These
results were confirmed by others studies identifying similar unitary large conductance
associated with ATP release and dye flux [32, 66]. In contrast, 2 recent papers reported a low
conductance state of ~70 pS that is accompanied by anion-selectivity [75, 76], albeit with a
permeability rank order for different anions. It is important to note that anion-selective
channels can be permeable to ATP [76]. More recently, Wang and group confirmed the
presence of 2 different channel conformations with different permeabilities in Xenopus
oocytes expressing Panx1 [77]. The low conductance, which is ATP impermeable, is
approximately 50 pS, while the high conductance is 500 pS and ATP-permeable. They
appear to be the result of different experimental conditions applied to activate these
channels, namely positive voltage and high extracellular K* levels, respectively [77]. Due to
the high voltage that is needed to activate the low conductance channel, it is suggested that
the high conductance channel is likely to represent the most predominant configuration in
both physiological and pathological conditions [77]. Modification of Panx1 channel
confirmation by different stimuli is reflected by differential accessibility of the Panx1 CT
cysteine residue C426 to thiol reagents, such as maleimidobutyrylbiocitins. This reagent
irreversibly modifies cysteines and can obstruct channel flux when the reactive cysteine is
close to the pore. This Panx1 CT cysteine reacts with thiol reagents in the low conductance
(voltage-gated) conformation, but does not modify channel conductance in the high
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conductance (K*-gated) conformation [77]. However, the possible link between channel
conductance and ATP permeability is disputed, as it has been demonstrated that dye uptake
and ATP release by apoptotic cells expressing CT-truncated Panx1, which forms low-
conductance (~75 pS) channels [4, 78]. In addition, the observation that Panx1 channel is an
anion-selective channel does not exclude the possibility of cation flux. In this light, by using
inside-out patch recordings with asymmetrical concentration of K* and ATP across the
membrane, Bao and co-workers noted that the reversal potential of Panx1 current is less
positive than expected for K* and ATP. This suggests cationic as well as ATP permeation
[67]. Hence, both studies support the lack of ionic selectivity of Panx1 channels.
Furthermore, Panx1 channels are reported to transport anionic (e.g. fluorescein and Lucifer
Yellow) as well as cationic dyes (e.g. To-Pro and Yo-Pro) [4, 32], and dye uptake was
inhibited by Panx1 channels blockers or Panx1 gene knock-out, while being enhanced by
Panx1 overexpression [4, 32, 79]. In addition, both Romanov and group and Ma and team
based their conclusions on anion selectivity by the measurement of the reversal potential of
Panx1 currents during the substitution of cations and anions in the extracellular environment
[75, 76]. The reversal potential was unchanged when Na* was substituted by the larger
cation, Amethyl-D-glucamine, but was noticeably shifted when ClI- was replaced by other
anions [75, 76]. At first sight, this indicates anion, but not cation permeation through Panx1
channels. However, an alternative interpretation could be an equal selectivity for both Na*
and A-methyl-D-glucamine®, thereby favoring both cationic and anionic transport. A final
piece of evidence for the cationic permeation was the identification of a Ca2* leak from the
endoplasmic reticulum mediated by Panx1 and Panx3 channels [51, 80], which, in case of
Panx3 channels contributes to osteoblast differentiation [80, 81]. Despite their relevant
physiological roles, Panx1 and Panx3 gene deletions as well as double Panx1-Panx2 ablation
in mice do not result in overt abnormalities in the anatomy or viability of the animals [82—
84]. Nevertheless, Panx3*/- x Panx3*/- crosses generates offspring with a Panx37- genetic
background and reduced litter size [82]. The mechanism behind this observation remains
obscure. Possibly, the deficiency of a particular Panx species could be compensated by other
Panx family members. In this context, Panx3 levels are upregulated in the dorsal skin of
Panx1 whole body knock-out mice [85].

3 Roles of pannexin channels in inflammation

3.1 Inflammasome activation and release of pro-inflammatory cytokines

A key event in the initial phase of inflammation includes the extracellular release of ATP
from the injured tissue, ultimately promoting the maturation and subsequent secretion of the
pro-inflammatory cytokines, including interleukin 1 alpha and 1 beta (IL1a/B) as well as
IL18 [8, 34]. It is generally accepted that this process requires 2 signals corresponding with
canonical inflammasome activation (Figure 2A). The first signal relies on the activation of
nuclear factor kappa beta (NF-xB), which is triggered by the binding of damage-associated
molecular patterns (DAMPS) or pathogen-associated molecular patterns (PAMPs) to Toll-
like receptors (TLRs) [86]. NF-xB can also be activated by cytokines of the TNF family,
CDA40 ligand, B-cell activating factor and receptor activator of NF-xB ligand [86].
Activation of NF-xB induces the expression of TNFa and the premature forms of IL1p and
IL18 [86]. The second signal involves the formation of the inflammasome and concomitant
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activation of caspase 1. The latter then cleaves the premature forms of IL1p and IL18,
yielding the fully active cytokines, which are subsequently released into the extracellular
environment to perform their inflammatory actions [8]. A number of inflammasome variants
have been identified based on NLR identity, namely NLRP3, NLRP1 and NLR caspase
activation and recruitment domain (CARD) containing 4 (NLRC4) [87], of which the
NLRP3 inflammasome has been most extensively studied [88—-90]. NLRP3 forms a complex
with apoptosis-associated speck-like protein containing a C-terminal caspase recruitment
domain (ASC) and pro-caspase 1 [88, 91]. The expression of NLRP3 components is tightly
controlled by NF-xB [92] and it is activated by a decrease in intracellular K* concentration
[93, 94]. In fact, the binding of extracellular ATP to P2X7 receptors in macrophages results
in the cellular influx of Ca2* jons and efflux of K* ions [34]. The latter not only turns on the
NLRP3 inflammasome, but, together with the alterations in the intracellular Ca2* levels, also
opens Panx1 channels, which then release ATP in the extracellular space [34]. This
perpetuates P2X7 receptor stimulation, yet simultaneously ATP may inhibit Panx1 channels
in a negative feedback loop [95]. In these conditions, Panx1 was identified to constitute the
large pore induced by the activation of P2X7 receptors, and both channels were found to co-
immunoprecipitate in HEK293 cells [34]. This supports a direct interaction at the plasma
membrane between both channels. In contrast, microglia, the immunogenic cells of the
brain, release ATP through Panx1 channels upon lipopolysaccharide (LPS) stimulation,
which in turn activates P2Y1 receptors, resulting in Ca%* release from the intracellular stores
[96]. Alternatively, Panx1 channel opening may be the consequence of particle
internalization involving uric acid, silica and Alum crystals, though the mechanism is not
clear [97] (Figure 2A). Internalized particles fuse with lysosomes to form phagolysosomes,
leading to destabilization of the phagolysosome membrane and subsequent release of
cysteine cathepsins and cathepsin B [97]. This process could precede the ATP release
mechanism by Panx channels and the activation of P2X7 receptors, and hence the assembly
of the NLRP3 inflammasome [97]. In contrast to this finding is the observation that leakage
of cathepsin B from the phagolysosome can be directly involved in the activation of the
NLRP3 inflammasome to activate caspase 1 [98]. Another DAMP that regulates NLRP3
inflammasomes is asbestos, which promotes the secretion of IL1p by the activation of
nicotinamide adenine dinucleotide phosphate oxidase upon phagocytosis [99] (Figure 2A).
This generates reactive oxygen species that assist in the activation of the NLRP3
inflammasome [99]. On the other hand, open Panx1 channels may serve as a pathway for
cellular uptake of muramyl dipeptide, a constituent of gram-negative and gram-positive
bacteria [100] (Figure 2A). Muramyl dipeptide participates in both signals of inflammasome
activation. Thus, muramyl dipeptide binds to nucleotide-binding oligomerization domain 2,
which enhances the activation of NF-xB [100]. This also potentiates the induction of the
NLRP1 inflammasome, and therefore the cleavage of caspase 1 [100, 101]. The latter
mechanism equally applies to the Anthrax lethal toxin [101] (Figure 2A). Interestingly,
Panx1 channel functional opening is accompanied by high levels of Panx1 expression due to
histone modifications in neurons, which potentiates IL1p release [58]. The exact role of
Panx1 in the activation of the inflammasome and thus the release of IL1p and 1L18 is not
clear. Inhibition of Panx1 channel opening by the prototypical Panx1 channel

inhibitor 19Panx1 impedes the release of IL1@ in mouse J774 macrophages, human THP-1
macrophages and human alveolar macrophages in the presence of LPS and ATP [34]. These
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results have been reproduced in mouse peritoneal macrophages and are comparable to
caspase 1 inhibition [8]. Moreover, Panx1 gene silencing in a mouse model of hepatic
ischemia-reperfusion results in a decrease of IL1p serum levels [37]. These findings
collectively suggest an important role for Panx1 channels in inflammasome activation. In
contrast, upon activation of the inflammatory cascade in mouse bone marrow-derived
macrophages lacking Panx1, no defect in inflammasome activation or secretion of IL1p or
IL18 could be recorded [102]. Nevertheless, various stimuli to activate the different
inflammasomes in cells have been used, such as silica and Alum crystals to activate NLRP3,
Salmonella thyphimurium and flagelin for NLRC4 and plasmid DNA to activate absent in
melanoma 2 (AIM2). These results show that Panx1 is unlikely to be strictly necessary to
activate NLRP3 inflammasome in the presence of silica or Alum crystals. Moreover, similar
findings have been obtained with peritoneal macrophages deficient in Panx1/Panx2 exposed
to LPS and ATP [84]. This discrepancy may be due to Panx2. Although Panx2 has not yet
been identified in macrophages, it was recently found to be ubiquitously expressed in
different tissues [38]. The absence of Panx1 and Panx2 did not interfere with the secretion of
IL1B, but did in Panx1 inhibition, which could point to a role of Panx2 in the modulation of
the inflammatory response. Important to note is that the concentrations used in these studies
varied by 1000-fold, being more concentrated in macrophages deficient in Panx1 and Panx2.
In addition, LPS induces the generation of reactive oxygen species [103]. Hence, it can be
hypothesized that the secretion of IL1p is due to the generation of reactive oxygen species
by the high concentration of LPS. Alternatively, in other immune cells, such as neutrophils,
the activation of the inflammasome upon LPS and ATP administration has been linked
directly to the activation of P2X7 receptors without considering the possible involvement of
Panx1 [104]. This highlights not only the novelty of the role of Panx1 in the canonical
inflammasome activation, but also the controversy within the different studies.

3.2 Activation and migration of leukocytes

Besides inducing the inflammasome, ATP also influences the activation and chemoattraction
of leukocytes to the site of injury in order to amplify the immune response. Panx1 channels
are involved in the generation of multinucleated macrophages [105], the activation of T-cells
[36] and the emigration of leukocytes during inflammation [21, 35]. Multinucleated giant
cells arise from the fusion of macrophages in homeostatic and disease conditions. Although
controversial, some evidence supports their action in normal tissue development or as host
defense in a variety of pathological circumstances [106, 107]. In this respect, fusion of
macrophages depends, at least in part, on activation of P2X7 receptors [108]. In fact, both
P2X7 receptors and Panx1 channels promote the generation of multinucleated macrophages
[105] (Figure 2B). Unlike inflammasome activation, P2X7 receptors and Panx1 channels
might act independently of each other in the presence of granulocyte macrophage colony-
stimulating factor to enhance multinucleated macrophage formation, as ATP release is
unchanged in Panx1-deficient macrophages compared to wild-type counterparts [105]. In
contrast, decreased ATP release has been observed in peritoneal macrophages with a
deletion in P2X7 receptors [105]. Upon release, ATP is transformed into adenosine, which in
turn may upregulate the expression of CD44, a membrane protein relevant for the fusion of
macrophages [105]. Panx1 channels are involved in membrane permeabilization, thereby
facilitating the fusion of the cells [105]. These data demonstrate that Panx1 channels and
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P2X7 receptors can act individually to activate different signaling pathways, which trigger
the generation of multinucleated macrophages.

The activation of T-cells is mediated by the interaction between a and p T-cell receptors
(TCR) and an immunogenic peptide bound to the major histocompatibility complex in
antigen-presenting cells. This antigen recognition favors the activation of T-cells in an ATP-
dependent manner. It has been speculated that in a first step, the interaction between both
receptors, TCRs and antigen bound to major histocompatibility complex, stimulates the
uptake of Ca2* by mitochondria to synthesize ATP [36] (Figure 2C). In addition, Panx1
channel opening due to elevated [Ca2*]; promotes ATP release [36]. This mechanism
guarantees an increase in extracellular ATP levels that in turn serves as an autocrine stimulus
to activate P2X receptors [36]. This constitutes a positive feedback loop, since the opening
of P2X receptors allows the cellular influx of Ca2*, thereby maintaining Panx1 channel
opening in mouse and human CD4* T-cells as well as in Jurkat cells [36, 109]. Moreover,
Panx1 channels themselves may contribute to Ca2* entry to further stimulate their opening.
Consequently, T-cells produce IL2, activate the transcription factor nuclear factor of
activated T-cells and become proliferative [36, 110] (Figure 2C). The influx of Ca* and
ATP production are highly dependent on the strength of the activation mediated by TCRs. In
this respect, inhibition of P2 receptors prevents autoreactive expansion of activated T-cells,
while overproduction of ATP due to calreticulin deficiency, a major Ca2*-buffering
chaperone at the lumen of the endoplasmic reticulum, results in a lowered threshold for T-
cell activation and immunopathology [36, 111]. This points to the beneficial effects elicited
by the inhibition of this pathway to prevent T-cell activation in immunological diseases. In
diabetes mellitus type | and inflammatory bowel disease, the blockage of this signaling
cascade by the administration of oxidized ATP limits the secretion of pro-inflammatory
cytokines, avoids the response of T-cells to TCR stimulation and ameliorates the outcome of
T-cell-mediated inflammation /n vivo [36].

Recruitment of inflammatory cells to the site of injury is driven by a plethora of signals that
influence cell-cell interactions between vascular endothelial cells and circulating leukocytes.
In acute inflammation induced by TNFa, Panx1 channels have been found to assist in
adhesion and extravasation of leukocytes through the vascular wall [21] (Figure 2D). This is
substantiated by the observation that deletion of Panx1 expression impedes elevation of
vascular cell adhesion molecule 1 production, which can be overcome in the presence of
exogenous ATP. These results suggest that P2 receptors are also involved in the cascade of
events induced upon acute inflammation [21]. An important immune barrier between the
blood and the cerebrospinal fluid in brain is constituted by the choroid plexus, which
contains native immune cells, called epiplexus cells. In case of injury, ATP release through
Panx1 channels in epithelial cells attracts epiplexus cells, though the exact mechanism of
their activation by ATP is unknown [112]. Furthermore, Panx1 channels have been reported
to play a role in the chemotaxis response of neutrophils. Indeed, the activation of the
chemoattractant receptors on the surface of neutrophils controls Panx1-induced ATP release,
which subsequently stimulates P2Y 2 receptors [35]. Moreover, ATP is transformed into
adenosine by membrane enzymes, like ectonucleoside triphosphate diphosphohydrolase 1,
and triggers A3 receptors. Both P2Y2 and A3 receptors turn on signaling pathways that
contribute to chemotactic responses at the front of the migrating cells [11] (Figure 2D). By
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contrast, adenosine also stimulates A2A receptors to promote a global inhibitory signal in
the neutrophils [35] (Figure 2D). This suggests that Panx1 represents a link between
chemoattractant receptors and the amplification of the initial chemotactic response in
neutrophils in order to contribute to cell migration. In compliance with this view, Panx1
channels mediate the migration of inflammatory cells to the site of injury to boost the
immune response [11, 35].

4 Roles of pannexin channels in cell death

4.1 Apoptosis

Apoptosis is the best characterized form of programmed cell death, which drives removal of
defunct cells in both physiological and pathological conditions [113]. Apoptosis is typified
by a number of morphological changes, including cell shrinkage, chromatin condensation,
formation of apoptotic bodies and engulfment by macrophages. Most of these modifications
in cytoarchitecture result from the actions of caspases, which either initiate or execute the
apoptotic response by proteolytically cleaving a variety of cellular proteins [113]. The 2
major apoptotic pathways that can lead to caspase activation are the intrinsic cascade and the
extrinsic pathway [114]. The former is mainly mediated by mitochondria along with the B-
cell lymphoma-2 family of pro-apoptotic and anti-apoptotic proteins [115]. In contrast, the
extrinsic signaling pathway is triggered by the binding of extracellular death ligands, such as
Fas ligand, TNFa or TNF-related apoptosis-inducing ligand, to their corresponding
receptors at the plasma membrane [114]. Panx1 channels are implicated in different steps of
apoptosis. In the early phases, activation of Panx1 channels contributes to the increase in
plasma membrane permeability, as judged on selective dye uptake in nascent apoptotic cells
[4, 116]. In particular, Panx1 channel activation has been detected in cells beginning to bleb
[4]. A recent study showed that Panx1 channels maintain cellular integrity during this
programmed cell death process, as evidenced by the occurrence of cellular disassembly in
apoptotic bodies upon inactivation of Panx1 channels [117]. However, it has been observed
that Panx1 knock-down has no effect on the progression of apoptosis [4]. This complies with
extracellular ATP and UTP release, taking place at early, but not in late phases of apoptosis,
in order to recruit monocytes and macrophages [4, 5] (Figure 3). ATP release from apoptotic
cells is also important to initiate bone resorption [118]. On the other hand, Panx1 channels
can occur at the endoplasmic reticulum, where they form Ca2*-permeable pores that
contribute to Ca2* leakage [51]. This may favor mitochondrial Ca?* uptake and thus, the
formation of the permeability transition pore, which conveys cytochrome c to the cytosol to
initiate apoptosis [119, 120] (Figure 3). Unlike inflammation, Panx1 channel opening related
to apoptosis is not dependent on P2 receptors or on the presence of ATP in the extracellular
environment [117]. Rather, cleavage of the cytosolic CT tail of Panx1 by caspases 3 and 7
results in the irreversible opening of these channels, as shown by drastically increased dye
uptake and ATP release in Jurkat cells with a truncated Panx1 CT tail [4, 5, 102]. The latter
seems to inhibit channel functioning by the interaction with a specific site inside the channel
pore [121]. Consequently, Panx1 channel activation is mediated by 2 events, namely caspase
cleavage and the dissociation of a region immediately downstream of the caspase site in the
CT region [121]. Recently, lethal effects have been described in Xenopus laevis oocytes and
Neuro2A cells carrying Panx1 with truncation lengths ranging from 370 to 393 amino acids
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[122]. This includes the 375-378 amino acid caspase cleavage area, which further triggers
the opening of these channels during cell death [122].

4.2 Pyroptosis

Pyroptosis is an inflammatory cell death mode characterized by the activation of
inflammatory caspases, cell swelling and rapid destabilization of the plasma membrane
[123]. In case of bacterial infection, disruption of infected cells contributes to the release of
pathogens and subsequent phagocytosis by neutrophils [123]. At present, macrophages and
dendritic cells have been identified to undergo pyroptosis [124, 125]. A crucial event in this
process has been initially attributed to the activation of caspase 1 [126, 127]. Nevertheless,
new data show that mice lacking caspase 1, generated through stem cell technology, are also
deficient in caspase 11 [128]. Therefore, caspase 11 may be responsible for some
phenotypes previously believed to be due to caspase 1, such as shock following endotoxic
challenge [129]. This is in accordance with earlier studies highlighting the importance of
caspase 11 activation in the induction of pyroptosis [128-130]. The activation of mouse
caspase 11 and related human caspases 4 and 5 is due to their direct binding to intracellular
LPS [128, 131] (Figure 3). As holds for caspases 3 and 7, caspase 11 is able to cleave the CT
moiety of Panx1, leading to channel opening and extracellular ATP release, which in turn
activates P2X7 receptors to cause cytotoxicity [12] (Figure 3). The sensitivity of P2X7
receptor activation is increased by the presence of cytosolic LPS and extracellular ATP,
resulting in the formation of a pore in the cell membrane that triggers cytolysis [12] (Figure
3). Furthermore, the secretion of ATP into the extracellular environment attracts
macrophages that phagocyte pyroptotic cells [6]. Pyroptosis has also been linked to the
activation of NLRP3 inflammasomes, though this is independent of P2X7 receptor activation
[12]. The opening of Panx1 channels by caspase 11-mediated cleavage during pyroptosis
induces K* efflux and subsequent activation of NLRP3 inflammasomes to process and
release IL1B [12]. This suggests that Panx1 channels could fulfill a dual function in
pyroptosis, namely in the activation of P2X7 receptors to mediate cell death and in the
induction of potassium efflux without P2X7 receptor involvement to turn on NLRP3
inflammasomes. Genetic ablation of Panx1 has been found to reduce the mortality rate in
animal models of endotoxic shock [12]. Of note, neutrophils do not undergo pyroptosis
under Salmonella enterica serovar typhimurium infection, but rather sustain IL1p production
[125]. This mechanism is caspase 11 independent and mainly implies the contribution of the
NLRC4 inflammasome [125]. Overall, these results show that absence of Panx1 channel
activation could prevent pyroptosis in neutrophils.

4.3 Autophagy

Autophagy is considered as a self-degradative process in which dysfunctional or redundant
cellular components are removed by lysosomes [132]. Basal levels of autophagy contribute
to the maintenance of homeostasis [133]. However, in stress conditions, this process ensures
cell survival by allowing energy production and the recycling of cytoplasmic components
that provides the cells with building stones required for newly synthetized molecules.
Although seemingly a cytoprotective mechanism, autophagy prolongs cell survival for a
short time, yet upon persistent stimulation, it may promote cell death. This mode of cell
death is referred to as cell death with autophagy, instead of cell death by autophagy, due to
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the fact that cells do not normally die by autophagy [134]. In fact, there are different stimuli
that can trigger autophagy, including some chemotherapeutics [135]. Autophagic cells
release ATP, which serves as a “find-me” signal for dendritic cells and neutrophils [15, 136].
Cells exposed to chemotherapeutics undergo autophagy, store ATP in autolysosome vesicles
and release it through exocytosis by a mechanism that requires the translocation of
lysosomal associated membrane protein 1 into the plasma membrane (Figure 3). This
translocation is facilitated by the action of caspases and Panx1 channels, though this process
is not well understood [135]. Extracellular ATP not only attracts immune cells, but also
contributes to the activation of inflammasomes in macrophages, while engulfing dying cells
in a Panx1-dependent mechanism [136].

5 Conclusions and perspectives

This paper has reviewed the involvement of Panx channels in inflammation and cell death.
Although this research is still in its infancy, several critical roles have already been attributed
to Panx channels in these pathological processes. Despite many knowledge gaps and the
involvement of a myriad of underlying mechanisms, it appears that opening of Panx1
channels correlates with activation and/or perpetuation of inflammation and cell death.
Consequently, interfering with Panx1 channel opening might be considered as a novel
therapeutic approach. Indeed, inflammation and cell death accompany a wide spectrum of
acute and chronic diseases, thereby rendering Panx1 channels plausible drug targets. In this
respect, a number of chemotherapeutic drugs induce Panx1 channel opening to favor cell
death by apoptosis, pyroptosis and autophagy [15-17]. This triggers ATP release and thus
the initiation of the immunogenic cell death process in order to control residual tumors [137,
138]. By contrast, epigenetic silencing of Panx1 production in cultured melanoma cells
reduces the expression of malignant melanoma markers [24]. In a mouse model of ischemia,
suppression of Panx1 channels as well as genetic ablation of Panx1 expression result in
diminished motor symptoms and brain infarcts [14]. This is in contrast to the observation
that double Panx1-Panx2 ablation in mice produces smaller brain infarcts with improved
motor symptoms upon ischemic stroke compared to wild-type or single Panx1 deleted
counterparts [84, 139]. More recently, deletion of Panx3 was reported to protect against
surgically induced osteoarthritis in mice [82]. It is tempting to speculate that this will
necessitate different therapeutic strategies to either promote or inhibit Panx channel opening
(Table 1). In parallel with clinical exploration, further fundamental and translational research
in the Panx field will also require improved experimental tools and models. Unfortunately,
the pharmacological agents currently used for this purpose lack Panx channel specificity
and, at least in some cases, can also affect Cx hemichannels and gap junctions [55]. In this
context, due to the increasing success of mimetic peptides targeting Cx hemichannels, the
mimetic peptide 1°Panx1 was developed. This peptide reproduces a specific amino acid
sequence in the extracellular loop of Panx1 [140]. Although this peptide inhibits Panx1
currents, dye uptake and ATP release, it also interacts with Cx46 [69, 140]. Alternative
approaches include the use of small interference RNA duplexes and knock-out mice. The
absence of major abnormalities in mice genetically deficient in Panx1, Panx2 or Panx3 does
not necessarily mean that these channels do not have physiological relevance. In this respect,
mice deficient in Panx1 display distinct behavioral changes, including enhanced anxiety,
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impaired object recognition and spatial learning [141]. Moreover, mice with conditional
Panx1 knock-out in the cochlea show hearing loss [142]. This is reminiscent of a recent
report describing sensorineural hearing loss, intellectual disability and skeletal defects, such
as kyphoscoliosis and primary ovarian failure, in a 17-year-old female with a homozygous
mutation in the Panx1 gene, whereby arginine at position 217 is replaced by histidine. This
results in a 50% reduction of Panx1 channel opening without any effect on cellular
trafficking nor on Panx1 expression [143]. Such studies clearly illustrate the clinical

potential of Panx signaling and concomitantly underscore the importance of Panx research in
the upcoming years.
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CARD
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DAMP(9)
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IL1a/1B/2/17/18
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NF-xB
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NLRP1/3
PAMP(s)
Panx

TCR(9)

apoptosis-associated speck-like protein containing a C-
terminal caspase recruitment domain

adenosine-5’-triphosphate

intracellular calcium concentration
caspase activation and recruitment domain
carboxyterminal

connexin

damage-associated molecular pattern(s)
human immunodeficient virus
interleukinl alpha, 1 beta, 2 and 18
lipopolysaccharide

nuclear factor kappa beta
nucleotide-binding oligomerization domain receptor

NLR caspase activation and recruitment domain (CARD)
containing 4

NLR pyrin domain-containing 1 and 3
pathogen-associated molecular pattern(s)
pannexin

T-cell receptor(s)
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Figure 1. Pannexin architecture, channel configuration and subcellular localization.
The Panx family encompasses of Panx1, Panx2 and Panx3. Panx proteins all share a

common structure consisting of 4 transmembrane domains, 2 extracellular loops, 1
intracellular loop, 1 cytosolic aminoterminal tail and 1 cytosolic CT. While it has been
suggested that Panx2 gathers in octameric channels, Panx channels are usually composed of
6 Panx proteins. Panx1 and Panx3 reside both in the plasma membrane surface and the
endoplasmic reticulum. Panx2 has been identified in the membrane of endosomal vesicles.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Yanguas Crespo et al.

DAMPs
PAMPs

ATP

Signal 1 Signal 2
¢ Uric acid, silica, Alum ” .
crystals, abestos o K o

Ca?*

9
A

Pro-IL1B

K* efflux

NLRP3 NLRP1

Muramyl dipeptide,
Anthrax toxin

[CAsC ] carog | [ Asc [ Pro-caspa=5 )

(Procaspase1 ) [ Pro-caspael |
N i

Pro-IL18

1L1p
118

Page 24

L = =2 o)

f'§ O
Neutrophil
) ° o

Bloodstream

TNFa
recemor

TNFa

:
1

Macrophage

/ \ ATP
N \ Local
excitation
o~ hemotactic
L —
Y signal
: =

Global
inhibition

=
' Endothelial cell

@ Pannexin 1

P2X7 A3 P2Y2
receptor receptor receptor

L2

Figure 2. Role of Panx1 channelsin inflammation.
The inflammatory response is activated upon injury. (A) Induction of the inflammasome

occurs in 2 steps. The first step relies on the activation of TLRs by DAMPs and PAMPs to
switch on gene transcription of TNFa and the premature forms of IL1p and IL18. The
second step depends on the interaction between P2X7 receptors and Panx1 channels to
promote oligomerization and hence activation of the inflammasome, followed by caspase 1-
mediated cleavage and extracellular release of IL1p and IL18. (B) Multinucleated
macrophage formation takes place following ATP release through P2X7 receptors and
subsequent conversion into adenosine in order to enhance the expression of the fusion factor
CD44, while Panx1 allows the permeabilization of the plasma membrane, thereby enabling
fusion. (C) The release of Ca2* by the endoplasmic reticulum contributes to the synthesis of
ATP by mitochondria and the opening of Panx1 channels. ATP released through Panx1
channels binds to P2X7 receptors, which in turn activates Panx1 channels. T-cells secrete
IL2 and become proliferative. (D) Endothelial cells secrete ATP via Panx1 channels, which
stimulates the production of vascular cell adhesion molecule 1 and thus the extravasation of
the immune cells. In the presence of chemotactic stimuli, ATP liberated by Panx1 channels
induces local excitation in the leading face of migrating neutrophils due to the activation of
P2Y?2 and A3 receptors. By contrast, the activation of A2a receptors facilitates global
inhibition in the rest of the cell (ATP, adenosine-5"-triphosphate; GM-CSF, granulocyte
macrophage colony-stimulating factor; IL, interleukin; MHC, major histocompatibility
complex; NLRP3, Nod-like receptor pyrin domain-containing 3; Panx1, pannexin 1; P2,
purinergic receptor; ER, endoplasmic reticulum; TCR, T-cell receptor; TLR, Toll-like
receptor).
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Figure 3. Role of Panx1 channelsin cell death.
The opening of Panx1 channels due to the action of caspases 3 and 7 in early apoptosis

facilitates the release of ATP and UTP to attract macrophages and monocytes, thereby
maintaining cellular integrity and facilitating Ca2* release from the endoplasmic reticulum
to induce translocation of cytochrome c into the cytosol. In pyroptosis, ATP release through
Panx1 channels activates P2X7 receptors, which underlies the formation of a membrane pore
that triggers cytolysis. In autophagy, the presence of Panx1 channels and lysosomal
associated membrane protein 1 favor lysosomal binding to the plasma membrane to release
ATP and attract macrophages (ATP, adenosine-5"-triphosphate; Panx, pannexin; P2,
purinergic receptor; UTP, uridine-5’-triphosphate).

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 17.




Page 26

Yanguas Crespo et al.

[ez]

2.N1R[NISNL 21UOJ0I B} JO |0AIUOI [BUOIIOUNS

TXUed JO
Buroolq Ajjeaibojooewieyd

syuaied
95e3SIP S,uy0ID Wol snxajd
9118JUaAW BY} Ul padnpal
ale S|aAd| Sl ‘TXUed Sssaidxa
Aybiy suoinau jesoonwigns
pue o1BUAAW UBWINH

3sBaSIP S,5UY0ID
UuM sjualed wo.y anssn
uewiny pue uoiewweul
[eunsaiul paanpul
Alleatwiay yum so1w 9/19.50

8seasIp S,SUY0ID

[ovT
‘6ET ‘v8 ‘vT]

S10JejUI UrRIQ
pue swoldwAs 1010w ‘y1eap [euoINau Psonpay

»ons
10€8J3)UN0J 0} papodal sem
asnow gxued/TXued uone|qe
a|qnop ay} 184 ‘e1waydsl
Ulelq UO 19313 Ue aney
0] PaqLIISaP SeM TXued JO
uonajap onauab pue Buydolq
Ajreaibojooewreyd Aq papaxa
1oy Atonqiyut s1buts ay L

urgyoid Txued Jo sjans| ybiH

901 ZXUBd/TXUR] pare|qe

31gnop ‘@31W IN0X20UY TXUed
'S301|S Urelq /GO dshow pue
suoJnau Arewid G asnoj

eIWaYOSI ureig

[vel

AKesse siseiselaw
oAiquia UBIAY 8] Ul 8ZIS JoWwn] paonpay
‘axeidn aAp pue (AjJenjjaoeiul pazijedao|) uiuayed
-d unuawiA ‘uoiyessyijold ‘Aljnow [18o paonpay

uoissaldxa
auab Txued Bulouayis
Ag uonigiyul [uueyd TXUed

uia104d TXuURd J0 S|ans| YBiH

aul|
1180 BWIOUB|3W 97]g 3SNOIN

ewoue|s|n

[v1]

301W apnu Ul paralul uaym azis
Jown} paonpay rebe Jos ul uorjewoy Auojod
10 Jaquinu pue azIs paonpay “uolielayljold
paonpai pue ABojoydiow |82 pausne|4

101097

SNIIA [[9D WS duLIN
Yl uo1193jSuel} Ag pasnpul
uoissaidxa o1wse|doifo gxued

[os]

Jebe 1jos
U1 uoIyeWI0) AUOJ09 JO Jaquinu pue azIS Paonpal
pue s||29 usamiaq Buljdnod aAp pasealoul
‘Alnow |92 paanpal ‘ABojoydiow |92 pausne]4

uonoajsues)
prwseld Aq psonpul
UOITRAINOR [3UUBYD TXURd

sydiiosuely
Xued Aue ssaidxa 0] yoe]

s]189 ewo1|B 99 1ey

ewolo

[cz]

821W U1 UOINBZIUO|0D
aneIseIsw-Bun| paonpal pue sj199 a|qeIA paonpay

auo0|oX0UagIed
Aq Ajjeaibojooewsreyd
pue Txuedy; Aq
UOINQIYu! [aUUBYD TXUBd

aueiquisw ewse|d
8y} uo surejoud ‘zg.;TXUBY
‘W0 payesuns) sH Yym
J1ay1ab01 TXued 40 sjana] ybiH

90 CNT
-VAIN pue YTINT-ND J8dued
1sB31q d1jeISeIBW UewnH

[21 ‘9T]

sisoydoJAd pue ABeydoine Aq yresp |12 Jowin].

unoswsA| Ag UoneAnoe
|suueyd TXued//X2d/PXZd

paulw.alep 10N

S|190 2'T L' 8snow pue
S[199 TEC-aN-VAIN uewinH

J9Jue) isealg

[21 '91]

sisoydode Aq yyesp ||99 Jown

apisodols pue
u1a1gnJoxop ‘autlodsoinels
sbn.ip onnadelayiowayd ayy
AQ uonEeANIE [aUURYD TXUBH

urajoid Txued Jo sjans| ybiH

S|189 1 ¥en uewnH

eIWaYNaT

S90UB B PY

Buiuado puueyd uixeuued
JO Uo1}IgIyul JO UOITeAIIOe 8} WO 1} dWwodIN0

Buiuado puueyd
uxduued Jo uoirealoe
J0 uoniqiyur Josspo N

uoKssa IdXa udUURd

PPON

asessIq

"(eydje J019e} SISOI28U Jowiny ‘DN L
£101da2al |99-1 ‘YD1 ‘urxauued ‘Xued ‘upnajJaiul ‘| ‘ewwrebh uosapiaiul ‘ANS| ‘SNJIA JUBIdIBpoUNWIWI Uewny ‘AJH ‘aleydsoydin- G-auisouspe ‘d1V)

spuueyd uixeuued Jo 109448 dnnade Y1 [e1ILUSI0d

T alqeL

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 17.



Page 27

Yanguas Crespo et al.

SIILIYLIe-03]1S0

abe|iued

SNISIUBW URIPaW 8y}

J0 uonez||1qelssp e yum solw
IN0XI0UY EXURY [eqolf pue
abeiued ayy ui Ajjealy1oads

[z8] dojanap 01 JurISISal ale gxued Buioe| adIN £XUed JO UOIBIaP 2118UsD) 8} Ul £Xued Jo s|ans| ybiH exued Bunjoe] a1 SIILIYLIe-09]1SO
DANL pue ANI ‘ZT711 ‘2711 321098 Jeys ][99
10 Jaquinu paonpal ‘suasjds pue sapou ydwA|
91J8)JuasaW Ul S99 ,69QD PUe 18sgns Alowsw
/10108148 , 7D PaySIUIWIP ‘8109s Alojewweul dlv S199-L ,¥AD daAleU
[og] paonpal ‘ad1w Aylfeay 01 |[em |amoq Jejiwis PazIPIXO JO UoIeNSIUIWPY sutajoid Txued ssaidxa s|99-L Unm pajoalul . 3gpd 801N aseasip [amoq Alojewwelyu|
971 pue ANSI “P4NL JO S|3ns] paonpay S99
'seasoued ay) Ul §|199 ,G°9 YOL 690D 31qeI8ep -1 4D G'9 YO dluahsuen
-auou ‘sealoued pue uas|ds ay} ul S[J89 1 oly19ads-utunnibbewsay
A2 69 YD1 d1uabsuesy oiy198ds-uiunnibbewsy div surajoud BZUBN[JUI JO Jajsuel) aandope
[og] BZUBN|JUl padnpaJ ‘sjans| 8s0an|B poojq [ewioN PazIPIXO JO UOIRNSIUIWPY TXued ssaidxa sa1ko0ydwA|-L 3yl Yyum ;. 2-9vy 91N ] 8dA3 snyijjaw salaqelq
sa1A ooydwA| TXUedqp pue suiajoud sa1fooydwA|-L ,»aD uewny
[o2] -L +¥@D Uewny ur uopedl|dal AIH Ul UOHOINPaY auab Txued ay Jo Burous|is TXued ssaidxa sa)A00ydwA|-L | 198jul X pue Gy sare|ost AlH AIH
Sd1
Ya:TTTO /00 814olIajsT
yum pawnd 801w 9/19.50
‘G653 BIOSSULIN BlfaUoLLIES
sabeydosoew woJj Sqd aindesyn
PaALIBp MOLIeW auog asnouw Yum pajoaysuely sabeydooew
[z1] a1eJ AjljelIoW ashow paonpay TXUBd JO UOIIBIAP J1IBUBD) u1 uisiold TXued Jo S|ans| ybiH PaALIBP MOJJBW 8UO( 3SNOIA| 390ys 21X0}0pug
oW
9/19.G0 030U TXUed
sndwesoddiy ayy pue adA1-pjIm pue $adl|s urelq
WoJj SuoJnau pue sajAooilse 301 ‘91W 9/]9/GD Woly
[s2] S3LWO02IN0 $8INZIas paysiuiwig TXUed JO Uo18|ap 118U Aq passaldxa si TXued panLiap salkoolise Arewlld Asdaidg
Buiuado puueyd
Buiuado puueyd uixeuued uixeuued Jo uoireAloe
S90UB IBJoY JO Uo1IgIyul JO UOITeAlIde 8y} WO 1j aWwodIN0 10 uollqIyul JoSapo N uoSSa Idxa ueUUed PPOIN asess|q

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 17.



	Abstract
	Introduction
	Pannexin channels: basic features
	Structural properties
	Regulatory properties
	Transcriptional regulation
	Posttranslational regulation

	Functional properties

	Roles of pannexin channels in inflammation
	Inflammasome activation and release of pro-inflammatory cytokines
	Activation and migration of leukocytes

	Roles of pannexin channels in cell death
	Apoptosis
	Pyroptosis
	Autophagy

	Conclusions and perspectives
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

