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Abstract 

 

Pannexin 1 (Panx1) is a metabolite channel enriched in the brain and known to localize to the 

cell surface, where it is involved in a variety of neuronal processes including cell proliferation 

and differentiation. The mechanisms through which Panx1 is trafficked or stabilized at the 

surface, however, are not fully understood. The proximal Panx1 C-terminus (Panx1CT), 

upstream of a caspase-cleavage site has been demonstrated to be required for Panx1 cell-surface 

expression. We discovered a previously unreported putative leucine-rich repeat (LRR) motif 

within the proximal Panx1CT. I investigated the involvement of this putative LRR motif on 

Panx1 localization and oligomerization. Deletion of the putative LRR motif or uniquely the 

highly conserved segment of the putative LRR motif resulted in a significant loss of Panx1 cell 

surface expression. Finally, ectopic expression of Panx1-EGFP in HEK293T cells increased cell 

proliferation, which was not recapitulated by a Panx1 deletion mutant lacking the putative LRR 

motif. Overall the findings presented in this thesis provide new insights into the molecular 

determinants of Panx1 trafficking and oligomerization. 
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1. Introduction 

 

1.1 Thesis overview 

Pannexin 1 (Panx1) is a recently (Panchin et al. 2000) discovered large ion and metabolite 

channel that is ubiquitously expressed in vertebrates and particularly enriched in the brain (Baranova et 

al. 2004). This channel is best known for its ability to mediate the release of adenosine triphosphate 

(ATP) at the cell surface, where it is plays a role in both physiological and pathophysiological processes 

in a variety of cell types. In the perspective of the central nervous system, these include both 

neurogenesis, neuronal proliferation and differentiation (Wicki-Stordeur et al. 2012), as well as 

neuropathic pain (Bravo et al. 2014; Koyanagi et al. 2016; Zhang et al. 2015), seizure (Kim & Kang 

2011; Santiago et al. 2011), and stroke (Bargiotas et al. 2011; Bargiotas et al. 2012). The mechanisms 

through which Panx1 is trafficked or stabilized at the surface to mediate its effects, however, are not 

fully understood. 

In my thesis work I employ molecular biology tools to generate Panx1 deletion mutants, in 

conjunction with a variety of biochemical and imaging techniques to pinpoint a region in Panx1 that 

regulates its trafficking to the cell surface. Based on previous research and our own preliminary data, I 

hypothesize there is a region within the proximal Panx1 C-terminus (Panx1CT) that is responsible 

for its cell surface localization. I discover a previously unreported putative leucine-rich repeat motif 

(LRR; a motif that, when repeated, forms larger domains best known for its ability to mediate protein-

protein interactions) in the Panx1CT that is necessary for cell surface localization. Finally, I investigate 

whether Panx1 increases proliferation in HEK293T cells (as our group had previously seen in Neuro-2a 

(N2a) cells; Wicki-Stordeur et al. 2012), and whether Panx1 lacking a full LRR sequence prompts the 

same or different effects.  

This thesis is presented in a manuscript-based format. That is, Chapter 1 is a detailed review of 
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the current literature regarding Panx1 trafficking mechanisms. The central chapter, Chapter 2, is a 

manuscript submitted for publication, and contains the main data figures and methods. Chapter 3 

provides a more in-depth discussion of the implications of this work to the field, suggestions for future 

work, and concluding remarks. Overall, this thesis provides important insights into the regulatory 

mechanisms of Panx1 trafficking.  

 

1.2 Introduction to pannexins 

1.2.1 Discovery 

The pannexin family consists of 3 members of 4-transmembrane proteins: Panx1, Panx2, 

and Panx3, first discovered due to their homology to innexins, the invertebrate cousin of gap 

junction forming-connexins (Panchin et al. 2000). Because of their similarity to innexins, it was 

initially hypothesized that pannexins would function as gap junction-forming channels. Though 

pannexins have similar topology to innexins and connexins, they differ in a number of ways, 

including sequence homology and post-translational modifications. Thus, though there have been 

reports of gap junction-like activity of pannexins in ectopic expression systems (Bruzzone et al. 

2003; Lai et al. 2007; Vanden Abeele et al. 2006; Ishikawa et al. 2011; Sahu et al. 2014), it is 

now accepted that these proteins do not form gap junctions (Huang et al. 2007; Sosinsky et al. 

2011; Sahu et al. 2014), but rather act as single membrane spanning channels in the majority of 

cells it is expressed in. 

 

1.2.2 Expression patterns 

Pannexins exhibit different expression patterns across cells and tissues, as well as throughout 

development (reviewed in Boyce et al. 2018). Panx1 exhibits almost ubiquitous expression in 

mammalian cells (Baranova et al. 2004; Dvoriantchikova et al. 2006; Ivanov et al. 2006; Pelegrin & 
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Surprenant 2006; Penuela et al. 2007; Wang et al. 2009; Sridharan et al. 2010; Turmel et al. 2011; 

Lohman, Billaud, et al. 2012; Dolmatova et al. 2012; Riquelme et al. 2013), with particular enrichment 

in the central nervous system (CNS) at the level of both mRNA (Baranova et al. 2004) and protein 

(Penuela et al. 2007). Several studies have demonstrated that the levels of Panx1 dramatically decrease 

during CNS development, with peak expression occurring at embryonic day 18 in the mouse and 

postnatal day 1 in the rat, and drastically decreasing at postnatal day 15 and onwards (Vogt et al. 2005; 

Ray et al. 2005; Wicki-Stordeur & Swayne 2013). A decrease in Panx1 expression levels was also 

observed in N2a cells subjected to differentiation by retinoic acid (Wicki-Stordeur & Swayne 2013). 

Though original findings observing Panx1 mRNA in the CNS did not distinguish between neuronal and 

extra-neuronal Panx1 (Bruzzone et al. 2003; Baranova et al. 2004), recent studies have identified Panx1 

in other cells of the CNS including astrocytes (Freitas-Andrade & Naus 2016; Garre et al. 2010; 

Koyanagi et al. 2016) and microglia (Burma et al. 2017). Panx2 expression was originally thought to be 

restricted to the CNS (Baranova et al. 2004), but subsequent studies suggest it may be expressed in other 

tissues (Bruzzone et al. 2003; Le Vasseur et al. 2014). Converse to Panx1, levels of Panx2 expression 

increase postnatally (Vogt et al. 2005; Swayne et al. 2010). Meanwhile, Panx3 is absent from the CNS, 

and is expressed in multiple other tissues such as skin, osteoblasts, lung, kidney, liver, thymus, and ear 

and tail cartilage (Penuela et al. 2007; Baranova et al. 2004; Bruzzone et al. 2003; Turmel et al. 2011; 

Langlois et al. 2014) and, like Panx2, demonstrates increased expression over development in rat skin 

(Langlois et al. 2014). Co-expression of pannexins has been observed in the CNS for Panx1 and Panx2 

with both isotypes being expressed in the majority of neurons (Bruzzone et al. 2003; Vogt et al. 2005). 

There is some evidence that pannexins can function in a compensatory manner under unique 

circumstances, as suggested in a study using Panx1 and Panx2 single and double knockout models in the 

context of ischemic stroke (Bargiotas et al. 2011; Bargiotas et al. 2012). The temporal and spatial 
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variations in the expression of pannexins suggests they are involved in regulation of proliferation and 

differentiation in multiple cell types. 

Of the 3 pannexins, Panx1 is by far the most studied, and is the focus of this study. As 

such, the rest of this chapter will turn its attention to Panx1, its structure and post-translational 

modifications, roles, activity, subcellular distribution, and known trafficking mechanisms. 

 

1.3 Panx1 

1.3.1 Structure and post-translational modifications (PTMs) 

Panx1 is a 426 amino acid (42-48 kDa by Western blot), 4-pass transmembrane protein known to 

form hexameric channels capable of mediating the passage of molecules up to 1 kDa in size (reviewed 

in Boyce et al. 2018; Penuela et al. 2013). A crystal structure of Panx1 has not yet been obtained, though 

several studies utilizing in silico analyses and/or biochemistry have provided insight into the topology 

and secondary structure, as well as post-translational modifications (PTMs), of this protein. PTMs can 

have diverse impacts on Panx1 activity and trafficking in the cell (reviewed in Boyce et al. 2018). Figure 

1.1 illustrates the structure of Panx1 and its various PTMs. Namely, Panx1 has been reported to be 

modified by N-linked glycosylation (Boassa et al. 2007; Penuela et al. 2007), phosphorylation 

(Weilinger et al. 2016; Iglesias et al. 2008; Lohman et al. 2015; Billaud et al. 2011), S-nitrosylation 

(Lohman, Weaver, et al. 2012; Penuela et al. 2014), and proteolytic cleavage (Chekeni et al. 2010; 

Sandilos et al. 2012). 
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Figure 1.1. Panx1 structure and post-translational modifications (PTMs). 

Amino acids are depicted in green circles and PTMs are enlarged circles. Numbered residues 

adjacent to the membrane indicate the first and last amino acid of each transmembrane (TM) 

domain, as per (Penuela et al. 2009). PTMs are classified according to whether they modify 

Panx1 trafficking, activity, or have unknown effects on channel behaviour (empty circle). Panx1 

pore-lining residues from (Wang & Dahl 2010) are highlighted by the blue boxes. This figure 

was modified from (Boyce et al. 2018). 

 

1.3.2 Roles and activity 

Panx1 is best known for its ability to mediate the release of ATP. Though ATP was originally 

thought to function solely as a source of energy (reviewed in Khakh & Burnstock 2009), it is a molecule 

of diverse influences, including signaling between cells, often mediating its effects by acting on 

autocrine or paracrine purinergic receptors (reviewed in Dubyak & El-Moatassim 1993; Burnstock et al. 

2011; Abbracchio et al. 2009; Burnstock 2016).  

Additionally, Panx1 interacts with a variety of other receptors, including NMDA receptors 
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(Weilinger et al. 2016; Weilinger et al. 2012), P2X and P2Y purinergic receptors (Ohbuchi et al. 2011; 

Iglesias et al. 2008; Kim & Kang 2011; Draganov et al. 2015; Gulbransen et al. 2012; Silviu Locovei et 

al. 2006), TNF- receptors (Lohman et al. 2015), and -adrenergic receptors (Billaud et al. 2011; 

Billaud et al. 2015). Similarly, Panx1 is implicated in a variety of physiological and pathophysiological 

functions in a diversity of cell types (reviewed in Lohman & Isakson 2014), including activation of the 

cellular inflammasome (Crespo Yanguas et al. 2017), regulation of vascular tone (Lohman et al. 2015), 

recruitment of phagocytic cells towards dying cells (Chekeni et al. 2010), cancer progression (Penuela et 

al. 2012; Furlow et al. 2015), cell death (Weilinger et al. 2012; Gulbransen et al. 2012; reviewed in 

Swayne & Bennett 2016; Sanchez-Arias et al. 2016), propagation of Ca2+ waves (Silviu Locovei et al. 

2006), neuronal development (Wicki-Stordeur et al. 2012; Wicki-Stordeur & Swayne 2013; Wicki-

Stordeur et al. 2016), and modulation of CNS synaptic activity (Prochnow et al. 2009; Ardiles et al. 

2014; Weilinger et al. 2016; Vroman et al. 2014). 

Activation of Panx1 occurs through a variety of stimuli, including: mechanical stretch (Bao et al. 

2004; S Locovei et al. 2006; Qiu et al. 2011; Seminario-Vidal et al. 2011), GPCR signaling (Billaud et 

al. 2011; Billaud et al. 2015), increased intracellular Ca2+ (Silviu Locovei et al. 2006), extracellular ATP 

via a positive feedback loop involving P2X7 receptors (P2X7Rs; Pelegrin & Surprenant 2006; Iglesias et 

al. 2008; reviewed in Baroja-Mazo et al. 2013), as well as increased extracellular potassium (Santiago et 

al. 2011), excitotoxic NMDAR activation (Weilinger et al. 2016; Thompson et al. 2008), oxygen and 

glucose deprivation/hypoxia (Thompson et al. 2006; Bargiotas et al. 2011), and irreversible cleavage of 

Panx1 at its C-terminal caspase cleavage site (Chekeni et al. 2010; Sandilos et al. 2012; Wang & Dahl 

2018). Early work in oocytes suggested that Panx1 is also activated by voltage stimulation (Wang et al. 

2014; Wang et al. 2018; W. Ma et al. 2012), however this is currently a matter of debate in the field that 

will require further elucidation (discussed in Chiu et al. 2018; Dahl 2018; Michalski et al. 2018).  
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Though the precise structure of the channel has not yet been determined, work from several 

groups suggests that that the pore of the hexameric channel is formed by the first transmembrane domain 

of each monomer, and that the Panx1 C-termini interact with the pore (see Fig. 1.1) (Wang et al. 2014; 

Sandilos et al. 2012; Chiu et al. 2017). This implies a “ball and chain” mechanism for activation of 

Panx1, in which the six C-termini of Panx1 hexamers are inserted in the pore of the channel until a 

stimulus is present; the conformation of Panx1 is then altered such that these C-termini are dislodged 

from pore. Further, the number of C-termini dislodged is related to the conductance of the channel (Chiu 

et al. 2017). The mechanisms of Panx1 conductance and permeabilities are complex and have been a 

matter of dispute over the years, particularly because different experimental conditions and species have 

resulted in different results (discussed in Chiu et al. 2018; Dahl 2018; Michalski et al. 2018). One of the 

current working models is that Panx1 can take on 2 or more different conformations that differ in 

permeabilities/conductance and functions (Dahl 2018). 

Many of the downstream effects of Panx1 activation rely on its localization to the cell surface. 

Indeed endocytosis of Panx1 into intracellular compartments is one mechanism by which Panx1 can be 

regulated (Boyce et al. 2015; discussed in Jackson 2015). In the following sections, I discuss the current 

knowledge of Panx1 subcellular distribution and stability.  

  

1.3.3 Subcellular distribution 

The localization of both endogenously and exogenously expressed Panx1 at the cell 

surface has been widely confirmed in a multitude of cell types (Bhalla-Gehi et al. 2010; Cone et 

al. 2013; Lai et al. 2007; Vanden Abeele et al. 2006; Penuela et al. 2013; Boassa et al. 2007; 

Lohman et al. 2015; Beckmann et al. 2016; Penuela et al. 2007; Penuela et al. 2009). Distribution 

at the surface has been observed as highly mobile, diffuse and uniform, with some enrichment in 

microdomains (Bhalla-Gehi et al. 2010). In addition to cell surface expression, an intracellular 
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population of Panx1 is also commonly observed, and has been found to localize within early and 

recycling endosomes (Boyce et al. 2015), the endoplasmic reticulum (ER; Vanden Abeele et al. 

2006), and lysosomes (Penuela et al. 2013; Boassa et al. 2007).  

 

1.3.4 Regulation of stability and trafficking 

Anterograde trafficking of Panx1 from the ER to the trans-Golgi proceeds through 

coatomer protein II (COPII)-coated vesicles (Bhalla-Gehi et al. 2010), and subsequently through 

the trans-Golgi network and finally to the cell surface. Interestingly, surface expression of Panx1 

requires the post-translational modification, N-linked glycosylation (Penuela et al. 2007; Boassa 

et al. 2007; Penuela et al. 2009). Panx1 is glycosylated to 3 levels: a core, unglycosylated species 

(Gly0), a high-mannose species (Gly1) and a complexly glycosylated species (Gly2). Multiple 

labs employing glycosylation inhibitors and/or glycosylation-deficient mutants have reported 

that the glycosylation of Panx1 to the Gly2 level was required for Panx1 cell surface localization 

(Penuela et al. 2007; Boassa et al. 2007; Penuela et al. 2009), though a small population of the 

mutants were still capable of reaching the cell surface. Whether or not this loss of surface 

expression of unglycosylated Panx1 is due to a change in trafficking mechanisms or a loss of 

stability (potentially through interactions with the extracellular matrix or neighbouring 

interacting partners) is uncertain. 

 Panx1 exhibits long-term stability and slow turnover in measurements of both total protein (with 

a half-life >8 h; Penuela et al. 2007) and of cell surface populations (Panx1 was present at the cell 

surface >32 h (Penuela et al. 2013) and >18 h (Boassa et al. 2007) post-synthesis). Degradation of Panx1 

is mediated by the lysosome (Gehi et al. 2011).  

The mechanisms of retrograde trafficking of Panx1 have been elusive. Canonical mechanisms of 
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endocytosis, namely clathrin- or caveolin-dependent mechanisms, were ruled out based on studies 

utilizing specific disruptors of endocytic machinery (Gehi et al. 2011; Boyce et al. 2015). Panx1 

endocytosis is dynamin-independent, further suggesting non-canonical mechanisms of endocytosis 

(Gehi et al. 2011; Boyce et al. 2015). Work from the Swayne lab demonstrated that Panx1 

internalization is induced by ATP in a time- and dose-dependent manner, and is cholesterol-dependent 

(Boyce et al. 2015). This internalization requires activation of a purinergic receptor, P2X7R, and 

involves a direct interaction between the first extracellular loop of Panx1 and P2X7R (Boyce & Swayne 

2017). P2X7Rs are inhibited by cholesterol and interact with lipid microdomains or lipid rafts (Robinson 

et al. 2014) which are regions in the cell membrane that are enriched in cholesterol, sphingolipids, and 

saturated phospholipids and implicated in trafficking of molecules to the cell membrane (reviewed in 

Bou Khalil et al. 2010). Additionally, Panx1 directly interacts with caveolin-1, a common constituent of 

some lipid rafts, though this interaction is not involved in ATP-stimulated Panx1 endocytosis (DeLalio 

et al. 2018). This suggests that Panx1 may interact with lipid microdomains, which could contribute to 

regulation of Panx1 membrane localization and stabilization.  

 The role of the Panx1CT in trafficking of Panx1 to the cell surface is of particular interest to this 

study. Previous work implicates the C-terminus in several capacities. First, the C-terminus is the most 

divergent region amongst the pannexin family – which have varied subcellular distributions (reviewed in 

Penuela et al. 2013). Panx1 and Panx3 possess C-termini of similar sequence homology and length and 

both traffic to the cell surface. In contrast, Panx2 has a larger C-terminus and localizes to intracellular 

compartments (Penuela et al. 2009). Further, direct interactions with the Panx1CT and actin have been 

confirmed, and disruption of actin polymerization resulted in an accumulation of intracellular Panx1-

GFP (Bhalla-Gehi et al. 2010).  

Several studies using deletion mutants further highlight the proximal Panx1CT as important for 
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cell surface localization (Gehi et al. 2011; Wicki-Stordeur et al. 2013; Dourado et al. 2014; Wang & 

Dahl 2018). Immunocytochemistry data in rat mammory cells and cell surface biotinylation data in 

HEK293T cells revealed a loss of surface localization of a Panx1 deletion mutant which entirely lacked 

its C-terminus (Panx1∆307-RFP; Gehi et al. 2011). Additionally, immunocytochemistry and cell surface 

biotinylation data from the Swayne lab showed that the Panx1CT of a Panx2Panx1CT chimeric protein was 

unable to redirect intracellular Panx2 to the cell surface in N2a cells (Wicki-Stordeur et al. 2013). Taken 

together these data suggest that, though the C-terminus was necessary, it was not sufficient to mediate 

cell surface localization; though one cannot rule out the possibility of other factors at play in the case of 

the chimer, such as regions of Panx2, or lack of complex Panx2 glycosylation, sequestering the mutant 

intracellularly or preventing its surface stabilization. Other Panx1CT partial deletion mutants have been 

studied, including a construct coding for mouse Panx1 truncated after its caspase cleavage site (∆379; 

Dourado et al. 2014). The ∆379 mutant was still able to traffic to the cell surface and was capable of 

mediating current. Likewise, Wang et al. (Wang & Dahl 2018) recently observed the channel properties 

of a similar mutant, mouse Panx1∆378, in oocytes using electrophysiology. The ability of both groups to 

detect current with these constructs suggests that Panx1 lacking its distal C-terminus is capable of 

reaching the cell surface. Further, these data suggest that a region in the proximal C-terminus (upstream 

from aa 378) is important for trafficking of Panx1 to the cell surface. 
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Figure 1.2. Panx1 trafficking. 

(1) Anterograde trafficking of Panx1 begins in the ER, where it is glycosylated to a high 

mannose species. (2) Transport to the Golgi Apparatus is mediated by COP-II vesicles. (3) Panx1 

is further glycosylated to a complex degree in the Golgi, then trafficked to the cell surface. (4) 

The Panx1CT interacts with actin. (5) Internalization of Panx1 is induced by ATP, is cholesterol-

dependent, and results in Panx1 trafficking to endosomes. (6) Panx1 is degraded in the lysosome. 

(7) A Panx1 deletion mutant that lacks its C-terminus is degraded by the proteasome, while the 

Panx2Panx1CT chimer has diffuse intracellular localization. (8) A deletion mutant lacking the 

region past the caspase cleavage site still traffics to the cell surface. These data suggest that the 

proximal Panx1CT is required for cell surface localization. 
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1.4 Leucine-rich repeats (LRRs) 

LRR motifs are 20-30 residues long and were first observed in 1985 in 2-glycoprotein 

(Takahashi et al. 1985). A very high leucine content and unique repetition led to the hypothesis of an 

organized motif. Without a crystal structure, the secondary structure of this novel motif was only a 

prediction, based on Chou-Fasman rules (Chou & Fasman 1978). The first crystal structure of an LRR 

was obtained in 1993 – on ribonuclease inhibitor extracted from pig liver (Kobe & Deisenhofer 1993). 

From this structure and future work on this and other LRR motif-containing proteins, it was discovered 

that a single LRR motif is composed of a highly conserved segment (HCS) which normally forms a -

strand, followed by a variable segment (VS), which usually forms an -helix (reviewed in Ng et al. 

2011; Bella et al. 2008). The HCS typically consists of a 12-residue sequence LxxLxLxxCxxL or an 11-

residue sequence LxxLxLxxNxL, where L is Leu, Ile, Val, or Phe (but can be any hydrophobic amino 

acid); N is Asn, Thr, Ser, or Cys; and C is Cys, Ser, or Asn (Ng et al. 2011; Bella et al. 2008; Kajava 

1998; Kobe & Kajava 2001). Additionally, the first and last L can be replaced by a relatively 

hydrophilic residue (Matsushima et al. 2007). There are at least 8 different types of LRR motifs 

(consisting of an HCS and VS), organized according to consensus sequence similarity: typical (the most 

common LRR motif), RI (ribonuclease inhibitor)-like, CC (cysteine-containing), GALA (a subclass of 

CC type LRRs), PS (plant-specific), SDS22-like, bacterial, and TpLRR (named as they are found in 

Treponema pallidum)(Matsushima et al. 2010). Each type of LRR motif has its own overall (HCS and 

VS) consensus sequence (reviewed in Matsushima et al. 2010; Kobe & Kajava 2001; Kajava 1998). 

Multiple (between 2-60) LRR motifs usually go on to form an LRR domain, which frequently 

consist of a canonical horseshoe shape (Fig. 1.3) and mediate interactions with a variety of ligands 

(reviewed in Bella et al. 2008; Ng et al. 2011). Overall these domains are involved in a variety of 

processes, including cell adhesion and signaling (Kresse & Schnherr 2001; Matilla & Radrizzani 2005; 
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Hohenester et al. 2006), extracellular matrix assembly (Hocking et al. 1998), platelet aggregation 

(Andrews & Berndt 2004), neuronal development (Chen et al. 2006; Ko & Kim 2007; de Wit et al. 

2011), RNA processing (Price et al. 1998; Liker et al. 2000), and immune response (Martinon & 

Tschopp 2005; Rogozin et al. 2007; West et al. 2006; Pancer & Cooper 2006). While the convex side of 

the horseshoe is commonly composed of the -helical (or other secondary structured) VS, the concave 

side is usually composed of the -sheets of the HCS, and frequently functions as the ligand-binding site. 

However, the sequence and structure of each repeat and overall domain can vary greatly between 

proteins. LRR domains are considered to be promiscuous in nature, having the potential to interact with 

a variety of partners, perhaps simultaneously (Bella et al. 2008). The general lack of rigidity in the 

consensus sequence of LRR motifs makes them difficult to identify. 

 

Figure 1.3. Example of a leucine-rich repeat (LRR) and LRR domain. 

An example image of the structure of a single LRR and an LRR domain (generated using 

PyMOL; from ribonuclease inhibitor, PDB: 2bnh). 
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1.4.1 Homology of Panx1 with other LRR-containing proteins 

Little is known regarding the evolutionary origins of LRR domains. It is possible that the domain 

originated from a single common ancestor (Andrade et al. 2000). However, as there is high conservation 

within each individual class of LRR motif, the possibility that different classes were a result of separate 

origins has also been proposed (Kajava 1998).  

Interestingly, Panx1 was found to share ancestry, sequence homology (from the N-terminus to 

the fourth transmembrane domain), and similarities in localization as an LRR-containing protein, 

LRRC8A (Abascal & Zardoya 2012). LRRC8A, also known as SWELL1, is an obligatory subunit of 

VRAC (volume-regulated anion channels) and important for regulation of cell volume. Like Panx1, it 

mediates the release of ATP and is involved in cell proliferation (reviewed in Pedersen et al. 2016). The 

LRR domain in LRRC8A has been confirmed by X-ray crystallography, and also resides in the 

intracellular C-terminus of the channel. It should be noted that while no homology was detected between 

the Panx1CT and the LRRC8A C-terminus in the study identifying their homology (Abascal & Zardoya 

2012), this was not specifically investigated and might have been overlooked due to relatively stronger 

homologies within other parts of the proteins. 

 

1.4.2 Role of LRR domains in protein trafficking and membrane localization 

The ability of LRR domains to mediate protein trafficking stems from their nature as 

mediators of protein-protein and protein-lipid interactions (reviewed in Bella et al. 2008; Ng et 

al. 2011). Interactions such as these can be important for proper protein localization. For 

example, AMPA receptors (AMPARs) interact with transmembrane AMPAR regulatory protein 

(TARP) to facilitate its export from the ER; disruption of this interaction results in 

mislocalization of AMPARs (reviewed in Jacobi & von Engelhardt 2018). Similarly, disruption 

or changes to an LRR domain that alter intermolecular interactions could change the localization 
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of that LRR-containing protein. For instance, deletion of an LRR domain in members of the LRR 

and PDZ (LAP; PDZ, PSD-95/Discs-large-ZO1) family of proteins resulted in a loss of proper 

localization to the basolateral membrane of epithelial cells (Legouis et al. 2003).  

 

1.5 Summary and hypothesis 

Previous work suggested that the proximal Panx1CT is required for cell surface localization of 

Panx1 (Gehi et al. 2011; Wicki-Stordeur et al. 2013; Dourado et al. 2014; Wang & Dahl 2018). I 

discovered a putative, previously unreported LRR motif and several LRR HCS sequences in the 

proximal Panx1CT, which led me to my main research questions (Fig. 1.4). Based on these findings, I 

hypothesized that: 

1) A region within the proximal Panx1 C-terminus (Panx1CT) is responsible for cell surface 

localization of Panx1. 

2) The putative LRR(s) in the proximal Panx1CT regulate Panx1 trafficking. 

 

1.5.1 Aim 1: Identify which amino acids in the Panx1CT are responsible for cell surface 

localization of Panx1. 

 The proximal Panx1CT is required for cell surface localization of Panx1 (Gehi et al. 2011; 

Wicki-Stordeur et al. 2013; Dourado et al. 2014; Wang & Dahl 2018). In Aim 1 of this thesis, I employ 

cell surface biotinylation and confocal imaging tools to confirm the impact deletion of the entire 

Panx1CT (Panx1∆299-EGFP) or of the distal Panx1CT (Panx1∆379-EGFP, mimicking the caspase 

cleaved Panx1) on cell surface localization of EGFP-tagged Panx1 in HEK293T cells. HEK293T are 

reported to lack Panx1 expression (however, Sanchez-Pupo et al. 2018 did recently identify a population 

of endogenous Panx1 in these cells). Further, I investigate the glycosylation state and oligomerization 

properties of these same Panx1 deletion mutants. Specifically, this aim addresses several key research 
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questions: 

- Is the proximal Panx1CT required for cell surface localization of Panx1? 

- Is the distal Panx1CT required for oligomerization of Panx1 into hexamers? 

 

1.5.2 Aim 2: Identify the role of the LRR motif in Panx1 cell surface localization.  

 I discovered a putative LRR motif and several LRR HCS consensus sequences that perfectly 

match the LRR motif consensus sequence criteria. Multiple LRR motifs form LRR domains that can 

influence protein localization and interactions. In Aim 2 of this thesis, I employ cell surface 

biotinylation, confocal imaging, deglycosylation assays, and crosslinking assays to address how deletion 

of the putative LRR motif, HCS, or VS from the Panx1CT influences cell surface localization, 

glycosylation, or oligomerization states of EGFP-tagged Panx1 in HEK293T cells. This aim addresses 

the following key research question: 

- Is the putative LRR motif required for cell surface localization? 

- Is the HCS or VS of the putative LRR motif  required for cell surface localization? 

 

1.5.3 Aim 3: Identify how deletion of the LRR motif influences the ability of Panx1 to 

increase cell proliferation. 

Previous work by our lab demonstrated that Panx1 increases N2a cell proliferation (Wicki-

Stordeur et al. 2012). In Aim 3, I employ Trypan blue proliferation assays and MTT assays to 

investigate whether EGFP-tagged Panx1 increases HEK293T cell proliferation, and whether Panx1 

lacking a full LRR motif exhibits the same or different effects. This aim addresses the research 

questions: 

- Does Panx1 increase HEK293T cell proliferation? 

- Is the putative LRR motif required for increases in cell proliferation? 
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Figure 1.4. Research questions. 

(a) Previous research demonstrated that Panx1 forms hexamers that traffic to the cell surface, and 

result in an increase in cell proliferation. The mechanisms of how Panx1 is trafficked to the cell 

surface, however, are not fully understood, but studies have implicated the proximal Panx1CT as 
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a requirement. The aim of my thesis is to address whether specific amino acids in the proximal 

Panx1 C-terminus are responsible for its trafficking to the cell surface, focusing in on the novel 

and putative LRR motif that I discovered in this region. To study this, I use (b) EGFP-tagged 

deletion mutants in conjunction with several biochemical and imaging techniques to observe 

their localization, glycosylation (a molecular signature of Panx1 cell surface localization), and 

oligomerization. I further investigate if Panx1 increases proliferation in HEK293T cells as it did 

in N2a cells, and whether Panx1 lacking a full LRR motif has the same or different effect.  
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2.1 Abstract 

Pannexin 1 (Panx1) is an ion and metabolite channel involved in a variety of cell behaviours 

including cell proliferation and differentiation. Previous work suggests that a region within the 

proximal Panx1 C-terminus (Panx1CT) regulates its trafficking to the cell surface. Here we 

report the discovery of a putative leucine-rich repeat (LRR) motif in the proximal Panx1CT 

necessary for Panx1 cell surface expression in HEK293T cells. Deletion of the highly conserved 

segment of the LRR motif results in a significant loss of Panx1 cell surface distribution. Further, 

deletion of the highly conserved segment of the LRR precludes the enhancing effect of Panx1 on 

HEK293T cell proliferation. Overall these findings provide new insights into the molecular 

mechanisms underlying C-terminal regulation of Panx1 trafficking. 
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2.2 Introduction 

Pannexin 1 (Panx1) is a four-transmembrane domain protein that oligomerizes in 

hexamers to form ion and metabolite channels, and is detected at the cell surface and intracellular 

membranes (reviewed in Boyce et al. 2018). The factors regulating Panx1 trafficking and cell 

surface localization have been the focus of intense study, identifying glycosylation state (Penuela 

et al. 2007; Boassa et al. 2007; Penuela et al. 2009) and the intracellular C-terminus (Bhalla-Gehi 

et al. 2010; Gehi et al. 2011; Wicki-Stordeur et al. 2013) as important contributors. The 

cumulative data of several studies suggests that the Panx1 C-terminus (Panx1CT) is required, but 

not sufficient for cell surface localization. Panx1CT deletion in rat mammory cells resulted in a 

loss of Panx1 cell surface localization (Gehi et al. 2011). Furthermore, substitution of the Panx2 

C-terminus with that of Panx1 was not sufficient to direct the usually intracellular Panx2 to the 

cell surface in Neuro-2a (N2a) cells (Wicki-Stordeur et al. 2013). In addition, distal Panx1CT 

deletion mutants retain cell surface expression and/or function that is dependent on surface 

localization (Dourado et al. 2014; Wang & Dahl 2018). Together these previous studies suggest a 

region in the proximal C-terminus is important for trafficking of Panx1 to the cell surface.  

 In the present study, we seek to expand our understanding of Panx1CT regulation of cell 

surface expression. We created EGFP-tagged Panx1CT deletion mutants and examined their 

surface expression along with two other key properties that provide additional insight: 

glycosylation and oligomerization state. Panx1 exhibits 3 main glycosylation states: Gly0 

(unglycosylated), Gly1 (high-mannose species), and Gly2 (complex glycosylation) (Penuela et 

al. 2007; Boassa et al. 2007; Penuela et al. 2009). The complex glycosylation species of wild 

type Panx1 is more frequently associated with cell surface expression (Penuela et al. 2007; 

Boassa et al. 2007; Penuela et al. 2009), providing an important additional molecular signature 



 

 

23 

when assessing surface expression. In terms of oligomerization state, it is not yet known how 

Panx1 cell surface expression and hexamerization (Boassa et al. 2007; Chiu et al. 2017; Wang et 

al. 2014) are connected; it is entirely possible that Panx1 could reach the cell surface prior to 

oligomerization, which is important for its functional properties (Chiu et al. 2017). We therefore 

investigate the localization, glycosylation, and oligomerization profiles of EGFP-tagged 

Panx1CT deletion mutants in HEK293T cells, which lack appreciable endogenous Panx1 

expression at the protein level (however see Sanchez-Pupo et al. 2018).  

 Our new data suggest that the proximal Panx1CT (residues R299-D378) is necessary for 

Panx1 cell surface localization. Within this region we identify the consensus sequence of a novel 

21 amino-acid long leucine-rich repeat motif (LRR; S328-K348). Multiple LRR motifs are 

known to form LRR domains, which are solenoidal protein structures recognized for their ability 

to mediate interactions with a variety of ligands (reviewed in Bella et al. 2008), and thus have the 

potential to influence the localization or stabilization of a protein to specific regions throughout 

the cell. For example, in LRR and PDZ (LAP; PDZ, PSD-95/Discs-large-ZO1) proteins, the 

LRR domain is required for targeting to the basolateral membrane of epithelial cells (Legouis et 

al. 2003). In addition, we confirm that Panx1 expression increases cell proliferation in HEK293T 

cells (as it does in N2a cells; Wicki-Stordeur et al. 2012), and investigate the impact of deletion 

of the putative LRR motif. Overall, this study provides important new insights into the role of the 

Panx1CT in cell surface localization, identifying a putative LRR motif within the proximal C-

terminus that is required for cell surface localization. 
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2.3 Results 

2.3.1 A region in the proximal Panx1CT is required for cell surface localization 

We first generated constructs with large deletions of the C-terminus (Fig. 2.1a): the entire 

C-terminus (Panx1∆299-EGFP) and the region distal to a C-terminal caspase cleavage site 

(Panx1∆379-EGFP). We used cell surface biotinylation and confocal imaging to determine the 

localization of Panx1-EGFP and these Panx1CT deletion mutants. There was no significant 

difference between surface levels of Panx1-EGFP and Panx1∆379-EGFP, consistent with 

previous reports (Dourado et al. 2014). However, we detected substantially less Panx1∆299-

EGFP at the cell surface (Fig. 2.1b). Similarly, confocal imaging revealed co-distribution of 

Panx1-EGFP and Panx1∆379-EGFP with the surface marker wheat-germ agglutinin (WGA) 

while Panx1∆299-EGFP did not co-distribute with WGA (Fig. 2.1c). We also investigated the 

glycosylation state of these C-terminus deletion mutations using de-glycosylation enzymes that 

target immature (high-mannose) and mature (complex) glycosylation states. The glycosylation 

states of Panx1-EGFP and Panx1∆379-EGFP were similar to one another (Fig. 2.1d). The Gly1 

and Gly2 bands in Panx1-EGFP and Panx1∆379-EGFP samples were sensitive to PNGase F 

treatment (Fig. 2.1di), confirming complex N-linked glycosylation, which has been previously 

associated with cell surface expression (Penuela et al. 2007; Boassa et al. 2007; Penuela et al. 

2009). However, only Gly0 and Gly1 forms were detected for Panx1∆299-EGFP (Fig. 2.1d), 

which exhibited reduced expression levels (Supplementary Fig. S1), as previously reported (Gehi 

et al. 2011). Together these data confirm that the proximal C-terminus is required for cell surface 

localization of Panx1, as suggested by previous reports (Gehi et al. 2011; Dourado et al. 2014; 

Wang & Dahl 2018).  

While the above data yielded no information about the ability of Panx1∆379-EGFP to 

form oligomers, the functionality of Panx1∆378 (Dourado et al. 2014; Wang & Dahl 2018) 
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suggests that it does. To directly determine the oligomerization state of Panx1∆379-EGFP at the 

cell surface, we used a cell-impermeable crosslinker, BS3, and compared oligomerization 

properties with full length Panx1-EGFP using Western blot (Fig. 2.2). Panx1-EGFP formed 

hexamers as previously reported (Boassa et al. 2007; Chiu et al. 2017; Wang et al. 2014). The 

Panx1∆379-EGFP mutant formed oligomers that corresponded to those of Panx1-EGFP (relative 

to molecular weight; Fig. 2.2aii,b). That is, there were no significant differences in relative 

abundance of hexameric, intermediate, or monomeric bands. It is important to note that under 

these conditions we are not able to discern whether monomeric bands originate from intracellular 

or cell surface pools. We did not detect high molecular weight species corresponding to 

intermediate oligomers or hexamers in the Panx1∆299-EGFP samples, which was expected 

given its restricted cell surface localization that is requisite for exposure to BS3 (Fig. 2.2aiii,b). 

We did not detect any higher molecular weight bands with longer exposures (data not shown). 

These results confirm that cell surface proteins formed oligomers in similar abundance, i.e. 

oligomerization profile was conserved with the deletion of the distal C-terminus. Overall, these 

results suggest that a region within the proximal Panx1CT is required for its trafficking to the 

cell surface and that the distal Panx1CT is dispensable for oligomerization of Panx1. We thus 

asked whether there are specific amino acids in the proximal Panx1CT that regulate Panx1 

trafficking. 
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Figure 2.1. The proximal Panx1CT is necessary for cell surface localization of Panx1-

EGFP. 

(a) Schematic of full length Panx1-EGFP and the Panx1∆299-EGFP and Panx1∆379-EGFP 

deletion mutants. (b) Cell surface biotinylation assays reveal that the proximal Panx1CT is 

required for cell surface localization in HEK293T cells. (i) Representative Western blot of 

pulldown (cell surface protein) and input. Anti-EMMPRIN was used as a positive control for 

biotin pulldown and as a loading control, and anti-GAPDH was used as a negative control 

against biotin internalization. (ii) Panx1∆299-EGFP exhibited reduced cell surface levels 

compared to Panx1-EGFP, while surface levels of Panx1∆379-EGFP were similar to those of 

Panx1-EGFP. Data are presented as mean  SEM. One-way ANOVA with Dunnett’s multiple 

comparisons test, N = 3,  = 0.05, F(2,6) = 62.39, **p = 0.0002, ns, nonsignificant. (c) Confocal 

images of HEK293T cells overexpressing Panx1-EGFP, Panx1∆379-EGFP, or Panx1∆299-

EGFP (green). Hoechst was used as a nuclear counterstain (blue) and wheat-germ agglutinin 

(WGA) was used as a plasma membrane marker (magenta). Overlapping EGFP and WGA 

signals (white) and line scans along the cell membrane reveal cell surface localizaton of each 

protein. Panx1-EGFP and Panx1∆379-EGFP co-distributed with WGA, while Panx1∆299-EGFP 

did not. N = 3. Scale bars, 10 m. (d) Deglycosylation assays using (i) PNGase F or (ii) EndoHf 

reveal Panx1-EGFP and Panx1∆379-EGFP exhibited Gly0, Gly1, and Gly2 glycosylation 

species, while Panx1∆299-EGFP exhibited only Gly0 and Gly1 forms. Anti-pan-cadherin and 

anti--actin were used as a positive and negative controls for deglycosylation, respectively. 
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Figure 2.2. Surface oligomerization is preserved with deletion of the distal Panx1CT. 

(a) Crosslinking assays reveal oligomerization profiles of C-terminal deletion mutants. 

Representative Western blots observing HEK293T cell lysates post-transfection with (i) Panx1-

EGFP, (ii) Panx1∆379-EGFP, or (iii) Panx1∆299-EGFP, and after crosslinking with the cell-

impermeable crosslinker, BS3, to observe surface-localized oligomers (6X or ~2-3X). The plot of 

each quantification is included to shed light on the analytical process. An antibody for Crmp2, an 

intracellular protein known to form tetramers, was used as a negative control to ensure BS3 had 

not entered the cell. Crmp2 oligomerization did not increase in the presence of BS3, as expected. 
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(b) Each oligomeric band was quantified and expressed as a percentage of the entire GFP signal 

in each lane. Non-specific bands were excluded from the analysis. Mutants lacking the distal 

Panx1CT (Panx1∆379-EGFP) had the same oligomerization profiles as full length Panx1-EGFP. 

Data are presented as mean  SEM. One-way ANOVA with Dunnett’s multiple comparisons 

test, N = 3,  = 0.05; F(2,6) = 17.59, **p = 0.0023 (6X); F(2,6) = 15.73, *p = 0.0127 (3X); 

F(2,6) = 13.84, *p = 0.0169 (1X); ns, nonsignificant. 

 

2.3.2 A putative leucine-rich repeat motif in the proximal Panx1CT is required for cell 

surface localization 

The ScanProsite tool (de Castro et al. 2006) was used to detect previously unidentified 

motifs within the mouse Panx1 amino acid sequence (NCBI accession number: NP_062355.2) 

that could contribute to Panx1 localization. The scan (using high-sensitivity settings) uncovered 

a previously unreported putative leucine-rich repeat (LRR) motif at residues S328-K348 (Fig. 

2.3). Further examination revealed the putative LRR motif perfectly fit the criteria: single LRRs 

typically consist of a highly conserved segment (HCS) of 11-12 residues consisting of 

LxxLxLxxNxL or LxxLxLxxCxxL; where L is Leu, Ile, Val, or Phe (but can be replaced by any 

hydrophobic amino acid); N is Asn, Thr, Ser, or Cys; and C is Cys, Ser, or Asn; and where the 

first and last L can be replaced by relatively hydrophilic residues, followed by a variable segment 

(VS) (Kobe & Kajava 2001; Kajava 1998; Matsushima et al. 2007; Enkhbayar et al. 2004; Ng et 

al. 2011; Bella et al. 2008). As multiple (2 or more) LRR motifs are usually found in relatively 

close proximity in a protein sequence to form solenoidal LRR domains (Bella et al. 2008; Ng et 

al. 2011), we further inspected the amino acid sequence for adjacent LRR motifs within the 

Panx1CT. We discovered an additional 4 sequences consistent with the HCS consensus criteria 

and numbered each segment HCS1-HCS5 (Fig. 2.3). These sequences are conserved between 
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mouse, human, and rat Panx1CT. As these additional HCS sequences were not identified by 

ScanProsite, we were not able to identify prospective VS included within each corresponding 

LRR motif. 

 

Figure 2.3. The Panx1CT amino acid sequence contains 5 LRR HCS consensus sequences. 

Sequence alignment of Panx1CT from human, mouse, and rat. Each of the identified HCS 

regions are indicated in red, and labeled with the corresponding consensus sequence. The VS 

proposed by ScanProsite is indicated in purple. The alignment was generated using CLUSTAL O 
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(1.2.3) with NCBI accession numbers: NP_056183.2 (human), NP_062355.2 (mouse), and 

NP_955239.1 (rat). 

 

In light of the discovery of the putative LRR motif and the additional LRR HCS, together 

with previously reported shared ancestry and sequence conservation between Panx1 and 

LRRC8A, an LRR-containing protein (Abascal & Zardoya 2012), we investigated the hypothesis 

that these C-terminal putative LRR motifs play a role in Panx1 cell surface localization. We 

started with the putative LRR motif at S328-K348 identified by ScanProsite (containing an HCS 

and an identified VS). We generated a full S328-K348 LRR motif deletion mutant (Panx1∆LRR-

EGFP) as well as 2 partial LRR deletion mutants targeting separately the HCS at S328-L341 

(Panx1∆HCS-EGFP) and the VS at K342-K348 (Panx1∆VS-EGFP; Fig. 2.4a). We then 

examined the localization and glycosylation states of these mutants. Panx1∆LRR-EGFP and 

Panx1∆HCS-EGFP exhibited drastically decreased surface localization, as determined by cell 

surface biotinylation (Fig. 2.4b) and confocal imaging (Fig. 2.4c). Additionally, only Gly0 and 

Gly1 forms were detected for Panx1∆LRR-EGFP and Panx1∆HCS-EGFP consistent with 

restricted cell surface expression (Fig. 2.4d). Conversely, Panx1∆VS-EGFP exhibited a more 

subtle but still significant decrease in cell surface expression and had glycosylation profiles 

similar to full length Panx1-EGFP (Fig. 2.4). Panx1∆VS-EGFP formed oligomers consistent 

with those of Panx1-EGFP (Fig. 2.5). Unexpectedly, we detected intermediate bands for 

Panx1∆LRR-EGFP and Panx1∆HCS-EGFP despite their drastic reduction in cell surface 

localization (and therefore reduced exposure to crosslinker). These intermediates were broader 

than those detected in Panx1-EGFP and Panx1∆VS-EGFP samples and were also faintly 

detectable in samples that had not been exposed to any crosslinker (data not shown).  
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 Together, these data identify a putative LRR motif in the Panx1CT and reveal its critical 

role in Panx1 cell surface localization. 
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Figure 2.4. A novel putative LRR motif in the Panx1CT is necessary for trafficking Panx1-

EGFP to the cell surface. 

(a) Schematic of full length Panx1-EGFP and the Panx1∆LRR-EGFP, Panx1∆HCS-EGFP, and 

Panx1∆VS-EGFP deletion mutants. (b) Cell surface biotinylation assays reveal that the putative 

LRR motif, or HCS alone, are required for cell surface localization, while the VS is also mildly 

important. (i) Representative Western blot of pulldown (cell surface protein) and input. Anti-

EMMPRIN was used as a positive control for biotin pulldown and as a loading control, and anti-

GAPDH was used as a negative control against biotin internalization. (ii) Panx1∆LRR-EGFP 

and Panx1∆HCS-EGFP exhibited reduced cell surface levels compared to Panx1-EGFP. Surface 

levels of Panx1∆VS-EGFP were also reduced compared to those of Panx1-EGFP, though to a 

lesser degree. Data are presented as mean  SEM. One-way ANOVA with Dunnett’s multiple 

comparisons test, N = 3,  = 0.05, F(3, 11) = 152.4, ***p = 0.0007, ****p < 0.0001, ns, 

nonsignificant. (c) Confocal images of HEK293T cells overexpressing Panx1-EGFP, 

Panx1∆LRR-EGFP, Panx1∆HCS-EGFP, or Panx1∆VS-EGFP (green). Hoechst was used as a 

nuclear counterstain (blue) and wheat-germ agglutinin (WGA) was used as a plasma membrane 

marker (magenta). Overlapping EGFP and WGA signals (white) and line scans through the cell 

membrane reveal cell surface localizaton of each protein. While both Panx1-EGFP and 

Panx1∆VS-EGFP co-distributed with WGA, Panx1∆LRR-EGFP and Panx1∆HCS-EGFP did 

not. N=3. Scale bars, 10 m. (d) Deglycosylation assays using (i) PNGase F or (ii) EndoHf 

reveal Panx1-EGFP and Panx1∆VS-EGFP exhibited Gly0, Gly1, and Gly2 glycosylation 

species, while Panx1∆LRR-EGFP and Panx1∆HCS-EGFP exhibited only Gly0 and Gly1 forms. 

Anti-pan-cadherin and anti--actin were used as a positive and negative controls for 

deglycosylation, respectively. 
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Figure 2.5. Surface hexamers are not detected with complete putative LRR motif or HCS 

sequence deletion. 

(a) Crosslinking assays reveal oligomerization profiles of LRR motif deletion mutants. 

Representative Western blots observing HEK293T cell lysates post-transfection with (i) Panx1-

EGFP, (ii) Panx1∆LRR-EGFP, (iii) Panx1∆HCS-EGFP, or (iv) Panx1∆VS-EGFP, and after 

crosslinking with the cell-impermeable crosslinker, BS3, to observe surface-localized oligomers 

(6X or ~2-3X). Higher exposures of the regions (above 116 kDa) were included to better 

illustrate the presence or absence of high molecular weight bands. (b) Individual oligomeric 

bands were quantified and expressed as a percentage of the entire GFP signal in each lane. Non-
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specific bands were excluded from the analysis. Data are presented as mean  SEM. One-way 

ANOVA with Dunnett’s multiple comparisons test, N = 3,  = 0.05, F(3,8) = 10.59, **p = 

0.0072 (6X), ns, nonsignificant. 

 

2.3.3 Panx1-EGFP regulation of HEK293T cell proliferation requires the LRR motif 

 In a previous study, our group found that expression of Panx1 promoted cell proliferation 

in N2a cells and primary neural precursor cells (Wicki-Stordeur et al. 2012). Similarly, here we 

found that transfection with Panx1-EGFP increased HEK293T cell proliferation compared to 

EGFP-transfected controls (Fig. 2.7ai-iii). There were no differences in cell death or viability, as 

observed by the Trypan blue live/dead cell counts (Fig. 2.7aiv) and MTT assay (Fig. 2.7b). 

Notably, expression of Panx1∆HCS-EGFP had no effect on HEK293T cell proliferation (Fig. 

2.7ai-iii). These data support the findings that the HCS within the putative LRR motif is required 

for functional expression of Panx1 at the cell surface. 
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Figure 2.6. Panx1-EGFP overexpression increases HEK293T cell proliferation, but not 

when it lacks the HCS sequence (Panx1∆HCS-EGFP). 

(a) Trypan blue proliferation assays. (i) HEK293T cells overexpressing either Panx1-EGFP, 

Panx1∆HCS-EGFP, or EGFP control were counted at 5 time points with the first time point, T0, 

taking place at 24 h post-transfection (6 h after re-plating). Cell counts were used to plot growth 

curves. (ii) Histogram with cell counts from T0, T72, and T96 identifying significant differences 

in cell counts at each time point. Data are presented as mean  SEM. Two-way ANOVA with 

Dunnett’s multiple comparisons test, N = 4,  = 0.05, F(2,45) = 8.459, ***p = 0.0002, ****p < 

0.0001, ns, nonsignificant. (iii) Doubling time comparisons of each condition, calculated using 

data from time points in the exponential growth phase. Data are presented as mean  SEM. One-

way ANOVA with Dunnett’s multiple comparisons test, N = 4,  = 0.05, F(2,9) = 8.681, **p = 

0.0079, ns, nonsignificant. (b) MTT assays performed at T72 on HEK293T cells overexpressing 

either EGFP, Panx1-EGFP, Panx1∆HCS-EGFP, or untransfected cells treated with a toxic dose 
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(200 g/mL) of cycloheximide (CHX) confirm that differences in cell numbers were not due to 

alterations in cell viability. Data are presented as the mean percentage of untransfected control  

SEM. One-way ANOVA with Dunnett’s multiple comparison’s test, N = 6,  = 0.05, F(3,20) = 

17.35, ****p < 0.0001, ns, nonsignificant. 

 

2.4 Discussion 

Discovery of a consensus sequence for a putative LRR motif within the proximal 

Panx1CT that impacts on Panx1 localization provides new mechanistic insight into the molecular 

determinants of Panx1 trafficking and localization. These findings also raise several new 

important questions. For instance, do the HCSs in the Panx1CT contribute to LRR motifs that 

form a full LRR domain (2 or more repeats in length)? Are LRR motifs or LRR domains found 

in the other pannexin family members? How does this discovery inform on previously identified 

homology between Panx1 and LRRC8A? Further, what role do the C-terminal LRR motif and 

additional LRR HCS sequences play in Panx1 activity? Here we discuss some aspects of the 

evidence related to these new questions arising from this research. 

We observed substantial decreases in cell surface expression as well as the presence of 

immature glycosylation status with deletion mutants lacking the HCS of the putative LRR motif 

(Panx1∆299-EGFP, Panx1∆LRR-EGFP, and Panx1∆HCS-EGFP) motif. Conversely, deletion 

mutants in which the HCS was present (Panx1∆379-EGFP and Panx1∆VS-EGFP) were more 

similar full length Panx1 in regards to localization and glycosylation profiles. Since HCS’s 

usually form -sheet and VS’s often form an -helix (Ng et al. 2011; Bella et al. 2008; Kajava 

1998), we examined whether these secondary structures directly align with the HCS1-HCS5 

described in Fig. 2.3 and Table 1, which could help verify the LRR structure(s) in the Panx1CT 
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and identify corresponding VS. Notably, a previously identified -strand (Spagnol et al. 2014) 

aligned with HCS5 (Table 1), though it was not followed by an -helix. The multiple HCS 

consensus sequences,  the general promiscuity in LRR domain secondary structure (Bella et al. 

2008), and the previously identified mixture of -helices and -strands (Spagnol et al. 2014)  

raise the possibility of the existence of an LRR domain within the Panx1CT. Though 

glycosylation is not a direct indicator of cell surface expression, it can infer the degree of 

progression through the secretory pathway. The complex N-linked glycosylation (Gly2) typical 

of Panx1 occurs in the trans-Golgi (Stanley 2011), late in the pathway. Consistent with this 

paradigm, we found that deletion mutants enriched at the cell surface were also complexly 

glycosylated, while the majority of those exhibiting decreased surface presented with immature 

glycosylation status. These mutants were still capable of reaching the high-mannose 

glycosylation species (Gly1), which occurs in the endoplasmic reticulum and can also be 

identified on proteins in the cis-Golgi (Stanley 2011). Interestingly, all deglycosylation enzyme-

treated samples exhibited bands that presented ‘below’ the lowest ‘Gly0’ band of the untreated 

sample (actin negative control signals were unaffected). This suggests that even the previously 

designated Gly0 species of Panx1-EGFP is glycosylated to some degree and requires further 

study. 

This new information on the role of the putative C-terminal LRR motif on Panx1 

subcellular distribution has important implications for understanding the functional diversity of 

all 3 pannexin family members. With respect to the C-termini, the relatively weak homology 

between the 3 pannexins, compared with the homologies between other domains, suggests that 

the C-termini likely impart unique aspects to their respective biological roles and regulation 

(localization, function, interactions, etc.). Panx1 and Panx3 exhibit relatively similar C-termini 



 

 

40 

(i.e. length, sequence homology) and both proteins traffic to the cell surface; whereas, Panx2 has 

a much larger C-terminus with low relative sequence homology, and localizes to intracellular 

compartments (Penuela et al. 2009; Penuela et al. 2013). The Panx1 and Panx3 C-termini are 

also higher in leucine content than Panx2 (~15-17% compared to 8.8%, respectively). 

Examination of each sequence revealed multiple regions in the C-termini matching the LRR 

HCS consensus sequence (Fig. 2.3; Supplementary Fig. S2). It is reasonable to speculate that 

pannexin intermixing (Penuela et al. 2009; Ambrosi et al. 2010) could involve interactions 

between larger LRR domains formed by these putative LRR motifs (Bella et al. 2008; Scott et al. 

2004; Jin et al. 2007; Deneka et al. 2018; Kefauver et al. 2018). 

 LRRC8A shares sequence homology with Panx1 from the N-terminus to the fourth 

transmembrane domain (Deneka et al. 2018; Kefauver et al. 2018; Abascal & Zardoya 2012), 

and contains LRR domains in its C-terminus, which interact with one another within the 

hexamer. Notably, the LRRC8A hexamer is formed by a trimer of dimers (Kefauver et al. 2018), 

reminiscent of the relatively abundant cell surface expressed ‘intermediate’ Panx1 oligomer (Fig. 

2.2ai, Fig. 2.5Ai) corresponding to either a dimer or trimer, previously detected in whole cell 

lysates (Boassa et al. 2007; Chiu et al. 2017). Previous homology analysis between LRRC8A and 

Panx1 focused on the N-terminus to the fourth transmembrane domain (Abascal & Zardoya 

2012). Our findings suggest that the degree of homology between C-termini could also be of 

interest. Based on the cell surface crosslinking data, it is tempting to speculate that Panx1 forms 

intermediate oligomers that are stable at the cell surface.  

As the Panx1CT regulates Panx1 activity (reviewed in Boyce et al. 2018, Chiu et al. 

2018, Dahl 2018), our discovery of a putative LRR motif in the Panx1CT could have functional 

implications. Several studies suggest that the C-terminus interacts with the Panx1 channel pore in 
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an autoinhibitory manner (Wang & Dahl 2010; Sandilos et al. 2012). One group proposed a 

model in which a region in the Panx1CT, I360-G370, interacts with membranes, and that this 

interaction facilitates Panx1CT insertion into the pore of Panx1 (Spagnol et al. 2014). 

Interestingly, one of the HCS consensus sequences we highlighted, HCS4, almost directly 

overlaps with the suggested membrane-interacting region (Table 1). Further, HCS3 contains a 

cysteine group that was implicated in channel gating (Wang & Dahl 2010), and HCS5 overlaps 

with the Panx1CT caspase-cleavage site which activates Panx1 (Chekeni et al. 2010; Sandilos et 

al. 2012). 

Overall, the discovery of the putative LRR motif within the Panx1CT broadens our 

understanding of the molecular determinants of Panx1 trafficking and localization. This work 

also raises important new questions with respect to the regulation and functional implications of 

Panx1 oligomerization state at the cell surface.   
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Table 2.1. HCS consensus sequences in the Panx1CT. 

A list of amino acid sequences in the Panx1CT that match the broad LRR consensus rules: 

LxxLxLxxNxL or LxxLxLxxCxxL, where L is usually Leu, Iso, Val, or Phe (but can also be any 

hydrophobic amino acid); N is Cys, Ser, Thr, or Asn; C is Cys, Ser, or Asn; and x is any residue. 

Additionally, the first and last L in the sequence can be replaced by relatively hydrophilic 

residues. The putative LRR examined in this study is boldly outlined. 

Designated HCS 
number 

Discovered by 

ScanProsite or by 

visual inspection? 

Amino acids 

Consensus sequence 

L xxL xL xxN xL  

L xxL xL xxC xxL  

Overlapping sites of interest 

HCS1 Visual inspection L305-L315 LkvY e Il p T fD  

Endocytic recognition sequence  
(Y308-L311)(Boyce et al. 2014) 

Phosphorylation site  

(Y308)(Weilinger et al. 2016) 

HCS2 ScanProsite L329-E340 

LynL f LeeN i S  

or  
LynL f LeeN i sE  

Endocytic recognition sequence  

(Y330-F333)(Boyce et al. 2014) 

HCS3 Visual inspection Y344-S355 

YkcLkV l eN i K  

or 

YkcLkV l eN i kS  

Endocytic recognition sequence  

(Y344-L347)(Boyce et al. 2014) 

Channel gating, S-Nitrosylation site  

(C346)(Lohman, Weaver, et al. 2012; 
Wang & Dahl 2010) 

HCS4 Visual inspection I360-M371 

IdpM l L l t N l G  

or 

IdpM l L l t N l gM  

Putative membrane-interacting domain 

(I360-G370)(Spagnol et al. 2014) 

HCS5 Visual inspection I376-T387 

Ii d Gk Ip t S l Q  

or 

Ii d Gk Ip t S l qT  

Caspase-cleavage site  

(D375-D378)(Chekeni et al. 2010; 

Sandilos et al. 2012) 

-strand 

(K373-D380)(Spagnol et al. 2014) 

 

 

2.5 Methods 

2.5.1 Plasmids 

The mouse Panx1-EGFP plasmid (Penuela et al. 2007) used in this study was a generous gift 

from Drs. Dale Laird and Silvia Penuela. Deletion mutants were generated using multiple rounds 

of PCR/overlap PCR followed by restriction digest and ligation into a vector backbone as 

previously described (Wicki-Stordeur et al. 2013). Briefly, overlap-extension PCR fragments 

were obtained from Panx1-EGFP using primers specific to regions up- and down-stream from 

the Panx1 gene and primers specific to regions on either side of the deletion site. The fragments 
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were gel purified using the QIAquick Gel Extraction Kit (Qiagen Sciences) and overlap-

extension PCR was performed using the obtained fragments and primers for regions peripheral to 

the gene. The resulting PCR product was cloned into pEGFP-N1 vector. The last amino acid in 

the Panx1∆299-EGFP mutant is F298. The last amino acid in the Panx1∆379-EGFP mutant is 

D378. All constructs were confirmed by sequencing (Eurofins MWG Operon).  

 

2.5.2 Cell culture and transfection 

Human Embryonic Kidney (HEK)-293T cells (ATCC) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin, and 100 g/mL 

streptomycin (all from Gibco/Life Technologies). Cells were transfected with 7.5 mM linear 

polyethylenamine (PEI) (Polysciences, Cat. #23966) at a 10:1 PEI (L):DNA (g) ratio. 

 

2.5.3 Antibodies 

Primary antibodies: anti--actin (1:16,000; Sigma), anti-EMMPRIN (1:1000; R&D Systems), 

anti-GAPDH (1:6000; Novus Biologicals), anti-GFP mouse monoclonal (1:4000; Proteintech), 

anti-GFP rabbit polyclonal (1:32,000; Molecular Probes), and anti-pan-cadherin (1:1000; Cell 

Signaling Technology). Secondary antibodies: horseradish peroxidase (HRP)-conjugated 

AffiniPure anti-rabbit immunoglobulin G (IgG), HRP-conjugated AffiniPure anti-mouse IgG, 

and HRP-conjugated AffiniPure anti-goat (all at 1:8000; Jackson ImmunoResearch).  

 

2.5.4 Protein extractions and Western blot 

Proteins were extracted and analyzed by Western blot as previously described (Wicki-Stordeur & 

Swayne 2013; Wicki-Stordeur et al. 2012; Swayne et al. 2010). Unless otherwise specified, cells 

were harvested 48-h post-transfection by scraping in PBS 1% IGEPAL (10 mM PBS [150 mM 
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NaCl, 9.1 mM Na2HPO4, 1.7 mM NaH2PO4], 1% IGEPAL CA-630) supplemented with protease 

inhibitor cocktail at 1 L/106 cells (stock: 0.104 mM 4-(2-aminoethyl)benzenesulfonyl fluoride 

hydrochloride, 0.08 mM aprotinin, 4 mM bestatin hydrochloride, 1.4 mM N-(trans-

epoxysuccinyl)-L-leucine 4-guanidinobutylamide, 2 mM leupeptin hemisulfate salt, 1.5 mM 

pepstatin-A; Sigma), 0.2 mM PMSF, 10 M sodium orthovanadate, and 1 mM EDTA and 

incubated on ice for 30 min. Homogenates were centrifuged 20 min at 12,000 rpm, and 

supernatants were collected. Samples were heated 5 min at 95˚C in the presence of 1X sample 

buffer and reducing agents (10% -mercaptoethanol (BME) and 100 mM dithiothreitol (DTT)) 

prior to loading on an SDS-PAGE gel. Gels were 4-20% gradient gels (BioRad) for crosslinking 

assays, or 10% Laemmli gels for all other assays. Protein was transferred to a 0.2 m pore-size 

polyvinyldene fluoride (PVDF; BioRad) membrane. Membrane incubations were performed in 

5% skim milk powder in PBS-T (10 mM Na2HPO4, 1.25 mM NaH2PO4, 2.7 mM KCl, 137 mM 

NaCl, 0.1% Tween-20). Blots were quantified by densitometry using ImageJ 

(http://imagej.nih.gov/ij/).  

 

2.5.5 Deglycosylation assays 

Deglycosylation assays were performed using either PNGase F or EndoH f (NEB) according to 

the manufacturer’s protocol. Mouse anti-GFP (Proteintech) was used to detect proteins of 

interest. 

 

2.5.6 Cell surface biotinylation 

Cells were washed twice with ice cold biotinylation buffer (137mM NaCl, 2.7 mM KCl, 1.8 mM 

KH2PO4, 10 mM Na2HPO4, 0.5 mM MgCl2, 1 mM CaCl2; pH 7.4) then incubated in either 0.25 
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mg/mL EZ-LinkTM Sulfo-NHS-SS-Biotin (Thermo Scientific) in biotinylation buffer or buffer 

alone (negative control) for 30 min at 4˚C with gentle rocking. The reaction was quenched by 

adding 1 M glycine in biotinylation buffer to an end concentration of 100 mM glycine, then 

washing the cells twice (quick) and once for 15 min at 4˚C with gentle rocking in 100 mM 

glycine in biotinylation buffer. The solution was removed and lysates were prepared as described 

above, using TBS 1% IGEPAL (50 mM Tris, 150 mM NaCl, 1% IGEPAL CA-630; pH 7.5) and 

the aforementioned protease inhibitors as lysis buffer. As a preclearing step, lysates were 

incubated with a 50% slurry of 50 L of iminobiotin agarose beads (Pierce) for 1 h at 4˚C on 

with rotation. To isolate cell surface biotinylated proteins, 200-500 g of total protein was 

incubated with 50% slurry of 50 L of NeutrAvidin™ agarose beads (Thermo Scientific) for 2 h 

at 4˚C with rotation. The beads were washed 4 times with TBS 1% IGEPAL, 4 times with high 

salt TBS 1% IGEPAL (50 mM Tris, 300 mM NaCl, 1% IGEPAL CA-630; pH 7.5), and twice 

with 50 mM Tris pH 7.5. Surface biotinylated proteins were eluted for 5 min at 95˚C on a heat 

block in 1X sample buffer and reducing agents (100 mM DTT and 10% BME). Eluates and 

inputs were analyzed by Western blot. 

 

2.5.7 Fixed cell imaging 

Cells were plated onto poly-D-lysine (PDL; Sigma)-coated coverslips, 24 h post-transfection. To 

restrict observations to mature proteins, protein translation was briefly inhibited using 20 g/mL 

cycloheximide (CHX; Sigma) for 8 h the following day, prior to fixation. Directly before fixation 

cells were incubated with an AlexaFluor-647-conjugated cell surface marker wheat germ 

agglutinin (WGA; 5 g/mL; Molecular Probes) in Hank’s Balanced Salt Solution (HBSS, Gibco) 

for 5 min at 37˚C. Cells were quick-washed in phosphate buffered saline (PBS; 154 mM NaCl, 
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6.25 mM sodium phosphate monobasic, 18.75 mM sodium phosphate dibasic, pH 7.2), fixed 

with 4% paraformaldehyde (PFA) in PBS for 10 min, and washed thrice in PBS with the second 

wash containing Hoechst 33342 (1:300; Thermo Scientific) nuclear counterstain. Coverslips 

were mounted in VectaShield mounting medium (Vector Laboratories, Inc.). Images were 

acquired with a Leica TCS SP8 confocal microscope at 2.5X optical zoom (1840 x 1840, pixel 

area 63 nm2, 40X (1.3 NA) oil immersion objective) as confocal z-stacks. Representative images 

were adjusted using Adobe Photoshop (CC 2018, 19.1.1).  

 

2.5.8 BS3 crosslinking assays 

To observe mature protein (enriched at the cell surface), transfected cells were treated with 20 

g/mL CHX for 8 h prior to crosslinking. Cells were washed with ice-cold crosslinking buffer 

(20 mM PBS [150 mM NaCl, 18.6 mM Na2HPO4, 1.4 mM NaH2PO4], 1 mM CaCl2, 0.5 mM 

MgCl2; pH 8), and incubated in either 3 mM bis(sulfosuccinimidyl)suberate (BS3; Thermo Fisher 

Scientific) in crosslinking buffer or buffer alone for 30 min on ice. The reaction was quenched 

by adding 1 M Tris to an end concentration of 20 mM, then incubating in quenching solution (20 

mM Tris, 20 mM PBS [150 mM NaCl, 13.7 mM Na2HPO4, 6.3 mM NaH2PO4], 1 mM CaCl2, 0.5 

mM MgCl2; pH 7.2) for 15 min on ice. The solution was removed and lysates were prepared and 

analyzed by Western blot as described above. 

 

2.5.9 Trypan blue proliferation and MTT assays 

Cells were transfected as described above and, at 18 h post-transfection, replated onto 35 mm 

dishes at 1x105 cells/dish for Trypan blue proliferation assays or in 96-well plates at 1x104 

cells/well for MTT assays. Cells were counted every 24 h for 5 days (T0-96), with T0 occurring 

at 24 h post-transfection. Doubling time was calculated [DT = T * ln2 / ln(NT=1/NT=2)] using time 
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points within the linear logarithmic growth curve. MTT assays were performed at T72 using the 

Vybrant® MTT Cell Proliferation Assay Kit (Thermo Fisher Scientific), according the 

manufacturer’s protocol.  

 

2.5.10 Statistical analysis 

Statistical analysis was performed using Prism 7 (GraphPad Software). The tests and P values for 

each experiment are described in figure legends.  
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2.6 Supplementary Information 

 

 

Figure 2.7. (Supplementary Figure S1) Expression levels of all Panx1 deletion mutants. 

Expression levels were determined from the input lanes of cell surface biotinylation Western blot 

analyses. Signals from anti-GFP (protein of interest) and anti-EMMPRIN (positive and loading 

control) were quantified, normalized, and expressed as percent of full length Panx1-EGFP. Data 

are presented as mean  SEM. One-way ANOVA with Dunnett’s multiple comparisons test, N = 

6,  = 0.05, F(5,42) = 5.152, ****p < 0.0001. 

 



 

 

49 

 



 

 

50 

Figure 2.8. (Supplementary Figure S2) HCS consensus sequences in the C-termini of other 

pannexin family members. 

Sequence alignment of (A) Panx2CT and (B) Panx3CT using sequences from human, mouse, 

and rat, with regions of each identified HCS highlighted in red. The alignment was generated in 

CLUSTAL O (1.2.3) using NCBI accession numbers: NP_443071.2 (human), NP_001002005.2 

(mouse), and NP_955441.2 (rat) for Panx2, and NP_766042.1 (human), NP_4431931.1 (mouse), 

and NP_955430.1 (rat) for Panx3. 
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3. General discussion 

 

The data presented in this manuscript-based thesis provided new insights into 

mechanisms of trafficking of Panx1, and ion channels in general. The resulting working model is 

that the LRR sequence identified in the Panx1CT may form an LRR motif, which is necessary 

for cell surface localization of Panx1 (Fig. 3.1). While this thesis confirmed that this region is 

involved in Panx1 trafficking, it is also possible that it plays a role in the regulation of Panx1 

oligomerization and/or activity (Fig. 3.2). In addition, proliferation assays further showcase 

Panx1 as an ion channel with diverse influences on behaviour in a variety of cell types. Looking 

beyond Panx1, this work also provides insights into mechanisms by which LRRs may regulate 

ion channels and protein trafficking, a subject that is at this time poorly understood. In this 

chapter, I discuss the questions and implications that arise from these findings, as well as future 

directions that would expand on our current knowledge regarding regulation of Panx1. 

Figure 3.1. Working model. 
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A putative LRR motif identified in the Panx1CT is necessary for cell surface localization of 

Panx1. Meanwhile, the crosslinking data in this thesis raises questions in regards to the 

mechanisms of Panx1 oligomerization (dotted outlines). Whether Panx1 channels form 

intermediate oligomers somewhere en route to the plasma membrane, whether intermediates 

precede formation of the hexamer, whether Panx1 can toggle between intermediate and 

hexameric form, and whether these intermediates are functional in some way, remains to be 

determined. 

 

 

Figure 3.2. Other potential roles of an putative LRR domain in the Panx1CT. 

(a) Schematic of Panx1 hexamer formation, with a theoretical LRR domain in the Panx1CT. The 

LRR domain is illustrated with 5 repeats, as I discovered 5 HCS consensus sequences in the 

Panx1CT. If an LRR domain (2 or more repeats in length) does indeed form in the Panx1CT, it 

may not use all 5 of the identified HCS. Of note, this study only observed effects of modifying 

the ‘second’ LRR (consisting of HCS2 and a VS identified by ScanProsite (de Castro et al. 

2006)). (b) The putative LRR/LRR domain regulates trafficking of Panx1, likely through 
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interactions with important trafficking partners (indicated by question marks). This effect was 

confirmed in this study, which showed that one of the LRRs (which may function as or 

contribute to formation of an LRR domain) was required for cell surface localization of Panx1. 

(c) The putative LRR/LRR domain may regulate Panx1 oligomerization. As LRRs interact with 

other LRRs, this region may be involved in formation of oligomers. As the crosslinking assays in 

this study only observed cell surface oligomers and as Panx1 deletion mutants lacking an intact 

LRR motif had decreased cell surface expression, future work will focus on how this region 

influences Panx1 oligomerization. (d) The putative LRR/LRR domain may regulate Panx1 

activity. Previous work suggests that the Panx1CT interacts with the pore of the channel in an 

autoinhibitory manner. If intra/intermolecular interactions of the putative LRR motif/LRR 

domain(s) in the Panx1CT are altered, this could result in dislodging of the C-terminus from the 

pore and consequent Panx1 activation. Validation of such interactions will undoubtedly be the 

focus of future work.  

 

3.1 The LRR, a new factor in cell surface expression of transmembrane 

proteins/ion channels? 

This study provides insights into regulatory mechanisms of ion channel trafficking. While 

I observed that deletion of an LRR motif sequence in Panx1 resulted in a loss of cell surface 

expression, interference assays with peptidomimetics that resemble each putative LRR motif 

might serve as a complementary approach to confirm involvement of LRR motif sequence in 

Panx1 trafficking. This approach assumes that the peptides would directly disrupt important 

interactions necessary for the trafficking of Panx1 to the cell surface and therefore preclude the 

channel’s cell surface localization. As Panx1 has previously been found to interact with a variety 
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of other proteins, it would be useful to determine whether Panx1-protein interactions are altered 

when the LRR/LRR domain is disrupted. Particularly interesting would be the interactions of the 

Panx1CT with actin, which has been proposed to be related to Panx1 surface expression, based 

on actin’s role at the cell periphery (Bhalla-Gehi et al. 2010). 

Another open question is the precise localization of our deletion mutants retained inside the cell. 

The expression level of our Panx1CT full deletion mutant (Panx1∆299-EGFP) was similar to a previous 

report, where Panx1∆307-RFP was expressed at lower levels than wild type and was trafficked to the 

proteasome for degradation (Gehi et al. 2011). While our similar mutant, Panx1∆299-EGFP, also 

exhibited significantly lower expression levels, other mutants that did not reach the cell surface 

(Panx1∆LRR-EGFP and Panx1∆HCS-EGFP) did not demonstrate evidence of degradation. Future 

studies using markers for intracellular compartments could shed light on the localization of these 

mutants, which could provide hints as to when and where the suggested LRR-mediated trafficking of 

Panx1 occurs. 

This work contributes to our understanding of LRR motifs and the trafficking of ion channels in 

general. LRR domains are best known for their ability to mediate interactions between the LRR-

containing protein and other molecules. Further, the majority of membrane protein LRRs reported thus 

far are located in extracellular regions. Having identified a putative LRR within the intracellular 

Panx1CT furthers our understanding of the role of LRRs as diverse and variable motifs. In addition, this 

new information will also increase our ability to identify such regions by strengthening the power of 

bioinformatics tools used to recognize the motif, should the structure of LRR motif and/or LRR domain 

be confirmed in the Panx1CT in the future (i.e. via X-ray crystallography).  
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3.2 Do multiple LRRs in the Panx1CT form an LRR domain? 

In this thesis, I investigated the subcellular localization of Panx1 when a single putative LRR 

motif in the Panx1CT – the LRR that was identified by ScanProsite (containing “HCS2” and the 

identified VS) – was deleted. I confirmed that this LRR motif sequence is a necessary component in the 

Panx1CT for surface expression of the protein. However, it is unclear whether this single putative LRR 

motif regulates trafficking of the protein independently or if its deletion simply disrupts the formation of 

a larger LRR domain formed by the other identified HCS motifs. In other words, are any of the other 

HCS consensus sequences (identified by visual inspection; HCS1, HCS3-5) involved in forming LRR 

motifs, and/or an LRR domain (2 or more repeats in length)? Or does the single LRR motif function as 

an LRR domain, even though it is only one repeat in length?  

Future work will aim to further validate the structure of both single LRR motifs and a larger 

LRR domain in the Panx1CT. Perhaps most useful would be the acquisition of a 3-dimensional structure 

of Panx1 or its C-terminus alone so as to directly observe the secondary and tertiary structures of the 

Panx1CT. Another useful study would be to disrupt aspects of the putative LRR motif consensus 

sequence by site-directed mutagenesis, rather than deletions of entire regions. Specifically, mutation of 

the conserved hydrophobic leucine residues found in the HCS to alanine groups or bulky hydrophilic 

residues would be a good approach. This could disrupt the ability of the Panx1CT to form repeats and/or 

an LRR domain, and thus disrupt its interactions with partners potentially crucial for cell surface 

localization. These changes should be applied not only to the LRR HCS that was deleted in this study, 

but to each identified HCS, which, along with their unidentified VS residues, may collectively form an 

LRR domain. Finally, while this study suggests that the LRR motif is necessary for cell surface 

localization, it would also be helpful to test whether the region is sufficient for cell surface localization. 

A study of an LRR-EGFP construct – i.e. the LRR region ligated to EGFP – would be a good way to 
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address this. If this construct alone trafficked to the cell surface, this data would support the role of the 

LRR in cell surface localization of Panx1.  

 

3.3 Role of an LRR/LRR domain in Panx1 activity? 

As the Panx1CT has been implicated in regulation of Panx1 activity (reviewed in Boyce 

et al. 2015; Chiu et al. 2018; Dahl 2018), our discovery of a putative LRR motif in the Panx1CT 

has implications for Panx1 activity. Several studies suggest that the C-terminus interacts with 

and auto-inhibits the channel pore (Wang & Dahl 2010; Sandilos et al. 2012; reviewed in Chiu et 

al. 2018; Dahl 2018). One group proposed a model in which a hydrophobic region in the 

Panx1CT, residues I360-G370, interacts with membranes, and that this interaction facilitates 

Panx1CT insertion into the pore of Panx1 (Spagnol et al. 2014). Interestingly, one of the HCS 

consensus sequences we highlighted, HCS4, almost directly overlaps with the predicted 

membrane-interacting region (see Table 2.1). Further, HCS3 contains a cysteine group that was 

implicated in channel gating (Wang & Dahl 2010) and HCS5 overlaps with the Panx1CT 

caspase-cleavage site which activates Panx1 (Chekeni et al. 2010; Sandilos et al. 2012).  

The mechanisms of Panx1 activation are complex, and typically observed using tools that 

require cell surface localization of the channel such as electrophysiology, ATP release assays, or 

related dye flux assays. As the LRR deletion mutants in this study had reduced cell surface 

localization, this study did not observe functional assays of the deletion mutants. However, my 

proliferation assays suggest that expression of Panx1 lacking the HCS of the putative LRR motif 

(Panx1∆HCS-EGFP) is not able to increase proliferation to the same extent as full length Panx1. 

One potential mechanism for Panx1-stimulated proliferation is via increased activation of 

purinergic receptors (Wicki-Stordeur et al. 2012). As the Panx1∆HCS-EGFP mutant exhibited 
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significantly reduced cell surface expression compared to wild type, its ability to mediate ATP 

release and thus stimulate purinergic signaling pathways would presumably have been lessened 

compared to full length Panx1-EGFP. However, it is possible that other mechanisms requiring an 

intact LRR motif/LRR domain in the Panx1CT are a prerequisite for this effect on proliferation, 

and future work should address this outstanding question. 

Overall this work provides further insight into the localization, oligomerization, and cell 

physiological roles of an important membrane protein, Panx1, while also furthering our 

knowledge of the potential roles of LRR motifs and/or domains in ion channel trafficking. 
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