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Abstract 

 Neuroblastoma (NB) is the most common extracranial solid tumour in childhood. NB 

is thought to arise from the failed differentiation of neural crest progenitor cells that would 

normally form tissues of the adrenal gland and sympathetic nervous system. These neural crest 

progenitors then uncontrollably proliferate forming a tumour. Despite aggressive surgery and 

chemotherapy, the cure rate of high-risk NB patients remains below 30%. Our laboratory has 

shown that human NB tumour specimens and high-risk patient derived cell lines express 

pannexin 1 (PANX1), and that treatment with the PANX1 channel blockers carbenoxolone or 

probenecid constitute reduce NB progression in vitro and in vivo. PANX1 is a glycoprotein 

that forms single membrane channels best known to serve as conduits for ATP release. 

Interestingly, while PANX1 was also detected in control neurons by western blotting, its 

banding pattern was strikingly different as a band at around 50 kDa was found in all NB cell 

lines, but not in neurons. Using shRNA targeting PANX1 and deglycosylation enzymes, I have 

shown that this band corresponds to a PANX1 glycosylated species. PANX1 has been reported 

to be phosphorylated in NB at amino acid Y10. PANX1 is also predicted to be glycosylated at 

N255. In order to study the role of these post-translational modifications, myc-tagged Y10F 

and N255A PANX1 mutants were engineered by site-directed mutagenesis. 

Immunolocalization and cell surface biotinylation assays suggest that the localization both 

mutants at the cell surface is reduced compared to that of myc-PANX1. Dye uptake assays 

revealed that myc-Y10F has significantly reduced channel activity. Expression of myc-Y10F 

and myc-N255A in NB cells inhibited cell proliferation and decreased metastatic potential in 

vitro. Further analysis of NB tumour specimens revealed that there is a missense mutation in 

PANX1 resulting in the formation of truncated peptide (amino acid 1-99). Interestingly, I have 
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found that when co-expressed with myc-PANX1, PANX11-99, reduced PANX1 channel 

activity. Taken together, these findings indicate that phosphorylation on Y10 and glycosylation 

on N255 regulate PANX1 channel activity and exacerbate NB malignancy, while the 

expression of PANX11-99 in NB may be beneficial. 
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1.0 Introduction 

1.1 Development of the Neural Crest and Neural Crest Stem Cell Differentiation 

In vertebrate embryogenesis, the neural crest (NC) forms and gives rise to a diverse group 

of cell types such as peripheral neurons1, enteric ganglia2, melanocytes3, Schwann cells4, 

sympathetic nervous system5, adrenal medulla6, cartilage7, bone7, tendons8, connective 

tissues9, endocrine10 and adipose tissues11. NC development is a complex pathway that arises 

in early embryogenesis involving multipotent neural stem cell precursors that control 

formation of these diverse cell groups. The NC is formed through distinct stages. After 

gastrulation resulting in three germ layers being formed, specification and development of the 

neural tube occurs early in the first trimester of fetal development through the process of 

neurulation12. Neurulation results in the formation of neural folds occurring between sections 

of the neural ectoderm and epithelial ectoderm12. Overtime, this neural tube closes resulting in 

the completion of the first stage of NC development which occurs approximately 28 days post-

fertilization12. Closure of the neural tube is a complex process that is regulated by cellular 

events and molecular control of the Wnt/planar cell polarity pathway, Shh/BMP signalling, 

and the activity of several transcription factors such as Grhl2/3, Pax3, Cdx2 and Zic213. This 

is summarized in Figure #1 below.   

After the neural tube has closed, NC stem cells are released form the neural tube. Once 

released, these cells undergo epithelium-to-mesenchymal transition (EMT), enabling 

progenitor cells to differentiate into the many tissue types described above13. During EMT, 

NC cells separate from the neuroepithelium and the ectoderm through a global switch from 

cadherin-1 (E) to cadherin-2 (N) usage, as well as expression of weaker cadherins (6, 7, and 

11) resulting in contact inhibition of locomotion (CIL)14. CIL is a process that relies on cell-
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to-cell contact signalling. Indeed, the loss of cadherin-1 results in the repolarization of 

protrusion via loss of cellular contacts14. The process of CIL and cadherin switch is stimulated 

by an upregulation of a series of transcription factors (ZIC1, PAX3, TPAP2a, Notch, and 

PRDM1) which further aid the EMT and NC induction14. The expression of these transcription 

factors push cells to initiate the process of CIL through cadherin switch, and activation of 

metalloproteinases15. Matrix metalloproteinases (MMPs) and, a disintegrin and 

metalloproteinases (ADAMs) allow for the remodelling of the extracellular matrix, and 

regulate NC migration15. Importantly, ZIC1, PAX3, and Msx1 allow for the expression and 

activation of Snail2, FOXD3, TWIST1, and Sox916,17. These transcription factors aide in NC 

speciation by downregulating the expression of cellular adhesion proteins and activation of 

cadherin-N18,19. The process described above is termed delamination of NC cells, which 

accounts for the second stage of neural crest differentiation into the sympathoadrenal lineage.  

 

Figure 1: The Process of Neurulation: termed as the fourth germ layer, formation of the neural tube through 

neurulation occurs early in embryogenesis. During embryogenesis, the neural ectoderm/neural plate boarder are 

bud towards the notochord (N), which can be found between each mesoderm (M). Through various cellular 

pathways such as Wnt, and Shh/BMP signalling, the invagination of the neural crest increases in depth forming 

the neural plate. Eventually, the neural tube closes with expression of transcription factors Grhl2/3, Zic2, Pax3, 

Cdx2. Eventually, delamination from the neural tube promotes NC stem cells through a process of EMT. During 

EMT, the NC progenitor migrate distally from the neural tube, where sympathoadrenal lineage can be speciated 

from the neural crest precursor. Image created with BioRender, modified from20.  
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The final stage of NC differentiation is the NC speciation into the sympathoadrenal lineage. 

After the loss of adhesion, NC cells then activate BMP, Wnt, and FGF signalling pathways to 

differentiate mesenchymal stem cells into a late phase mesenchymal21–24. Importantly, these 

cells express a cumbersome number of pro-survival and pluripotency factors such as SOX10, 

FOXD3, C-myc and MYCN19,25,26. These factors allow for NC cells to evade apoptosis and 

remain in a proliferative state. Pluripotent late phase mesenchymal cells can differentiate into 

the numerous tissues that arise from the NC. Sympathoadrenal precursor cells are produced 

through the differentiation of the NC cell through expression of several transcription factors, 

such as Phox2B27,28, Ascl129, Insm130, Hand231, MYCN32, Gata2/331,33,34 and AP-2β35, which 

drive early the differentiation processes. Phox2B and Sox proteins appear to be the master 

regulators for this process. Expression of Phox2B maintains MASH-1 which is directly 

involved in the synthesis of catecholamines and is maintained by GATA2/328,34. MASH-1 

expression activates Phox2a which is also expressed in late phase differentiation and is closely 

regulated to Phox2B36. Subsequently, Sox transcription factors, in particular SoxC/E proteins 

10, 4, 11, are also expressed in late phase differentiation25,37,38.  

The sympathoadrenal differentiation of the NC crest results in the formation of sympathetic 

neurons or chromaffin cells, sharing similar characteristics. Such similarities include 

expression of catecholamine synthesizing enzymes, such as tyrosine hydroxylase and 

dopamine-β-hydroxylase39. The main difference between the formation of the sympathetic 

neuron and chromaffin cells, is that chromaffin cells express phenylethanolamine N-

methyltransferase (PMNT), which induces adrenaline synthesis40.  Sympathetic neurons by 

contrast express neurofilament and SCG10, which stimulates neurite outgrowth, and is 



4 
 

regulated by Phox2B overexpression and inactivation of MASH-139,41. This process is 

summarized in the Figure #2 below.  

 

 

Figure 2: The Sympathoadrenal Lineage of the NC Progenitor Cell and Failed Differentiation Leads to 

NB: the neural tube release NC cells that undergo EMT transition, through delamination of the NC. This process 

requires, cadherin switch, activation of MMPs and ADAMs, and activation of transcription factors Snail2, 

FOXD3, TWIST1, and Sox9. The resultant contact inhibition of locomotion (CIL) produces cells that migrate 

dorsally and then laterally around the neural tube. Once migration occurs, BMP, Wnt, and FGF activate neural 

stemness and proliferation. Furthermore, activation of pro-survival genes such as Sox10, FOXD3, c-Myc, and 

MYCN promotes survival and proliferation. Eventually, sympathoadrenal speciation occurs through 

overexpression of Phox2B, MASH1 and GATA2/3 help promote differentiation into chromaffin and/or 

sympathetic ganglion. These endpoint cells share similarities that are derived from the same neural stem cell. For 

example, both cells express tyrosine hydrolyse (TH), but sympathetic ganglia express neurofilament (NF) and 

SCG10. Chromaffin cells do not express NF and SCG10, but expresses PMNT, and other enzymes required for 

catecholamine synthesis. However, due to unknown circumstances, culminating genetic, proteomic, and 

biochemical changes affecting the activation of stemness factors there is failure of differentiation into the 

sympathoadrenal lineage. Over-expression of pro-survival and pro-proliferative promotes formation NB tumour. 

Indeed, several genes have been shown to be dysfunctional in NB specimens. By example, MYCN, ALK, Lin28B, 

MASH1, GATA3, Phox28B, chromosomal aberrations, and DNA ploidy have all be implemented in the NB 

malignant phenotype. Image created with BioRender. 
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1.2 Neuroblastoma Overview 

 Neuroblastoma (NB) is the most common extracranial solid tumour in childhood42. NB 

originates from the failed differentiation of the NC precursor cell derived from the 

sympathoadrenal lineage of the NC. Clinically, 90% of patients diagnosed with NB are <10 

years of age with a median age of 18 months43. NB tumours arise anywhere in the sympathetic 

nervous system as a result of their sympathoadrenal origin with approximately >50% occurring 

in the adrenal medulla44. NB is an aggressive form of cancer with a metastasis rate of ~50% at 

diagnosis. Metastasis are frequently present in regional lymph nodes, bone/bone marrow, skin, 

and liver45,46.  

1.3  Genetic and Prognostic Indicators of Neuroblastoma 

To acquire the NB phenotype many genetic factors that encompass genetic mutations, 

protein expression, and chromosomal instability have been shown to occur. 

1.3.1 MYCN Amplification, a current prognostic marker in Neuroblastoma 

The MYCN proto-oncogene serves as a regulator for fundamental cellular processes 

including differentiation, proliferation, and survival47,48. In healthy patients MYCN expression 

is restricted to the forebrain, hindbrain, and kidneys49.  In NB, MYCN amplification has been 

associated with a poor outcome and is detected in approximately 20% of all NB cases50,51. 

MYCN amplification has since been the most frequently used prognostic indicator for NB 

patients50. Interestingly, MYCN amplification is associated with high-risk patients, whereas, 

in Stage MS/4S patients, which display spontaneous regression, a MYCN non-amplified state 

is observed52. In high-risk NB with MYCN amplification, expression of MYCN target genes is 

enhanced53. Downstream targets of MYCN include expression of pro-neural genes ASCL1 
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(MASH1/HASH1), and stem cell lineage-determining factors, Phox2B and Hand2, which both 

have been implicated in NB progression53,54. Furthermore, MYCN amplification in NB has 

been linked to the failed differentiation of NB precursor cells, as a result of supressed neural 

differentiation markers, nerve growth factor, and estrogen55. MYCN also aides in the 

maintenance of NC cells, however, induced MYCN amplification has been shown to result in 

the NB phenotype56.  

1.3.2 Lin28B, the inhibitor of miRNA family Let-7, associated to poor NB prognosis 

During normal development the RNA binding protein Lin28B regulates the expression 

of the miRNA family called let-7. Let-7 is a tumour suppressor miRNA, which is induced in 

embryogenesis and during brain development and is frequently downregulated in various 

cancers57. Lin2B serves as an inhibitor for let-7 biogenesis58. In NB, Lin28B has been shown 

to be genetically unstable and overexpressed, as a result of single nucleotide polymorphisms 

found in the Lin28B gene58,59. Lin28B is frequently overexpressed in NB tumour specimens in 

association with MYCN amplification58,59. Interestingly, one study has indicated that 

overexpression of Lin28B in the sympathoadrenal cell lineage induces the development of NB 

associated with low let-7 expression and high MYCN implication58. An additional study 

indicated that NB tumours with Lin28b overexpression have fewer genomic events to those 

with MYCN and ALK overexpression, suggesting it as an oncogenic driver59. In most cases, 

Lin28B overexpression is associated with a gain in chromosome 3, which has been attributed 

to a poor outcome59. Currently, there is a paucity of therapeutic strategies targeting the Lin28B-

let-7 interaction, however targeting this pathway should focus on increasing Let-7 expression 

or reducing Lin28B inhibitory activity. 

1.3.3 Gain-of-Function Mutations of ALK in NB 
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The ALK gene corresponds to the anaplastic lymphoma kinase (ALK) receptor and is 

altered in NB with a gain-of-function mutation in 14% of high-risk NB patients60–62. ALK 

functions as a tyrosine kinase, which has been described as an oncoprotein when complexed 

to Nucleophosmin 1 (NPM-ALK) in lymphoma cells63,64. In NB, a single-base pair missense 

mutation occurs in the regulatory regions of the kinase domain (R1275, F1174, F1245) of ALK 

disrupting its auto-inhibitory function62. ALK signals through multiple downstream pathways 

that stimulates transcription of ETV3-565, MYCN66,67, VEGF68, HIF169, c-myc70, STAT371, 

cyclin-D72, JUNB65,73, and HBP174, and regulates a host of cellular processes including 

survival75, proliferation76, cell cycle77,78, and metastasis66. Importantly, ALK has been shown 

to function through neurite growth promoting factor-2, NEGF-2, or Midkine, which are 

important for the regulation sympathoadrenal lineage proliferation during development76. 

Furthermore, ALK is implicated in JAK/STAT, RAS/MAPK, PI3K, and PLCγ pathways, all 

which are key contributors to sympathoadrenal lineage formation and are commonly 

dysregulated in NB development79–83.   

1.3.4 Loss of sympathoadrenal differentiation markers in NB 

Sympathoadrenal speciation of the NC progenitor cell is a complex differentiation 

process that requires an abundant array of genes that encompass NC induction, NC border 

speciation, NC speciation, and sympathoadrenal speciation. In NB some of these 

corresponding genes have been associated to the failed differentiation of NC stem cells during 

the formation of the NB phenotype. Of note, some of these modifications include a germline 

loss-of-function mutation in Phox2B which is reported in both familial and high-risk NB 

tumour specimens84,85.  Phox2B is a regulator of sympathoadrenal differentiation from the late 

mesenchymal cell stage, in part as a result of BMP signalling which activates Phox2A and 
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Phox2B expression86,87. Phox2B  has been identified to have missense mutations in conserved 

regions as well as frameshift mutations that result in protein truncation and reduced protein 

function88. Furthermore, other factors that have been reported to be misregulated in NB include  

HAND2 and GATA3 enzymes which regulate transcription of norepinephrine synthesis89. High 

expression of GATA3 and HAND2 appear to be associated with proliferation and self-renewal, 

and their increased activity in NB forces cells into acquiring sympathoadrenal characteristics33. 

GATA3 appears to be linked with expression of Phox2B and Mash1 transcripts which control 

stem cell fate promoting sympathoadrenal speciation34. Furthermore, GATA3 down-regulation 

in NB appears to increase cyclin D1 expression promoting a persistent proliferative state90. In 

addition, early NC cell induction genes, such as BMP87, STAT391, Wnt23, and Notch/Delta92, 

have all been implicated in NB in which their dysregulation leads to downregulation of their 

respective signalling pathways maintaining a proliferative state by inhibiting NC 

differentiation. Lastly, TWIST1 has been known to initiate delamination of the EMT late phase 

mesenchymal cells. In NB however, TWIST1 transcribes into an inhibitor of apoptosis 

promoting cell survival and is commonly upregulated to MYCN amplified NB specimen23,93,94.  

1.3.5 Chromosomal Instability 

Chromosomal instability in NB has been heavily analyzed and incorporated into the 

current NB (International Neuroblastoma Staging System (INSS) and International 

Neuroblastoma Risk Group (INRG)) classification systems. Studies have demonstrated that 

chromosomal aberrations and DNA ploidy/index95,96 can contribute to NB malignancy. The 

genetic events show allelic loss on chromosomes 1p, 11q, 14q, 4p, 7q, 2q, 3p, and 19q97–105. 

This genetic loss-of-heterozygosity (LOH) corresponds to a poor outcome in many studies. By 

example, chromosomal aberrations such as LOH 1p36 (23%), 11q23 (34%), and unb11q were 
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features found in high-risk NB tumour specimens associated with MYCN oncogene 

amplification106. Furthermore, there have been allelic gains on chromosomes 2p, 17q, 18q, 1q, 

7q, and 5q which have been implicated in growth control60,105,107–109. Notably, chromosome 2p 

contains MYCN which when amplified is strongly associated to clinical aggressiveness, 

advanced stages diseases, and treatment failure45. Furthermore, gain of 17q is strongly 

associated to MYCN amplification in high-risk NB110. High risk NB also displays genomic 

rearrangement at 5p15.33, controlling expression of TERT (telomerase reverse transcriptase), 

leading to increased TERT expression, downstream DNA methylation, and further 

chromosomal changes111.  Chromosome 5p has also been shown to undergo chromothripsis 

which downregulates expression of stem cell differentiation factors112. Furthermore, more 

aggressive NB tumours display increased total copy number variances in Stage 4/M diseases 

but significantly reduced in Stage MS/4S NB specimens113. Altogether, these findings suggest 

that chromosome instability is a key feature of NB that may drive tumourigenesis. 

1.4 Pannexin Family of Proteins Overview 

 Pannexins are large pore and metabolite channels which were discovered in the early 

2000s through their sequence homology to the invertebrate gap junction forming proteins 

called innexins114. Since their discovery in the early 2000s, the Pannexin family has increased 

to three family members: Pannexin 1 (426aa) (PANX1 in human; Panx1 in rodents), Pannexin 

2 (677aa) (PANX2 in human; Panx2 in rodents), Pannexin 3 (392aa) (PANX3 in human; 

Panx3 in rodents)114,115. Originally, it was proposed that Pannexins serve similar features to 

that of connexins, the large superfamily of vertebrate gap junctions, however in mammalian 

cells pannexins do not form gap junctions but rather single membrane channels116. Upon 

comparing pannexins and connexins there is no sequence homology, however, they do share 
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similar structural topology. Pannexins and connexins contain four α-helical transmembrane 

domains, with two extracellular loops, and one intracellular loop117. The N- and C-terminal 

tails both extend from the plasma membrane and are exposed intracellularly117. This can be 

visualized in Figure #3. Noticeably, there are some differences between the structure of the 

various pannexins. Visually, PANX2 contains a larger C-terminal domain which may 

constitute addition regulatory functions that differ from the pannexin family118. 

 

Figure 3: Topology of the Pannexin Family of Membrane Channels: Prepared using Protter, a software 

program that can map out the 2-D membrane topology of respective proteins. The Pannexin family of membrane 

channel proteins is composed of three species: Pannexin 1 (PANX1), Pannexin 2 (PANX2), Pannexin 3 

(PANX3). Each family member contains four transmembrane domains, similar to that of their innexin 

(invertebrate) and connexin (vertebrate) gap junctional proteins counterparts. As noted, PANX2 contains a longer 

C-terminal tail, than both PANX1 and PANX3, which may give rise to alternative regulatory mechanisms.   

  

Each member of the pannexin family has a distinct expression profile. PANX1 has the 

most diverse expression profile. In specific, PANX1 has expressed in: the sensory systems of 

the inner ear119–121, eye122, taste buds123, olfactory epithelium124; the brain, specifically in the 

regions of cerebellum, cortex, neocortex, hippocampus, amydgala, substantia nigra, neurons, 

and glial cells 125–127; the cardiovascular system, specifically pertaining to erythrocytes128, 

arteries129, arterioles129, cardiac myocytes130, heart129; and in tissues corresponding to exocrine 
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glands131; as well as in the prostate132, liver133, adrenal gland134, lung epithelial135, skin136,137, 

skeletal muscle138, and colon139. As a result, PANX1 expression is largely ubiquitous 

throughout the human body. PANX2 has been shown to have a more restricted distribution, 

being expressed primarily in the central nervous system (CNS). As such, PANX2 can be found 

in the cerebral cortex140, cerebellum140, astrocytes140, hippocampus140, retina141, and 

gastrointestinal tract141. PANX3, also with a more restricted distribution to that of PANX1, is 

primarily expressed in skin137, osteoblasts142, cartilage142, skeletal muscle138, cochlea143, and 

duodenum of the small intestine144.  

 Based on their abundant expression profile in tissue, pannexins have been linked to a 

wide variety of physiological responses in the human body. PANX1 has been implicated in 

blood pressure regulation145, taste response146,147, glucose uptake148,149, airway defence135,150, 

keratinocyte differentiation137, skeletal muscle myogenesis138, ischemic cell death151, epileptic 

seizure152,153, immune response154–159, apoptotic cell clearance157,160, tumourigenesis and 

tumour metastasis161–163, morphine withdrawal responses164, stroke151,165,166, inflammatory 

bowel disease139,167,168, and neuropathic pain induction169. PANX2 has been implicated in 

neuronal differentiation170 and development141, and in ischemia/brain injury responses166,171. 

Lastly, PANX3 has been shown to be involved in bone142, skeletal muscle138and skin 

development137. The remainder of this thesis will primarily focus on PANX1. 

PANX1 and PANX3 forms hexameric protein channels through the oligomerization of 

six subunits172,173, while PANX2 forms an eight-octameric protein channel117. The hexameric 

PANX1 are termed pannexons. Pannexins, similar to the connexon family of channel proteins, 

have been shown to intermix by forming homologous and heterologous protein channels174. 

PANX1 and PANX2 have been shown to intermix, which can be regulated by N-linked 
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glycosylation133,175. However, PANX3 has not been shown to intermix with either PANX1 or 

PANX2 and form only homologous pannexon channels176. Intermixing of Panx1 and Panx2 

has been associated to reduced channel activity when expressed Xenopus oocytes, however, 

endogenous expression of Panx1/Panx2 heteromeric channels increased instability over time 

as compared to their homomeric counterparts175. However, further understanding of this 

interaction is essential to elucidate possible differences in their interactome when homomeric 

versus heteromeric channels are formed.  

 

Figure 4: Pannexins form homologous/heterologous protein channels that regulate ATP and calcium in the 

cell: PANX1 has been shown to serve as a calcium leak channel in the ER and an ATP release channel at the cell 

surface. PANX1 channel activity has been shown to be regulated by mechanical stimulation/membrane stretch, 

elevated extracellular potassium concentration of 10mM, and elevated intracellular calcium concentration which 

serve to activate/open PANX1 channels. PANX1 when in a hexameric formation is called a pannexon, which can 

form homologous (all PANX1) or heterologous species (PANX1 channel intermixing with PANX2), but the later 

has not been identified in mammalian cells.  

 

Pannexin channels allow the passage of molecules of up to 1 kDa177. Typically, 

pannexins have shown to mediate adenosine triphosphate (ATP) release at the plasma 

membrane and serve as a calcium leak channel in the endoplasmic reticulum (ER)128,178,179. 

Biologically, ATP release constitutes a signalling molecule that has been shown to have direct 

interaction with other membrane bound proteins. By example, PANX1 channels can be 

activated by ionotropic P2X and metabotropic P2Y receptors through ATP-induced ATP 



13 
 

release, which can be inhibited by a negative feedback loop through increased extracellular 

ATP concentrations178,180,181. Calcium release also serves as a secondary messenger signalling 

molecule. Organelles such as the endoplasmic reticulum and/or sarcoplasmic reticulum 

contain a high intra-organelle calcium concentration through sarcoplasmic and endoplasmic 

reticulum calcium ATPases (SERCA) family calcium pumps179. To balance the influx of 

calcium from SERCA pumps, calcium leak channels are in place to allow for a steady state to 

be maintained179. PANX1 channels were first documented to serve as a calcium leak channel 

in the ER by Abeele et al., 2006179. Since then, it has been documented that increased 

intracellular calcium concentration can activate PANX1 channels, however, the exact 

mechanism of activation by calcium has not yet been indentified134,178,182,183.  

Pannexin channels have also been demonstrated to be mechano-sensitive by Bao et al. 

2004, in a heterologous expression system with xenopus oocytes184. Recently, it has been 

demonstrated in human breast cancer that mechano-sensitivity of PANX1 channels 

contributed to the metastatic potential of breast cancer as they pass through the vasculature162. 

Bhalla-Gehi et al., 2010 proposed that the mechanism for this might be through interaction of 

the C-terminal of PANX1 with F-actin, thus tethering it to the cellular cytoskeleton to induce 

channel activation185. Indeed, PANX1 channels have been demonstrated as well to be activated 

by membrane stretch128,183. This was demonstrated in erythrocytes exposed to a hypotonic 

solution which caused cell swelling leading to ATP release via PANX1128.  

PANX1 channels have also been shown to be activated by high concentrations (10mM) 

of extracellular potassium156. This discovery was established under voltage clamp conditions 

and was shown not to be as a result of membrane depolarization, leading to the discovery that 

potassium may interact with the first extracellular loop of PANX1156,186.  
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PANX1 has also been shown to be activated by increased intracellular calcium, 

particularly when coupled with metabotropic receptors Gαq-containing heterotrimeric G 

proteins178. In particular, P2Y receptors, P2Y1 and P2Y2, when co-expressed with PANX1 

showed increased ATP release as a result of PANX1 activation178. In this setting, the addition 

of a calcium ionophore caused a dose-dependent channel activation of PANX1, leading to 

elevated ATP release. PANX1-mediated release of ATP causes activation of P2Y receptors, 

leading to activation of inositol (1,4,5) triphosphate (IP3)
178 and protein kinase C. The resultant 

effect of these signalling cascades were activation of calmodulin, calmodulin-dependent 

kinases, increasing CREB expression, and gene expression regulation. In addition, PAR1/3-

mediated ATP release was dependent on PANX1 activation as it was abrogated by either 

BAPTA, a calcium chelator, or through direct inhibition of PANX1 by carbenoxolone187. 

Lastly, PANX1 activation by intracellular calcium is a topic of interest in HIV infection. 

Interestingly, HIV binding of CD4 and CXCR4/CCR5 induces the opening of PANX1 

channels releasing ATP188. In this setting,  the release of ATP attenuates P2X1, P2X7, and 

P2Y1 activity resulting in influx of calcium188,189. Increased intracellular calcium further 

activates PANX1 channels and facilitates calcium dependent signalling188,189.  

Taken together, PANX1 channel activation is mechano-sensitive, responsive to high 

extracellular potassium, and high intracellular calcium, and allows for the passage of ATP 

which can contribute to activation of other plasma membrane receptors such as the 

metabotropic and ionotropic P2Y and P2X receptors.  

1.5 Pannexin 1 Inhibition via Pharmacological Channel Blockers 

Some compounds have been shown to interact with pannexin resulting in the inhibition 

of channel activity. Of these, two compounds are commonly used. Firstly, PANX1 channels 
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can be attenuated by carbenoxolone (CBX)190. CBX is a disodium salt of the hemisuccinate 

derivate of 18-β-glycyrrhetinic acid, derived from licorice root, and has previously been used 

to inhibit gap junction channels191. The use of CBX for pannexin research followed 

identification of its interaction with PANX1 first extracellular loop, through chimeric 

interactions154. This study further identified that aa W74 of PANX1 actively drives the 

inhibitory action of CBX, while aa 67-86 also appears to play an important role in CBX-

mediated inhibition154. CBX is current approved for clinical treatment in Great Britain for use 

in gastric and esophageal ulcers191. CBX however, is a global gap-junction inhibitor, thus its 

usage can interfere with the channel activity of gap junctional proteins, not just pannexins125. 

However, it has been shown that only CBX concentrations exceeding 50uM are associated 

with inhibition of connexions192. As a result, all studies utilizing CBX for the specific 

inhibition of pannexin channels use concentrations of 50uM or less.  

 Another commonly used inhibitor of pannexin channel activity is probenecid (PBN). 

Initially described for the inhibition of pannexin channels by Silvermann et al., 2008, PBN is 

used as a well-established treatment for gout, a severe form of arthritis, by affecting uric acid 

excretion in the kidney193. Importantly, unlike CBX, PBN does not appear to affect connexin 

channels155,193. However, the exact mode of inhibition of PBN on PANX1 has not been 

elucidated.  

The use of peptide-based drugs has also constituted another method to inhibit PANX1 

channels. 10Panx (WRQAAFVDSY) was derived as a Panx1-mimetic peptide that has been 

shown to inhibit PANX1 channel activity152,164,194,195. However, there has been some reports 

suggesting non-selective connexin inhibition195. More recently, several new PANX1 specific 

inhibitors have been examined, including the food dye Brilliant Blue FC196–198. This dye is a 
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well-known inhibitor of purinergic receptors P2X7, and has now been shown to inhibit PANX1 

channels196–198. Furthermore, the broad spectrum antibiotic trovafloxacin, has been established 

as a PANX1 channel inhibitor. This study indicated that trovafloxacin inhibited PANX1 

channel function during apoptosis which resulted in dysregulation of apoptotic body 

production199. Thus, elucidating a role for PANX1 controlled apoptotic body formation during 

apoptosis199. The use of trovafloxacin has since shown promise as a neuroprotection agent 

after traumatic brain injury acting through PANX1 channels200.  

To date, PANX1 channel inhibition has largely been studied using CBX, PBN, and 

10Panx, however, as more research is accumulated more PANX1 specific inhibitors are being 

established.  

1.6 Pannexin 1 Regulation via Post-Translational Modifications 

 It has been well demonstrated that post-translational modifications (PTMs) affect 

protein conformation, stability, localization, and function. Similarly, pannexins are regulated 

by a vast array of PTMs, which have been reported to impact PANX1 intracellular trafficking 

and channel function. These PTMs can be found summarized in Table 2. 

Table 1: PANX1/Panx1 is extensively regulated by post-translational modifications: PANX1 has been 

demonstrated to be modulated by PTMs which affect PANX1 channel function through modulation of ATP 

release and trafficking in the cell.  

Post-Translational 

Modification 

Target Site on PANX1 Effect on PANX1 

N-linked Glycosylation (H) N255 (predicted) 

(M) N254 

Impacts trafficking to the 

plasma membrane and 

PANX1/PANX2 intermixing 

Tyr- Phosphorylation Y308, Y198, Y10, Y150 Proposed to impact channel 

function; Y10 yet to be assessed 
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Ser/Thr – 

Phosphorylation 

S206, S385, S425, S189, S182 Proposed to impact channel 

function 

S-nitrosylation C40, C346, C426 Channel function, removal of 

sites makes channel function 

null  

Ubiquitination  K201, K203, K204, K212, K307, K343, 

K381, K406 

Wide array of functions; 

suggested to have a role in 

degradation 

Caspase Cleavage D376 Constitutively active protein 

channel (C-terminal may be 

auto-inhibitory) 

 

1.6.1 Glycosylation of Panx1 Regulates Trafficking and Function 

 Glycosylation is the process by which sugar moieties are added through N-linked or 

O-linked modifications. N-linked glycosylation attaches sugar moieties on asparagine (Asn, 

N) aa residues201. After which further branching occurs by a series of membrane-associated 

glycosyltransferases in the ER202. Glycosylation serves primarily in protein stability203.  

Failure of protein folding causes their exportation to the cytoplasm where E3 ligases can 

mediate protein degradation through the ER-accelerated degradation (ERAD) pathway203. In 

the ER, various enzymes are required for the process of transferring glycan subunits, resulting 

in branching glycans that are then trimmed to form mature species203.  

Pannexins have been reported to be glycoproteins that undergo N-linked glycosylation. 

This modification was hypothesized to account for their molecular weight changes seen after 

treatment with N-linked glycosidases, and was later confirmed for Panx1 using site-directed 

mutagenesis of N254 (2nd extracellular loop), which targeted Panx1’s glycosylation site204. By 
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sequence homology to murine Panx1, human PANX1 has been predicted to be glycosylated at 

N255204. Additionally, other Asn have been predicted to undergo in N-linked glycosylation, 

such as N338 and N394, but these have not been confirmed to be involved in trafficking and 

channel activity205. 

 N-linked glycosylation impacts PANX1 molecular weight banding pattern. PANX1 is 

detectable by Western blot as three molecular weight bands, which constitute three N-linked 

glycosylated species: the unglycosylated core termed Gly0 (41kDa), the high mannose species 

termed Gly1 (44kDa), and the complex glycosylated species termed Gly2 (48kDa)204. The 

glycosylation status of PANX1 impacts its channel subcellular localization204. The Gly0 

species is predominantly localized to the ER, Gly1 localizes in the Golgi apparatus, and Gly2 

localizes at the cell surface204. However, glycosylation may not serve as the only PTM 

affecting cell surface localization, as N254Q mutants appear not only to have mediated dye 

uptake but also have reduced trafficking towards the cell surface172. Furthermore, 

glycosylation is also implicated in PANX1/PANX2 channel intermixing175,204.  

While not confirmed for Panx2, studies have demonstrated that both Panx1 and Panx3 

are regulated via a Sar1-mediated COPII-dependent manner which is a classical ER-Golgi 

secretory pathway185, independent of clatharin, adaptor protein AP2, and caveolin 1/2206. 

Throughout this process from ER to PM, Panx1 is further glycosylated to form the Gly1 and 

Gly2 species.  

 

1.6.2 PANX1 is Modified by Phosphorylation by a Multitude of Kinases Affecting its 

Channel Activity 
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 PANX1 has multiple serine, threonine, and tyrosine amino acids that may serve as 

residues for phosphorylation events (summarized in Table 2). Tyrosine phosphorylation in 

particular has been demonstrated with the Src family of non-receptor tyrosine kinases. This 

was first reported in excitotoxicity events which showed that phosphorylation of PANX1 at 

Tyr308 by Src complexed with NMDA receptors207. When formed, this complex contributed 

to cell death through membrane blebbing, calcium dysregulation, and mitochondrial 

dysfunction207. By disrupting this complex using an interfering peptide (TAT-Panx308), it was 

found to be neuroprotective in vivo207. Phosphorylation of Tyr198, located on the intracellular 

loop affects channel activity208. Initially phosphorylation of Y198 by Src was first 

characterized in relation to tissue necrosis factor (TNF-α)-induced ATP release affecting 

leukocyte adhesion and emigration through the venous wall during acute systemic 

inflammation209. Most recently, PANX1 has been shown to mediated ATP release in vascular 

smooth muscle cells, through α1-adrenergic receptor vasoconstriction, mediating blood 

pressure homeostasis145,210. Phosphorylation at Tyr198 via Src was shown to be directly 

involved in this process208. Specific-phospho-Y198 targeting antibodies indicated that Tyr198 

is expressed primarily in the endothelial wall208. While the mechanism underlying Src 

phosphorylation of PANX1 has not been completely elucidated, these data indicate that 

PANX1 can be post-translationally modified by phosphorylation which affects its channel 

activity. 

 Additionally, PANX1 contains of 6 serine (Ser) and 1 threonine (Thr) residues at the 

C-terminal which may be target for kinases that affect PANX1 function and activity211. There 

have been few studies thus far that demonstrate that this phenomenon occurs, however one 

study indicates that PANX1 is phosphorylated during skeletal muscle contraction. During 
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muscle contraction several Ser and Thr kinases are activated, calcium/calmodulin-dependent 

protein kinase II (CaMKII), protein kinase A (PKA), and protein kinase C (PKC) suggesting 

that they interact with PANX1 during contraction211,212. It was further shown using phospho-

serine and phospho-threonine antibodies that both unglycosylated and glycosylated PANX1 

species undergo phosphorylation with enhanced expression after electrical stimulation of 

soleus and extensor digitorum longus (EDL) muscles211. Furthermore, electrically stimulated 

muscles showed induced ethidium (Etd+) uptake that was inhibited by the application of 

10panx1211. This Etd+ uptake was proposed to be mediated by PANX1 coupling to P2Y 

receptors178,211. In a separate study, nitric oxide was shown to inhibit PANX1 through the 

cGMP-protein kinase G (cGMP-PKG) dependent pathway. This study indicated that PANX1 

contains a consensus PKG phosphorylation site (202KKNSSHLIM210) which when mutated at 

the Ser206 residue prevented PKG phosphorylation213. Once mutated the nitric oxide donor, 

sodium nitroprusside (SNP), could no longer inhibit PANX1 currents213.  This supports the 

notion that serine phosphorylation at Ser206 by PKG modulates PANX1 channel activity213. 

Taken together, these studies support a role for the modulation of Panx1 channel activity by 

serine/threonine phosphorylation.  

 Other kinases such as C-Jun NH2-terminal kinases (JNK) have been shown to play a 

role in modulating Panx1 channel activity214. It was shown in previous studies by Kilic and 

colleagues, that Panx1 contributes to ATP release in liver cells undergoing lipoapoptosis when 

induced by saturated free fatty acids215. In this study, JNK regulated Panx1 channel activity, 

whose ATP release stimulated migration of human monocytes involved in chronic liver injury 

caused by saturated free fatty acids, ischemia/reperfusion, acetaminophen, and hepatocellular 
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carcinoma214. The JNK-mediated phosphorylation site on PANX1 however, has yet to be 

assessed.  

 

1.5.3 PANX1 is modified by caspase cleavage leading to a constitutively active protein 

channel 

 The release of ATP by PANX1 channels results in a location signal that can recruit 

macrophages to clear apoptotic cells157,160,177,216. It has been demonstrated that the C-terminus 

of PANX1 channels has an inhibitory role for PANX1 channels160. During the intrinsic 

apoptosis pathway, caspase 3/7 mediated cleavage of Panx1 leads to truncation of the C-

terminus of Panx1 at 376DVVD379, which causes Panx1 to be constitutively active. Indeed, the 

C-terminal of PANX1 serves a channel auto-inhibitory mechanism as electron microscopy 

demonstrates channel closure when present173. Complete caspase-mediated removal of the C-

terminal tail of Panx1 resulted in an increase of Panx1 channel activity with high conductance 

and open probability173. The resultant efflux of ATP has been shown to activate immune 

system clearance157,160,173. 

 

1.5.4 S-nitrosylation inhibits PANX1 channel function 

 The PTM involving s-nitrosylation is a reversible modification in which nitric oxide 

(NO) is covalently bound to reactive cysteine thiols via an S-nitrosothiol bond. NO is 

generated by many cell types through NO synthases from the oxidation of arginine. The 

addition of NO to proteins have been contributed to several membrane channels such as 

Cx43217, potassium voltage-gated channel superfamily Q member 1 (KCNQ1)218, transient 
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receptor potential (TRPC5)219, ryanodine receptor type 1 (RyR1)220, and NMDA receptors221. 

Interestingly, membrane bound proteins that contain cysteines are frequently targeted for s-

nitrosylation. Not only is PANX1 highly expressed in NO rich tissues, it also contains two 

cysteines (Cys40, Cys346) which are s-nitrosylated222. Treatment with cells with independent 

NO donors such as S-nitrsogluthione (GSNO) and diethylamine NONOate (DEA NONOate), 

resulted in the inhibition of channel function222. Site-directed mutagenesis of Cys40 and 

Cys346 prevented s-nitrosylation by GNSO and resulted in ATP release of Panx1 channels, 

suggesting that s-nitrosylation regulates Panx1 channel activity222. Under ischemic conditions, 

Panx1 channels have demonstrated to be active151,166 and NO expression acts as a secondary 

messenger/protein-modifying molecule, suggesting that nitrosylation of Cys40 and Cys346 

may act as a negative regulatory mechanism of Panx1 channels in the vasculature223. Taken 

together, the cysteine residues 40 and 346 of Panx1 may be affected by s-nitrosylation and/or 

oxidation regulating channel function.  

1.7 Pannexin 1 as a Driver for Tumourigenesis 

Membrane channel proteins have been implicated in many aspects of tumourigenesis, 

including proliferation, cell survival, gene regulation, transcription, apoptosis, invasion, 

metastasis, and angiogenesis. Thus, understanding how the various protein channels function 

in this capacity and in specific tumour types and subtypes could constitute novel therapeutic 

options for cancer patients. Panx1 has been demonstrated to have a role in driving 

tumourigenesis in glioma224, breast162, melanoma161,163, hepatocellular carcinoma225, colon226, 

multiple myeloma227, leukemia228, prostate179, gallbladder229, and rhabdomyosarcoma230 

which can be summarized below in Table 2.  
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Table 2: PANX1/Panx1 is Implicated in a Wide-Variety of Human Cancers 

Cancer Type PANX1 Expression Effect on Tumourigenesis 

Rhabdomyosarcoma Low PANX1 expression 

PANX1 re-introduction into 

RMS cell lines alleviates RMS 

malignant properties through 

non-canonical channel 

functions 

Neuroblastoma Panx1/Panx2 expressed 

Panx1 and Panx2 expressed in 

Murine NB N2a cell line; 

treatment with PBN reduced 

N2a proliferation 

Melanoma High Panx1 expression 

Decrease Panx1 expression 

stimulates melanocytes 

differentiation 

Breast 
PANX1 expression; PANX11-89 

truncation observed 

PANX11-89 truncation in breast 

cancer associated with both 

increased metastatic potential 

and PANX1 channel activity 

when co-expressed with WT 

PANX1 

Testicular High Panx1 expression 

Panx1 expression correlates 

with ERK1/2; treatment with 

PBN reduces malignant 

properties 

Colon Panx1 expression 

Interacts with LXR, caspase-1, 

P2X7 through PANX1 

associated ATP release 

Leukemia Panx1 expression 

Expression has shown to 

induce channel activity after 

caspase-3 clavage 

Gallbladder 
Decreased expression in gallbladder 

adenocarcinoma; 
Not determined 

Hepatocellular 

carcinoma 

Low in non-metastatic cancer 

High in metastatic cancer 

PANX1 may regulate 

metastatic process through 

channel associated function 

Glioma Panx1 expression 

Panx1 serves as a tumour 

suppressor; ATP release 

associated to activation of 

P2X7 
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Multiple Myeloma High Panx1 expression 

Panx1 expression high across 

MM cell lines; effect not 

examined 

Prostate 
Panx1 expression is high in prostate 

cancer cell lines 

Impacts intraluminal calcium 

levels; regulating calcium 

signalling 

 

Panx1 was first described to have tumour-suppressive effects in C6 glioma cells224. 

Future studies indicated that endogenous expression of PANX1 in human gliomas resulted in 

regulation of intercellular biochemical interactions which are vital for glioma formation231. In 

particular, Panx1 channels serve as ATP release channels that stimulate P2X7 receptors, 

upregulating actinomyosin function which has been shown to drive stability of tumour 3-D 

structure231,232. Furthermore, knockdown of PANX1 in human U87-MG glioma cells reduces 

cell proliferation224, suggesting that PANX1 is vital in the regulation of glioma progression. 

Additional cancers such as hepatocellular carcinoma (HCC), a frequent form of liver 

cancer, was shown to have a 4-fold increase in PANX1 expression in a highly metastatic HCC 

cell line, Hca-F225. This study compared expression to that found in a stable, low-metastatic, 

HCC cell line Hca-P, suggesting that PANX1 may be vital for cancer aggressiveness and 

metastasis225. An upregulation of PANX1 gene expression can also be seen in human multiple 

myeloma (MM)227. PANX1 is also expressed in prostate cancer179, and over-expression of 

PANX1 reduced intraluminal calcium, suggesting that PANX1 regulates calcium levels in 

prostate cancer179. PANX1 has also been found to be downregulated in gallbladder 

adenocarcinomas, while being expressed in normal human gallbladder epithelium229. 
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To further establish a role for PANX1 in tumourigenesis, PANX1 was examined in 

colon cancer. Liver X receptors (LXRs) have been shown to induce caspase-1 dependent 

proptosis through activation of NLRP3 and subsequent activation of P2X7 receptors through 

ATP stimulation226. This study correlated that activation of P2X7 receptor to ATP release 

through PANX1 channels226. LXRβ, which is found in the cytoplasm, was shown to mediate 

ATP release through PANX1 channels, which was inhibited by treatment with an LXR 

antagonist, T0901317226. In leukemia, PANX1 expression was found to be upregulated as 

compared to control T-cells228. Interestingly, treatment of these cells with pro-apoptotic 

chemotherapeutic drugs, such as topoisomerase II-kinase and proteasome inhibitors, activated 

the proteolytic cleavage of Panx1 by caspase-3228. Thus, Panx1 channels are activated after 

treatment with various chemotherapeutic agents228.  

 In human breast cancer, there is neither an upregulation nor downregulation of PANX1. 

Instead, a gain-of-function mutation of PANX1 forms an 89 aa peptide (PANX11-89) in breast 

cancer tissue162. While expression of PANX11-89 itself has no channel activity, co-expression 

of this peptide leads to enhanced endogenous PANX1 channel activity162. The resultant 

increase in ATP release and purinergic signalling promotes breast cancer cell survival and 

metastatic spread162. Through intravenous tail-vein injections, expression of PANX11-89 was 

shown to enhance breast cancer metastasis to the lungs162. This suggests that both changes in 

PANX1 expression as well as mutations in PANX1 may contribute to cancer tumourigenesis 

or metastatic potential.  

 Panx1 has also been studied in melanoma. As compared to normal melanocytes, 

heightened expression of Panx1 was found in aggressive melanoma cell lines B16-F0, B16-

F10, and B16-BL6161. Furthermore, reducing Panx1 expression in these cell lines through an 
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siRNA targeting knockdown approach resulted in an increase in normal melanocyte 

characteristics including increased melanin production, decreased cell migration, and 

increased cellular projections161. Furthermore, reduced tumour progression, tumour size, and 

metastatic potential was observed in an in vitro tumour growth assay161. In addition, treatment 

of melanoma cells with PANX1 channel inhibitors, PBN and CBX, resulted in decreased cell 

proliferation and increased melanin production, which resulted in reduced tumour proliferation 

and metastasis in chicken embryo xenografts163. In this setting, it was suggested that PANX1 

may play a role in Wnt/β-catenin signalling as reduced Panx1 expression paralleled a reduction 

in β-catenin expression163. Panx1 channel inhibitors have also been used to show reduced cell 

proliferation of N2a cells, a murine NB cell line, which expresses Panx1233.  Recently, these 

PANX1 channel inhibitors have also been demonstrated to reduce migration and invasion in 

I-10 testicular cancer cells234. In testicular cancer, increased Panx1 expression and channel 

activity was correlated to expression p-ERK1/2234. As a result, targeting PANX1 channel 

activity may constitute novel therapeutic strategies in cases of NB, melanoma, breast, and 

testicular cancers.  

Our lab has recently demonstrated that PANX1 inhibits rhabdomyosarcoma 

progression through a mechanism independent of it canonical channel function230. We showed 

that re-introduction of PANX1 into rhabdomyosarcoma cell lines Rh18 and Rh30, which have 

low PANX1 levels, resulted in a significant decrease in their malignant properties in vitro and 

in vivo230. While all prior studies, including those related to tumourigenesis, have indicated 

that PANX1’s effect is mediated through its channel function, often related to ATP release, 

this was the first study to demonstrate a channel independent function for PANX1. In this 

setting, PANX1 tumours suppressive effect was mediated by PANX1 downstream signalling 
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independent of its channel function, as PANX1 channel null mutants had a similar effect as 

compared to wild-type PANX1230.  

Taken together, many studies have established a clear role for PANX1 in 

tumourigenesis related to its expression level and channel activity. Furthermore, we have 

shown that PANX1 also affects cancer progression through novel non-canonical channel 

functions that have yet to be fully elucidated. Thus, PANX1’s role in tumourigenesis is 

complex and only recently beginning to be uncovered.  

1.8 Project Rationale 

 Panx1 has been shown to be expressed in the murine neuroblastoma cell line N2a, and 

the use of PBN resulted in a decrease in N2a cell proliferation. Furthermore, melanoma (a 

cancer derived from a similar NC cell progenitor) expresses PANX1 in which inhibition of its 

channel function via CBX and PBN reduces its tumourigenic profile in mice163. As 

summarized below in Figure 5, our lab has demonstrated that PANX1 was present in human 

NB tumour specimens, where its increased expression correlated with more undifferentiated 

tumours, as well as being present in seven neuroblastoma cell lines derived from high-risk 

patients. Interestingly, PANX1 channels were active in all patient-derived neuroblastoma cell 

lines as demonstrated by dye uptake assay and could be inhibited by either CBX or PBN. 

Furthermore, the use of the PANX1 channel blockers, CBX or PBN, resulted in decreased NB 

cell proliferation and cell viability, and increased apoptosis. In in vitro tumour growth assays, 

PANX1 channel inhibition decreased tumour formation and, in some cases, induced 

regression. In pre-clinical xenograph mouse models, blockage of PANX1 channels decreased 

tumour growth and significantly increased mean survival. Taken together, this suggests 
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PANX1 channel inhibition constitutes a novel therapeutic target for neuroblastoma patients. 

(Unpublished data; M-E St-Pierre, S. H. Holland et al.).  

 

Figure 5: PANX1 inhibition with F.D.A approved pharmacological inhibitors constitutes a novel 

therapeutic approach for NB: Normally as described above, neural tube cells release neural crest progenitor 

cells which undergo differentiation into chromaffin cells and sympathetic ganglion. In NB, this differentiation 

process fails. Our lab has shown that NB expresses active PANX1 channels and that treatment of NB in vitro 

decreases NB cell proliferation and, induces apoptosis. Treatment with CBX and PBN furthermore reduced NB 

tumour growth and in some cases initiated their regression in vitro and reduced tumour growth and increased 

survival in vivo (unpublished data; M-E. St-Pierre, S.H Holland et al.)  

  

From this study, we speculated that PANX1 may be regulated differently in NB as compared 

to healthy tissues. Consistent with this, a higher molecular weight (~50 kDa) PANX1  

immunoreactive band was detected in NB tumour specimens and NB cell lines but absent in 

neuronal controls as shown in Figure 6.  
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Figure 6: A higher molecular weight PANX1 immunoreactive species is detected in high-risk patient 

derived cell lines and NB tumour specimen: A) PANX1 protein levels in seven high-risk patient derived NB 

cell lines indicated expression of 4 PANX1 species (Gly0, Gly1, Gly2, 50 kDa). This 50 kDa species remained 

undetected in control human neuronal lysates. Protein expression was analyzed via Western blot using PANX1 

targeting antibodies (1:000) and a loading control of tubulin (1:2000) (N=3). B) PANX1 protein levels in six NB 

tumour specimens. Less differentiated tumours denoted as undifferentiated (U) as compared to more 

differentiated (D) tumours. A similar four PANX1 immunoreactive bands are noted. Protein expression was 

analyzed via Western blot using PANX1 targeting antibodies (1:000) and a loading control of tubulin (1:2000) 

(N=1) - (Unpublished data; M-E St-Pierre, S. H. Holland et al.). 

1.8 Hypothesis 
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Post-translational modifications and/or mutations in Pannexin 1 (PANX1) contribute 

to the malignant phenotype of neuroblastoma. 

1.9 Research Aims 

1) Characterize the PANX1 species expressed in neuroblastoma. 

2) Assess whether PANX1 post-translational modifications in neuroblastoma affect its 

localization and channel function, and promote a malignant phenotype. 

3) Assess whether mutations of PANX1 in neuroblastoma affect its channel function. 
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2.0 Materials and Methods 

2.1 Cell Culture 

 HEK293T and ad293 (a gift from Dr. Dale Laird laboratory at Western University, 

London, ON, Canada) cells were cultured in 10cm plates using complete medium (DMEM 

high glucose (HyClone, #SH30022.01), 10% Fetal Bovine Serum (Sigma-Aldrich, #F1051-

500,), 1% glutamine (Fisher, #SH3003401), 1% penicillin/streptavidin (Fisher #SV30010). 

Neuroblastoma cell lines (a kind gift from Dr. Bob Korneluk’s laboratory at Children’s 

Hospital of Eastern Ontario, Ottawa, ON)) GI-M-EN, GI-L-IN, IMR-32, LAN-1, SK-N-AS, 

SK-N-Be(2) and SH-SY5Y were maintained in 10cm plates using DMEM high glucose 

complete medium. Lastly, 293TN (System Bioscience #LV900A-1) cells were maintained 

using DMEM high glucose complete medium supplemented with 1% sodium pyruvate (Gibco 

#11360070). Doxycycline-inducible control (scramble sequence) and PANX1-knockdown 

(shPANX1) NB cells (TRIPZ Inducible Lentiviral shRNA kit (#RHS5087-EG24145, 

Dharmacon, Chicago, IL)) were maintained in complete DMEM high glucose medium. 

PANX1 knockdown was induced by treating cells with 2ug/mL doxycycline (#D9891, Sigma-

Aldrich, Oakville, ON).  All cell cultures were maintained at 370C and 5% CO2.  

2.2 Plasmids and Transfections 

 PANX1-myc/ddk vector (Origene, #RC204474) was obtained to express PANX1. This 

construct was also utilized for site-directed mutagenesis to produce the myc-Y10F, myc-

N255A and PANX11-99 constructs. For other experiments, Cuo-PANX1-GFP vector was 

produced as described in230. For the dephosphorylation experiments, a Cx43 expression 

plasmid (a gift from Dr. Dale Laird laboratory at Western University, London, ON, Canada) 
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was used. For transfection control, an eGFP-pCDNA3.1 plasmid was used (a gift from Dr. 

Richard Beliveau laboratory at Ste-Justine Hospital, Montreal, QC, Canada). 

Cells were transfected using Lipofectamine 2000 (#52887, Life Technologies, 

Carlsbad, CA) as per the manufacturer’s protocol. Unless otherwise stated, all cell experiments 

were performed 48hrs post-transfection.  

2.3 Site Directed Mutagenesis  

 Using the Quikchange site-directed mutagenesis kit (Agilent Technologies, #200518), 

PANX1 tagged with myc-ddk (tagging at C-terminal tail of Panx1), described as myc-PANX1, 

was mutated to produce the Y10F (myc-Y10F), N255A (myc-N255A) and PANX11-99 

mutants. Using the Quikchange Primer Design, specific primers were designed. For myc-Y10F 

the following primers were used Fwd 5’-CCGAGAACACGAACTCCGTGGCCAGGTG-3’ 

and Rev 5’- CACCTGGCCACGGAGTTCGTGTTCTCGG-3’. For myc-N255A the following 

primer was utilized Fwd 5’- GCATCAAATCAGGGATCCTGAGAGCCGACAGCACCGT-

3’ and Rev 5’-ACGGTGCTGTCGGCTCTCAGGATCCCTGATTTGATGC -3’. For 

PANX11-99 the following primers were used Fwd 5’-

TGCAGAGCGAGTCTTGAAACCTCCCACTGT-3’ and Rev 5’-

ACAGTGGGAGGTTTCAAGACTCGCTCTGCAG-3’. Each primer set was diluted to 50µM 

using PCR grade H2O. 

The control PCR reaction was prepared by combining 10X reaction buffer, 10ng of 

pWhitescript 4.5kB control plasmid (5ng/µL), 125ng of oligonucleotide primer #1 and #2 (34-

mer (100ng/µL), 1uL of dNTP mix, 39.5µL of PCR grade H2O to a final volume of 50µL and 

1 µL of PfuTurbo DNA polymerase (2.5 U/µL) was added for the reaction. To produce the 
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PANX1 mutants, 10x Reaction Buffer, 30ng of myc-ddk tagged PANX1 backbone, 125ng of 

respective primers, 1 µL of dNTP mix and PCR Grade H2O to a final volume of 50µL and 1µL 

of PfuTurbo DNA polymerase (2.5 U/µL) was added for the reaction. The PCR reaction was 

then placed in a thermocycler (which one) and set for the following cycle: initial denaturation 

950C for 30 seconds, and 12 cycles of denaturation at 950C for 30 seconds, annealing at 55oC 

for 1 minute, extension at 68oC for 6.1 minutes (1min per kb).  

After the reaction was completed, the reaction was placed on ice for 2 minutes. 1 µL 

of Dpn I (10 U/µL) was added to each amplification reaction and incubated at 37oC for 1 hour 

to digest the parental strand. Bacterial transformations were performed with XL1-Blue super-

competent (Agilent Technologies #200236) cells followed by amplification under antibiotic 

(kanamycin) selection and mini-prep (QIAGEN #27106) DNA extraction. Mutants were 

verified by sequencing at the Toronto SickKids Center for Applied Genomics.  

2.4 Cell Lysis and Western blotting 

 Cell lysates were obtained as previously described136,230,235 using 2X IP lysis buffer 

(1% Triton X-100 (Fisher #AC327371000), 150mM NaCl (Fisher #BP358), 10mM Tris-base, 

1mM EDTA (Sigma #E5134), 1mM EGTA (Sigma #E3889), 0.5% NP-40 (Fluka #74385), 

pH 7.4) which was supplemented with PhoSTOP phosphatase inhibitor (Roche 

#04906837001) and cOmplete ULTRA protease tablets ((Roche #04693159001) unless 

otherwise stated). Protein concentrations were determined by microBCA (Pierce #23227). 

Samples were separated by SDS-PAGE (100V for 15 minutes then at 120V for 115-

125minutes) and then transferred to PVDF membrane (BioRad #10026933. After the transfer, 

PVDF membranes were blocked in Odyssey Blocking Buffer (Li-Cor #LIC927-40003) for 1 

hour at room temperature. Membranes were then incubated with desired primary and 
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secondary antibodies (see section 2.15) and scanned using the Odyssey CLx Imaging System 

(Li-Cor). Immunoblots were quantified using ImageStudio software.  

2.5 Deglycosylation Assays  

 To assess which PANX1 species are glycosylated in NB, a protein deglycosylation kit 

(New England Biolabs #P6044S) was used as per the company’s protocol. Cell lysates (100ug) 

from HEK293T, SH-SY5Y, SK-N-Be(2) cells transfected with PANX1 (untagged) were used. 

As per company protocol, control reaction (without (-) glycosidases) was prepared using dH2O 

instead of the deglycosylation enzymes mix. Lysates were then analyzed via Western blot. 

To assess the glycosylation status of PANX1, lysates from HEK293T cells transfected 

with myc-PANX1 were treated with N- and O-linked glycanases from a deglycosylation 

enzyme kit and extender kit (Prozyme #GK80110 & #GK80115). As per the company’s 

protocol, lysates were incubated with N-Glycanase, O-Glycanase, Sialidase A, β(1,4) 

Galactosidase, or β-N-Acetylglucosaminidase. The negative control (without (-) the respective 

enzyme) was prepared using dH2O to substitute each glycosidase. 50µg of treated cell lysates 

were then examined by Western blot.  

To assess glycosylation status of myc-Y10F and myc-N255A, HEK293T cells were 

transfected with each respective DNA construct, as well as with myc-PANX1, and incubated 

with PNGaseF (New England Biolabs #P0704S) as per company’s protocol. 50µg of treated 

cell lysates were then examined by Western blot.  

2.6 Dephosphorylation Assay  

 A lambda protein phosphatase (λ-PP) kit was used to assess phosphorylation status of 

PANX1 as described in207, using a λ-PP kit (New England Biolabs #P0753S). To summarize, 
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HEK293T cells transfected with PANX1 (untagged), SH-SY5Y and SK-N-Be(2) lysates were 

incubated with as per kit instructions. Lysates prepared in the absence of phosphatase 

inhibitors were incubated at 60oC for 1hr with λ-PP. Lysate from HEK293T over-expressing 

Cx43 was used as a positive control. Samples were then examined via Western blot.  

2.7 Immunofluorescence 

HEK293T cells were plated on coverslips (Fisher #12-545-80) coated with 100µg/mL 

of rat-tail collagen (Corning #354236) and then transfected with myc-PANX1, myc-Y10F or 

myc-N255A constructs. After 48hrs, HEK293T cells were fixed using 3.7% paraformaldehyde 

for 20 minutes at room temperature. Cells were blocked/permeabilized in 2% Bovine Serum 

Albumin (Sigma-Aldrich #A7906) and 0.1% Triton X-100 in PBS for 45 minutes at room 

temperature. Cells were washed three times with PBS and then incubated with anti-Myc 

(1:100, Cell Signalling #2276S) at room temperature for 1hr. Cells were again washed three 

times with PBS and incubated with anti-rabbit 488 (1:500, Life Technologies, catalog number) 

at room temperature for 1hr. Finally, cells were washed three times with PBS, then with dH2O, 

and mounted with Fluromount-DAPI (SouthernBiotech #0100-20). High resolution images 

were acquired by confocal microscopy (Olympus Fluoview FV-1000 Laser Confocal 

Microscope) using a 100X objective lens with oil. High resolutions images were acquired 

sequentially with the microscope setting kept constant.  

2.8 Cell Surface Biotinylation Assay  

 1.0 x 106 HEK293T cells were seeded in duplicate for cell surface biotinylation in 10cm 

plates and then transfected with either myc-PANX1, myc-Y10F or myc-N255A in duplicate. 

Forty-eight hours post-transfection, cells were washed with chilled PBS (containing 
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phosphatase and protease inhibitors). One set of cells (+) was incubated with biotin (0.5mg/mL 

biotin (EZ-LinkTM NHS-Biotin (ThermoFisher #20217)) in PBS containing phosphatase and 

protease inhibitors) for 20 minutes at 40C, while the other set (-) was incubated with PBS 

(containing phosphatase and protease inhibitors). To quench the biotin, cells were washed with 

100mM Glycine (Fisher #BP-3815) (dissolved in PBS) and incubated for 15 minutes at 40C. 

After this reaction, cells were washed with PBS (containing phosphatase and protease 

inhibitors) and then lysed with 500µL of 2x IP Lysis Buffer. Total protein concentration of 

each sample was assessed by a BCA assay.  

 Lysates (1 mg) were incubated with 50µL of NeutravidinTM agarose beads (Pierce 

#29200), and placed on a rotary platform overnight. Beads were then pelleted at 2000 RPM 

for 5 minutes at 40C. The supernatant was collected for analysis. The pellet was washed 3 

times with 2x IP lysis buffer and then with PBS. After the final wash the supernatant was 

discarded, and the pellet was combined with 50µL of 2x sample loading buffer and heated at 

100oC for 5 minutes. For the input and supernatant samples, 50µg were submitted for Western 

blotting analysis using anti-PANX1. For a biotin internalization control, anti-GAPDH was 

used. For a pulldown efficiency control, anti-EGFR was used. All antibodies were dissolved 

in Odyssey Blocking Buffer.   

2.9 Dye Uptake Assay 

 Dye uptake was performed as described in156. Ad293 cells were used for this assay has 

they have increased adherence compared to HEK293T cells. 5.0x104 cells were plated in 

duplicate in 35mm plates, which were then transfected with either eGFP, myc-PANX1, myc-

Y10F, or myc-N255A. To assess the effect of the PANX11-99, cells were co-transfected with 

either pcDNA3.1 and myc-PANX1, pcDNA3.1 and PANX11-99, myc-PANX1 and PANX11-
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99; compare to pcDNA3.1 alone. A 50uM high potassium solution (60mM NaCl, 50mM KCl 

(Sigma #P-9333), 1.4mM CaCl2 (Alfa Aesar #89866), 1.0mM MgCl2 (Sigma #M2670), 10mM 

HEPES (Sigma #H3375), pH 7.4), and a 5uM low potassium solution (145mM NaCl, 5mM 

KCl, 1.4mM CaCl2, 1.0mM MgCl2, 10mM HEPES , pH 7.4). Cells were pre-exposed to their 

respective conditions (high or low potassium) for 10 minutes at 37oC.  Then cells incubated in 

high or low potassium solutions containing 2 mg/mL sulfurhodamine B dye (Molecular Probes 

#31307) for 30 minutes at 37oC in the absence or presence of PBN (1 mM;Invitrogen #P36400) 

or CX (100 uM; Sigma-Aldrich #C4790). Cells were washed carefully and then examined 

using a fluorescent microscope (Life Technologies – EVOS FL Auto). Ten randomized 

pictures were taken with phase (exposure setting 2mS; 0.0 gain) and TxRed (exposure setting 

85mS; 0.0 gain) of each condition and quantified using the ImageJ software. Cells were lysed 

and subjected to Western blot analysis to normalize for protein expression. Channel activity is 

reported as dye uptake incidence by dividing the proportion of cells that showed dye uptake in 

high potassium solution to the proportion of cells that showed dye uptake in low potassium 

solution for each condition.  

2.10 Cell Proliferation Assay  

 Cells (2.0 x 105-4.0 x 105 cells per well) were plated in a 6 well plates containing 

collagen-coated coverslips and transfected with eGFP, myc-PANX1, myc-Y10F, or myc-

N255A. After 24hrs, the medium was replaced with starvation medium (DMEM High Glucose 

+ 1% FBS + 1% Glutamine + 1% Pen/strep). SK-N-Be(2), GI-L-IN, IMR-32 and GI-M-EN 

cells were then incubated with a 1:100 solution of BrdU Labelling Reagent (ThermoFisher 

#000103) in complete medium for three hours, while LAN-1 cells were incubated for fours 
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hours, and SH-SY5Y and SK-N-AS cells for six hours. The difference in labelling time was 

due to the different growth rates among the NB cell lines.  

Cells were then fixed in 3.7% paraformaldehyde for 20 minutes at RT and processed 

for BrdU labeling. Following blocking and permeabilization, the cells were incubated with 2N 

HCl (Fisher #HX0603-3) for 30 minutes at room temperature. Cells were washed with PBS 

and then incubated with a BrdU antibody (1:50) diluted in blocking buffer (what is it?)  for 1 

hour at room temperature. Cells were washed with PBS and incubated with an Alexa-Fluor 

mouse-594 (1:500) secondary antibody for 1 hour at room temperature. Cells were washed in 

PBS and incubated with anti-myc (1:100) diluted in blocking buffer for 1 hour at room 

temperature. Cells were washed with PBS and then incubated with rabbit 488 (1:500) diluted 

in blocking buffer for 1 hour at room temperature. Coverslips were washed and mounted with 

Fluoromount G-DAPI.  

 Images were taken using a fluorescent microscope (EVOS FL Auto- Life 

Technologies) using a 20x objective lens. Ten randomized images were obtained of each 

coverslip. ImageJ was then used to count BrdU and transfected positive cells. Data are 

presented as the mean of percentage of BrdU-Postive and transfection positive cells +/- the 

standard deviation  

2.11 Anoikis Assay 

 Anoikis resistance was assessed as described in236 with modification. Untransfected 

cells or cells (2.0 x 106 cells) transfected with myc-PANX1, myc-Y10F, myc-N255A, or eGFP, 

were plated on 6 well plates pre-coated with concentration 1.2% Poly(2-hydroxyethyl) 

methacrylate dissolved in 95% ethanol (Sigma #P3932) (Poly-HEMA) Cells were collected at 
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0hr, 1hr, 3hrs, 5hrs and 8hrs following plating on Poly-HEMA. The number of total, live, and 

dead cells was counted (Countess,Invitrogen)). The remaining cell suspension was pelleted, 

lysed, and stored at -80C. Data are presented as the live cell count number calculated each time 

point +/- standard deviation.  

2.12 Mutation Scans for PANX11-99 and Intron Mutation  

 Genomic DNA was isolated from GI-M-EN, GI-L-IN, IMR-32, LAN-1, SK-N-AS, 

SK-N-Be(2) and SH-SY5Y using a QIAamp DNA Mini Kit (QIAGEN #51304) and DNA 

concentration was measured using a nanodrop (ND-100 Spectrophotometer). Primers were 

developed to allow for amplification of regions upstream and downstream of suspected mutant 

site obtained through isolation of genomic DNA from NB cell lines. For the splice mutation 

Fwd 5’-GCCTGTAAGAAGCGTATGCT-3’ Rev 5’-TAGACTCCCGTAGCCTCTGC-3’ 

primers were used. For PANX11-99 Fwd 5’-TCCACGCTTGCCTCTTGAAT-3’ Rev 5’-

ACAGCACTGGTTGGCTACAA-3’ primers were used. For the PCR reactions, 150pg of 

genomic DNA was combined with 2x Master Mix (Fisher #PRM7502), 1µM primer mix and 

nuclease free water to a solution volume of 20µL. PCR reaction was ran as followed using a 

thermocycler (BioRad – T100 Thermo Cycler): initial denaturation 95oC for 2 minutes, 

denaturation 95oC for 30 seconds, annealing temperature 580C for 30 seconds, extension 72oC 

for 1 minute and 20 seconds, 45 cycles and a final extension at 720C for 5 minutes. Samples 

were analyzed on a 1% agarose gel using PANX1-CuO-GFP as a positive control for 

amplification. For PANX1-99 a PCR purification (QIAGEN #28104) step was performed to 

isolated amplified DNA for sequencing. For the splice mutation, gel extraction (QIAGEN 

#28704) was performed to isolated amplified DNA for sequencing. Sequencing was performed 

at TCAG Toronto SickKids Center of Applied Genomics using 100ng of DNA per sample.  
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GI-M-EN, GI-L-IN, IMR-32, LAN-1, SK-N-AS, SK-N-Be(2) and SH-SY5Y cell 

lysates have also been analyzed by Western blot using an antibody against the N-terminal 

domain of  PANX1.  

2.13 Characterization of PANX11-99 mutant 

 SK-N-Be(2), SH-SY5Y, and HEK293T cells were transfected with PANX11-99. 

Fourty-eight hours post-transfection, cells were treated with 10µM of MG132 (Sigma 

#M8699) or DMSO (vehicle control) for 8hrs. Cell were then lysed and analyzed by Western 

blot using a PANX1 antibody recognizing its N-terminal domain. 

2.14 Antibodies  

 For Western blot analysis, all primary antibodies were diluted in the Odyssey blocking 

buffer containing sodium azide. PANX1 (Sigma-HPA016930) recognizes the C-terminal of 

PANX1 and was used for Western blot and immunofluorescence analysis unless otherwise 

stated; PANX1 (Cell Signalling-D9M1C-#91137) recognizes the N-terminal of PANX1 and 

was used for Western blot and immunofluorescence analysis unless otherwise stated; anti-

connexin-43 (Sigma #C6219) was used as a positive control for dephosphorylation; anti-EGFR 

(A-10) (Santa Cruz #sc-373746) was used as a pulldown control for the cell surface 

biotinylation assay; anti-Myc (rabbit) (71D10) (Cell Signalling #2276S) and anti-Myc (mouse) 

(9B11) (Cell Signalling #2278S) were used intermittently throughout my experiments; anti-

GAPDH (Advanced Immunology #2RGM2) was used as a loading control for Western 

analysis and biotin internalization control for the cell surface biotinylation assay; anti-BrdU 

(ZBU30) (Fisher #03-3900) was used to assess cell proliferation; and anti-GFP was from Santa 

Cruz (#sc-9996).  Secondary antibodies anti-rabbit 488 (Invitrogen #A11017, #A11009) and 
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anti-mouse 594 (Life Technologies #A11012) were used for immunofluorescence studies, 

while anti-rabbit 680 (Invitrogen #A21109)) and anti-mouse (Molecular Probes #A11045) 

were used for Western blot analysis.  

2.15 Statistics 

 Statistical significance was determined using unpaired, two tailed Student’s t-tests and 

analysis of variance (ANOVA) followed by post-Bonferroni test. Results with P < 0.05 were 

considered significant (*P value < 0.05; **P value < 0.01; ***P value < 0.001). 
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3.0 Results 

3.1 The ~50 kDa band detected by anti-PANX1 antibodies in NB corresponds to PANX1 

 Preliminary data from our laboratory revealed that PANX1 and PANX2 is expressed 

in NB tumour specimens and high-risk patient-derived cell lines (unpublished; St-Pierre et al., 

2019). Interestingly, while PANX1 was also detected in control neurons by Western blotting, 

its banding pattern was strikingly different as a band at around ~50 kDa was found in all cell 

lines, but not in neurons. In neurons, PANX1 is detected in its classic form as three molecular 

weight species, representing Gly0, Gly1 and Gly2. However, expression of PANX1 in NB cell 

lysates and tumour specimens revealed an additional higher molecular weight species, at ~50 

kDa (Figure 6A and 6B). Henceforth, to examine whether the ~50 kDa species detected in NB 

is PANX1-specific, PANX1 expression was knocked down using doxycycline-inducible 

PANX1 shRNAs in NB cells. As seen in Figure 7A, treatment with 2ug/mL doxycycline over 

a course of 4 days resulted in an increase in RFP expression in both the scrambled shRNA 

(shCTL) and shPANX1 expressing cell lines. PANX1 levels were decreased after treatment 

with 2 ug/mL doxycycline over the course of four days in GI-M-EN (Figure 7B). Total PANX1 

levels were decreased significantly by 63±7.77% compared to the cells expressing shCTL 

(Figure 7C). As the levels of the ~50 kDa species also decreased by 55±4.32 % (Figure 7C), 

this indicated that the ~50 kDa band corresponds to a PANX1 species.  
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Figure 7: ~50 kDa PANX1 species detected in NB is PANX1-specific: A) The doxycycline-inducible knockdown system 

contains a RFP protein downstream of the shCTL and shPANX1 sequences. Treatment with 2 µg/mL doxycycline induced 

RFP expression in both shCTL and shPANX1 transfected cells. B) PANX1 levels were measured by Western blot using a 

PANX1 antibody that targets the C-terminal of PANX1. While there was no change over the time course with shCTL, 

shPANX1 showed a reduction in PANX1 protein levels. C) Densitometry demonstrated that while the total PANX1 protein 

levels in shCTL expressing SK-N-Be(2) cells remained unchanged, shPANX1 expressing SK-N-Be(2) cells displayed a 62% 

reduction in total PANX1 protein (N=3; P-value >0.001=***). D) Similarly, densitometry demonstrated a 52% reduction in 

total PANX1 protein in SK-N-Be(2) cells expressing shPANX1, while levels remained unchanged in control shCTL cells 

(N=3; P-value >0.001=***).  
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3.2 The ~50 kDa PANX1 species is modified by glycosylation 

 To assess whether the ~50 kDa PANX1 species is modified by glycosylation, NB cell 

lysates were treated with a combination of O- and N-linked glycosidases. Since PANX1 is a 

known glycoprotein and murine Panx1 has been confirmed to be modified by N-linked 

glycosylation, we used HEK293T (devoid of pannexins) expressing ectopic mouse Panx1 as a 

positive control. As seen in Figure 8A, when lysates from HEK293T expressing Panx1 were 

treated with O- and N-linked glycosidases, PANX1 was reduced to one lower molecular 

weight species. Similar results were obtained using SK-N-Be(2) and SH-SY5Y cell lysates 

(Figure 8A). These results indicate that the ~50 kDa PANX1 species is glycosylated.  

 In order to assess whether the higher molecular weight of this PANX1 species is due 

to phosphorylation, lysates from HEK293T cells expressing PANX1 were treated with λ-PP 

and submitted to western blot analysis. As a positive control, lysates from HEK293T cells 

expressing Cx43 were used237. While Cx43 displayed two higher molecular weight phospho-

species, these were not detected after treatment with λ-PP (Figure 8B). No apparent banding 

pattern change was observed for PANX1 expressed in HEK293T cells (Figure 8C). Similar 

results were obtained using SK-N-Be(2) and SH-SY5Y, which express PANX1 endogenously 

(Figue 8C). This results suggest that phosphorylation of PANX1 does not mediate a molecular 

banding pattern shift in NB. 
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Figure 8: Glycosylation impacts the molecular weight banding pattern of PANX1 species in NB. A) PANX1-expressing 

HEK293T and NB (SK-N-Be(2) and SH-SY-5Y) cell lysates were treated with a mixture of N- and O-linked glycanases. As 

shown by western blotting, following treatment with glycanases, all PANX1 species migrated to one lower molecular weight 

species (Gly0). The ~ 50 kDa PANX1 species expressed in NB also migrated further following treatment with glycanases 

indicating that this species is glycosylated. (B) As expected, treatment of Cx43-expressing HEK293T cell lysates with lambda 

phosphatase (λ-PP) resulted in a shift of molecular weight species. (C) However, no change in PANX1 banding pattern was 

observed when lysates from HEK293T cells ectopically expressing PANX1, or NB cells were treated with λ-PP. 
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3.3 Computational analysis reveals sites of PANX1 PTMs 

 In silico analysis of the PANX1 sequence revealed many candidate PTM sites that 

could potentially modulate PANX1 localization and modulate channel activity. As seen in 

Figure 9A, PhosphoSite Plus (www.phosphosite.org) PTM sites were identified which 

included sites of glycosylation, phosphorylation, acetylation, s-nitrosylation, ubiquitination, 

and caspase cleavage which have been identified by mass spectroscopy screens or through 

individual published manuscripts. The current understanding of the PANX1 lifecycle suggests 

that Panx1 is modified by N-linked glycosylation at N254 which alters channel function and 

localization. It has been predicted but not confirmed through sequence homology between 

Panx1 and PANX1 that PANX1 is modified by N-linked glycosylation at N255. Since the ~50 

kDa PANX1 species detected in NB phenotype is glycosylated, understanding the role of 

PANX1 glycosylation in NB is imperative. Interestingly, mass spectroscopy analysis of NB 

phosphorylated proteins revealed that PANX1 is phosphorylated at Y10238. This modification 

is intriguing as there are few reported modifications that occur at the N-terminal domain of 

PANX1 and this modification was identified in the patient-derived NB cell line SK-N-Be(2). 

 Assessing NB tumour specimens using the Catalogue of Somatic Mutations in Cancer 

(COSMIC), cBioPortal for Cancer Genomics, Integrative Onco Genomics (Intogen), and 

International Cancer Genome Consortium (ICGC) revealed two PANX1 mutations, which are 

predicted to form truncated peptides. A missense mutation detected at c.295G>T translates 

into a 99 aa PANX1 peptides. This mutation is located near the end of the second exon of 

PANX1. Interestingly, a patient who expressed this mutant was listed as a 2yr old female with 

stage 4 NB which is currently in remission (COSMIC). The second mutation is a splicing 

mutation that occurs at the 4th exon splice acceptor site at c.546-2A>T. Computational analysis 

http://www.phosphosite.org/
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of this sequence predicts the formation of a 181 aa truncated peptide. Each of these peptides 

lack the predicted glycosylation site and lack additional predicted sites of PTM such as caspase 

cleavage, Ser/Thr/Tyr predicted phosphorylation, S-nitrosylation sites attached to the C-

terminal, etc. 
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Figure 9: Four potential sites of modification appear in NB. A) Computational mutants revealed three potential alterations 

(2 PTMS and 1 mutation) to PANX1 that will be of focus for my Master’s Thesis. The first one is a phosphorylation site of 

PANX1 at Y10 that was identified in the NB cell line SK-N-Be(2)238. The second one is the predicted glycosylation site of 

PANX1, N255. The third one is predicted to be an early missense mutation detected in NB tumour specimens (COSMIC) that 

would generate a truncated peptide of 99 aa: PANX11-99. B) A topology map displays the location of these PTMS and 

mutation. Figure modified from133.  
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3.4 Characterization of myc-Y10F and myc-N255A expression and localization prolife 

In order to assess the role of PANX1 phosphorylation on Y10 and glycosylation on 

N255 (Figure 9B), two PANX1 mutants were generated: Y10F and N255A, respectively. It is 

important to note that to differentiate between endogenous PANX1 expression in the NB cell 

lines, PANX1 mutants have been engineered to express a myc-ddk tag at their C-terminus. 

These two mutants were first expressed in HEK293T cells as these cells are devoid of pannexin 

expression. As expected, western blot analysis of myc-PANX1 revealed a classic Gly0, Gly1, 

and Gly2 banding pattern where Gly2 was the most prominent band (Figure 10A). Myc-Y10F 

in HEK293T was detected as only two species detected at the same molecular weight than 

Gly0 and Gly1 (Figure 10A). Myc-N255A was detected as a single band, likely corresponding 

to Gly0 (Figure 10A).  These results suggest an intracellular localization of myc-Y10F and 

N255A PANX1 mutants. To further characterize these PANX1 mutants, immunofluorescence 

microscopy was thus performed to examine their localization pattern in vitro. As shown in 

Figure 10B, myc-PANX1 was detected at the plasma membrane, as well as in intracellular 

compartment when expressed in HEK293T cells. However, the myc-Y10F PANX1 mutant 

predominantly displayed intracellular localization. On the other hand, the myc-N255A mutant 

could be detected at the cell surface but seemed to show more intracellular localization.  
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Figure 10: Expression and localization pattern of myc-Y10F and myc-N255A PANX1 mutants. A) Myc-PANX1 is 

detected as three main molecular weight species, likely Gly0, Gly1, and Gly2, myc-Y10 was detected as two lower molecular 

weight species, while the N255A mutant was detected as only one species (N=3). B) HEK293T cells were transfected with 

either myc-PANX1, myc-Y10F, or myc-N255A and were visualized using anti-myc (green; white arrows). While myc-

PANX1 was mainly detected at the cell surface but could also be seen in intracellular compartments, the Y10F and N255A 

seem to display less plasma membrane localization and more intracellular staining. Blue = nuclei; bars = 10 µM. 
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3.6 Limited localization of the myc-N255A mutant at the cell surface. 

In order to quantify the amount of the PANX1 mutants compared to wild-type PANX1, 

cell surface biotinylation assays were performed using Ad293 cells after ectopic expression of 

myc-PANX1, myc-N255A, or myc-Y10F. As shown in Figure 11A and 12A, myc-PANX1 

was detected at the cell surface. While myc-N255A could also be detected at the cell surface, 

there was a reduction in the proportion detected at the plasma membrane compared to that of 

myc-PANX1 (Figure 11B and C). While there was also a reduction in the proportion of the 

Y10F detected at the cell surface (Figure 12B and C), it was not statistically significant when 

compared to myc-PANX1. 
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Figure 11: Limited localization of the myc-N255A mutant at the cell surface. A) Ad293 cells expressing ectopic myc-

N255A or myc-PANX1 were submitted to cell surface biotinylation assays followed by western blot analysis. GAPDH was 

used as negative control (intracellular protein), while EGFR was used as a plasma membrane protein positive control. B) 

Absolute PANX1 levels at the cell surface and C) relative PANX1 levels at the cell surface were calculated (N=4; P-value 

<0.05  = *) 
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Figure 12: Localization of the Y10F mutant at the cell surface is similar to that of PANX1. A) Ad293 cells expressing 

ectopic myc-Y10F or myc-PANX1 were submitted to cell surface biotinylation assays followed by western blot analysis. 

GAPDH was used as negative control (intracellular protein), while EGFR was used as a plasma membrane protein positive 

control. B) Absolute PANX1 levels at the cell surface and C) relative PANX1 levels at the cell surface were calculated (N=4; 

n.s. = non significant). 
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3.7 Myc-Y10F PANX1 mutant is glycosylated, but not myc-N255A. 

In order to determine whether N255 is the sole glycosylation site of PANX1, lysates 

of myc-N255A-expressing HEK293T cell lysates were treated with various N- and O-linked 

glycanases and compared to that of myc-PANX1. Lysates of HEK293T cells expressing the 

Y10F mutant were also similarly treated to characterization its glycosylation status.   

To confirm that myc-PANX1 is glycosylated solely by N-linked glycans, myc-PANX1 

HEK293T cell lysates were treated with O-glycanase, sialidase A, N-glycanase, β(1,4) 

Galactosidase, or β-N-Acetylglucosaminidase. Following treatment with N-Glycanase, which 

cleaves all N-linked complex hybrid and/or high mannose oligosaccharides, the Gly2 and Gly1 

species of myc-PANX1 were no longer detected (Figure 13A). O-linked glycanases such as 

Sialidase A, O-Glycanase, β(1,4) Galactosidase, and β-N-Acetylglucosaminidase did not 

affect the banding pattern of myc-PANX1. This data confirms previous reports that PANX1 is 

solely N-linked glycosylated133,235,239–241. Based on this, the glycosylation status of myc-Y10F 

and myc-N255A was assessed using the global N-linked glycanase enzyme called PNGaseF. 

As expected, treatment with PNGaseF caused all glycosylation species of myc-PANX1 to 

migrate to Gly0 (Figure 13B). The myc-Y10F PANX1 mutant also migrated as Gly0 following 

deglycosylation treatment, suggesting that the Y10F mutant is glycosylated with high mannose 

species. On the other hand, there was no change in the banding pattern of the myc-N255A 

mutant after treatment with PNGaseF, suggesting that the sole glycosylation site of human 

PANX1 is N255.  
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Figure 13: Myc-Y10F PANX1 mutant is glycosylated, but not myc-N255A. 

A) PANX1 is N-linked glycosylated as treatment with O-linked glycanases did not cause any shift in its banding pattern. 

However, treatment with an N-Glycanase caused all glycosylated species to migrate to Gly0 (N=3). B) As predicted 

glycosylation site of PANX1, N255 is confirmed to be the location of glycosylation as treatment with PNGase F (N-linked 

glycanase) did not affect the apparent molecular weight of the myc-N255A PANX1 mutant. Furthermore, following treatment 

with PNGaseF, the myc-Y10F mutant is detected as a Gly0 species suggesting that it is glycosylated. Figure needs to be fixed: 

it is not ‘B’ for the last two enzyme names but beta. 
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3.8 The myc-Y10F shows reduced channel activity 

 To assess the channel function of the myc-Y10F and myc-N255A mutants, PANX1 

channels were activated by high potassium concentration using Ad293 cells. As expected, 

myc-PANX1 showed a significant increase in dye uptake when stimulated with high potassium 

(50 mM), but not when a low concentration (5 mM) was used (Figure 14A). The increase in 

dye uptake was significantly inhibited by the PANX1 channel blockers CBX and PBN (Figure 

14A) indicating that the dye uptake measured was PANX1 specific. This assay was then used 

to examine the channel activity of the myc-N255A and Y10F mutants.  Expression of myc-

N255A resulted in a decrease in channel activity (approximately 42%) when compared to that 

of myc-PANX1. However, this effect was not statistically significant. Similar to myc-PANX1, 

the channel activity of the N255A mutant was inhibited by CBX and PBN. On the other hand, 

expression of myc-Y10F completely abolished PANX1 channel activity (Figure 14B).  

 



57 
 

  

Figure 14: The myc-Y10F PANX1 mutant shows reduced channel activity, A) Ad293 cells ectopically expressing myc-

PANX1 or eGFP were submitted to a dye uptake assay in high potassium or low potassium conditions in the presence or 

absence of CBX (100 uM), PBN (1 mM), or the saline vehicle control. Dye uptake incidences in high potassium and low 

potassium conditions were quantified (N=3; *** P=<0.001). B) Myc-Y10F and myc-N255A were assessed for channel 

activity in the same conditions as described in (A). Myc-Y10F, but not the N255A mutant, shows a significant reduction of 

channel activity when compared to that of myc-PANX1 (N=3; # P=<0.05 comparison to myc-PANX1 control, ** P= <0.01 

comparison of myc-PANX1 and inhibitors, * P =<0.05 comparison to myc-N255A control). 
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3.9 Expression of myc-Y10F and myc-N255A PANX1 mutants decreased NB cell 

proliferation in vitro 

 To assess the effect that phosphorylation and glycosylation of PANX1 has on NB cell 

proliferation, 5-bromo-2’-deoxyuridine (BrdU) incorporation assay was performed in all 7 

patient-derived NB cell lines (Figure 15A and B) in which myc-PANX1 and myc-tagged 

mutant expressing cells were detected using anti-myc (green). BrdU-positive cells were 

counted in myc-expressing cells only. As shown in Figure 15B, in most NB cell lines 

expression of myc-PANX1 had no effect on cell proliferation when compared to wild-type 

cells or control transfected cells (eGFP). Expression of myc-Y10F and N255A PANX1 

mutants significantly reduced the proliferation of all 7 NB cell lines when compared to their 

wild-type counterpart or cells expressing eGFP.  The effect of the Y10F mutant on cell 

proliferation was more pronounced than that of myc-N255A. 
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Figure 15: Expression of myc-Y10F and myc-N255A reduces NB cell proliferation in all seven high-risk patient-derived 

cell lines. A) SK-N-Be(2) cells were transfected with myc-PANX1, myc-Y10F, or myc0N255A. These cells, together with 

wild-type cells and cells expressing eGFP were subjected to a BrdU incorporation assays. Myc was labeled in green, while 

BrdU was detected in red. Bars = 100µM; Blue = nuclei. B) BrdU-positive cells were counted. In cells expressing myc-

PANX1 or the myc-tagged mutants, BrduU-positive cells were counted only in transfected cells (myc). Data are expressed as 

the % of BrdU-positve cells (* indicates P value <0.05; *** indicates P value is <0.001).  
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3.10 Expression of myc-Y10F and myc-N255A PANX1 mutants reduces the metastasis 

potential of NB in vitro  

NB is one of the most highly metastatic tumours in childhood with metastases in bones, bone 

marrow, lymph nodes, skin, and liver50. In order to assess metastatic potential in vitro, cells 

were kept in suspension over a period of 8 hours and viable cells were then counted. Again, 

our seven NB cell lines were used here, as well as HEK293T cells. As shown in Figure 16, 

viability of HEK293T cells decreased over the 8-hour period, while the viability of the 7 

malignant NB cell lines was unaffected or even slightly increased. In all cases, expression of 

the myc-N255A and myc-Y10F mutants significantly decreased the viability of cells kept in 

suspension for 8 hours, suggesting a reduction of metastatic potential of NB cells. 



61 
 

 

Figure 16: Expression of myc-Y10F and myc-N255A PANX1 mutants reduces NB metastatic potential in vitro A) 

HEK293T and our seven-patient derived NB cell were kept in suspension over a period of 8 hours and the number of live 

cells was then counted. Cells were ectopically expressing myc-PANX1, myc-Y10F, or myc-N255A and compared to cells 

expressing eGFP or their wild-type counterparts. In all cell lines, expression of the Y10F and N255A mutants significantly 

reduced cell viability when kept in suspension. Data are expressed as number of live cells (* indicates P value <0.05;** 

indicates P value <0.005, *** indicates P value is <0.001). 
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3.11 Characterization of PANX11-99 truncated peptide expression 

 One PANX1 mutation that has been found in NB specimens is a missense mutation at 

c.295G>T predicted to generate a 99 aa peptide of ~10 kDa.  In order to examine if any of our 

patient-derived NB tumour cell lines express this mutation, primers were produced to flank 

upstream and downstream of the mutation site and genomic DNA was amplified by PCR. PCR 

products were purified and sent for sequencing using the TCAG Center for Applied Genomics 

(Toronto SickKids). However, this PANX1 mutation was not found in our NB cell lines.  

Since PANX11-99 was not expressed in any of our NB cell lines, site-directed 

mutagenesis was performed to engineer the PANX11-99 construct. In order to start assessing 

the effect of this mutation, PANX11-99 was transiently transfected into HEK293T, SK-N-

Be(2), and SH-SY5Y. Its expression was then examined by western blotting using a 

commercially available PANX1 antibody recognizing a portion of N-terminal domain (98% 

homology to the PANX11-99). As shown in Figure 17A, PANX1-99 was successfully expressed 

at ~10 kDa after 48hrs post-transfection. As data from our lab suggests that PANX1 can be 

degraded by the proteasome, we next assessed the effect of proteasomal degradation on the 

levels of PANX1-99. PANX1-99 levels increased after treatment with the proteasomal inhibitor 

MG132, suggesting that its levels are regulated by proteasomal degradation (Figure 17B).  
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Figure 17: Characterization of PANX11-99 truncated peptide expression. A) PANX11-99 is detected as a ~10 kDa species 

in HEK293T, SK-N-Be(2), and SH-SY5Y cell lines using an anti-PANX1 antibody recognizing an epitope at the N-terminal  

domain of PANX1 (N=3). B) Inhibition of proteasomal degradation by MG132 treatment increased PANX11-99 levels (N=3).   
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3.12 Co-expression of PANX1-99 with PANX1 causes reduced channel activity 

 To assess the channel activity of PANX11-99, a high potassium (50 mM) induced dye 

uptake assay was performed as described earlier. Interestingly, a smaller truncated peptide 

PANX11-89 resulted in a significant increase in PANX1 channel activity when co-expressed 

with PANX1162. In order to determine whether the PANX11-99 peptide has a similar effect, 

Ad293 cells expressing PANX11-99 and/or myc-PANX1 were incubated in high (50 mM) and 

low (5 mM) potassium solutions and assessed for dye uptake. As shown in Figure 18, 

expression of myc-PANX1 resulted in a significant increase in dye uptake. The dye uptake of 

cells expressing PANX11-99 however was similar to those expressing a control vector. While 

these results suggest that PANX11-99 does not form active channels at the cell surface, when 

co-expressed with myc-PANX1, PANX1-99 significantly decreased PANX1 channel activity.  
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Figure 18: Co-expression of PANX11-99 with myc-PANX1 results in reduced channel activity in ad293 cells. A) Ad293 

cells were co-transfected with myc-PANX1 + pcDNA3.1, PANX11-99 + pcDNA3.1, pcDNA3.1, or myc-PANX1 + PANX11-

99 and submitted to dye uptake assays in high or low potassium conditions. Data are expressed as dye uptake incidence (N=3; 

*** P=<0.001 comparison to myc-PANX1 (high potassium); α P=<0.05 comparison to myc-PANX1 + PANX11-99; βββ 

P=<0.001 to myc-PANX1 in both high and low potassium conditions). 
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4.0 Discussion 

 Previous work from our laboratory investigated the role of PANX1 channels in NB. 

We have shown that PANX1 is expressed in our seven NB tumour specimens and patient-

derived NB cell lines and that inhibiting PANX1 channel function using the clinically-

approved drugs, PBN and CBX, inhibits NB progression in vitro and in vivo (unpublished data; 

St-Pierre, Holland, et al.). Interestingly, we observed that while PANX1 was also detected in 

control neurons by western blotting, its banding pattern was strikingly different as a band at 

around ~50 kDa was found in all NB cell lines, but not in neurons (shown in Figure 6A and B 

of the introduction). These data suggested that PANX1 may be differentially modified by post-

translational modifications (PTMs) in NB. To investigate whether this ~50 kDa species is 

PANX1 specific, a doxycycline-inducible shRNA system was used to knockdown PANX1 

expression. ShRNA targeting PANX1 successfully reduced the known Gly0, Gly1, and Gly2 

forms of PANX1 as well as the ~50 kDa species indicating that the ~50 kDa species also 

corresponds to PANX1. Using deglycosylation enzymes, we have shown here that this ~50 

kDa PANX1 species is glycosylated. Interestingly, PANX1 has been identified as a potential 

biomarker for traumatic brain injury and concussion patients171. PANX1 is significantly 

increased in blood serum after brain impact has occurred and its levels strongly and negatively 

correlated with the Glasgow Coma Scale (designed in 1974, provides a practical method for 

assessment of impairment in level of consciousness in response to certain stimuli)171. Thus, it 

would be of great interest to fully characterize the ~50 kDa PANX1 species, examine its role 

in NB, and determine whether it could constitute a novel prognostic indicator for NB patients.   

 Murine Panx1 is glycosylated at N254175,204,235,241,242 and based on sequence homology, 

human PANX1 is predicted to be glycosylated at N255. Interestingly, Y10 phosphorylated 
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PANX1 peptides were isolated in a mass spectroscopy screen performed in NB by Palacios-

Moreno et al., 2015238. After examination of PANX1/Panx1 sequence in various species, Y10 

appears to be highly conserved. In order to examine the role of these PTMs in regulating 

PANX1 expression, channel activity, and function in NB, the myc-tagged N255A and Y10F 

were engineered. Myc-N255A was detected as one PANX1 species by western blotting, Gly0, 

while myc-Y10F was detected as two PANX1 species, Gly0 and Gly1. Gly0 represents an 

unglycosylated PANX1 species found in the ER, Gly1 represents a high-mannose PANX1 

species that can be found in the ER and Golgi apparatus, Gly2 is a complex glycosylated 

species thought to be localized to the plasma membrane136,185. Based on this, one can suspect 

that the levels of the N255A and Y10F mutants at the cell surface may be minimal as both lack 

the Gly2 species. Immunofluorescence microscopy and cell surface biotinylation assays 

indicate that the levels of N255A mutant at the cell surface is reduced compared to that of 

wild-type PANX1.  While immunolocalization data suggest that the Y10F mutant is mainly 

localized in intracellular compartments, the cell surface biotinylation experiments did not show 

a statistically significant difference when compared to that of PANX1. The profile of the Y10F 

mutant by western blot and immunofluorescence studies strongly suggest that its localization 

at the cell surface is highly reduced. These experiments were done 48 hours post-transfection. 

However, since it was noticed that the expression of the Y10F construct induced cell death at 

this time point, cell surface biotinylation assays were performed 24 hours post-transfection to 

prevent entry of biotin into the dying cells. At this time point, Y10F localization at the cell 

surface was reduced but not statistically significantly. All together, these results suggest that 

glycosylation at N255 and phosphorylation at Y10 regulate PANX1 cell surface localization.  
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 The present study confirmed that presence of N-linked glycosylation of PANX1 after 

treatment with N-Glycanase and PNGaseF. N255 appears to be the sole glycosylation site of 

PANX1, as this mutant is detected as only one species that does not migrate further following 

treatment with N-linked glycan PNGaseF. On the other hand, the myc-Y10F is glycosylated 

as our western blot analysis revealed that while it is detected as two bands (Gly0 and Gly1) it 

migrated further into one single band following treatment with PNGaseF. Based on what is 

known about mouse Panx1, these results would suggest that the myc-Y10F mutant is 

glycosylated to the high mannose species (Gly1). This finding may suggest that 

phosphorylation on Y10 is part of the process leading to the PANX1 complex glycosylated 

species Gly2 and localization at the cell surface. Panx1 trafficking to the cell surface has been 

shown to be regulated by N-linked glycosylation and a Sar1-mediated COPII dependent 

manner185. Furthermore, Panx1 interacts with actin microfilaments through its C-terminus 

regulating Panx1 cell surface localization185.  

 Furthermore, we have shown that myc-Y10F and myc-N255A mutants have reduced 

channel activity when compared to that of myc-PANX1. This reduction in channel activity of 

the myc-N255A mutant may be due to its decreased localization at the plasma membrane, as 

evidenced by our cell surface biotinylation assay. Mutation of the Y10 site abolished PANX1 

channel activity as the channel activity of the myc-Y10F mutant was not further diminished in 

the presence of CBX or PBN. These results may suggest that Y10 phosphorylation is essential 

for PANX1 channel activity. In the conditions in which dye uptake was assessed (24 hours 

post transfection), there was a slight reduction in myc-Y10F at the cell surface when compared 

to myc-PANX1 but this was not statistically significant. Phosphorylation on Y10 may thus 

directly regulate PANX1 channel function. However, based on the banding pattern seen by 



69 
 

western blotting 48 hours post transfection, we cannot exclude an effect on localization at the 

cell surface. Since unpublished data from our laboratory revealed that inhibition of PANX1 

channels inhibits NB progression in vitro and in vivo, the effect of expressing the myc-N255A 

and myc-Y10F on NB cell proliferation was examined. We found that expression of myc-

Y10F and myc-255A, in NB results in reduced cell proliferation in all seven patient-derived 

NB cell lines. We have also found that expression of myc-N255A and more so myc-Y10F 

reduced the viability of NB cell when kept in suspension, suggesting is a reduction in 

metastatic potential. Thus, further exploration into the role of these PTMs in NB and the 

identification of the molecular mechanisms involved in the glycosylation and/or 

phosphorylation of PANX1 may open potential therapeutic avenues. 

 Interestingly, computational analysis of PANX1 interactors using PathwayNet 

(www.pathwaynet.princeton.edu) identified several potential glycosylating enzymes that may 

modulate PANX1 glycosylation. Some of these include α-1,3-mannosyl-glycoprotein 2-β-

acetylglucosaminyltransferase (MGAT1), α-1,3-mannosyl-glycoprotein 4-β-

acetylglucosaminyltransferase (MGAT4B), collagen β(1-O) galactosyltransferase 

(GLT25D1), and UDP-Glucose glycoprotein glycosyltransferase 1 (UGGT1). MGAT1 and 

MGAT4B serve as mannosyl transferases that could glycosylate PANX1 into the Gly1 high 

mannose species. GLT25D1 and UGGT1 on the other hand may function in the generation of 

the Gly2 complex glycosylated species. GLT25D1 encodes for an α1-2 glucosyltransferase 

enzyme243,244. UGGT1 serves as endoplasmic reticulum quality control and adds additional 

glucose moieties to N-linked glycoproteins, promoting solubility from the ER245,246. Notably, 

UGGT1 serves as trafficking correction from the ER246. In terms of assessing phosphorylation 

at Y10, several computational databases are available to examine for candidate kinases. 
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Indeed, NetPhos 3.1 revealed that Y10 may be phosphorylated by Src, Insulin Receptor 

(INSR), and Epidermal Growth Factor Receptor (EGFR). KinasePhos2 revealed additional 

potential kinases such as the Src family tyrosine kinase, Fgr; anaplastic lymphoma kinase 

(ALK), platelet derived growth factor receptor (PDGFR), Bruton’s tyrosine kinase (BTK), 

proto-oncogene (Ret), insulin growth factor receptor 1 (IGF1R), Ephrin receptor (EPH), Janus 

kinase 2 (JAK2), tyrosine kinase 2 (TYK2), proto-oncogene, (Fes), Zeta chain of T-cell 

receptor associated protein (ZAP70), fibroblast growth factor receptor 1 (FGFR1) and proto 

oncogene (Lyn). Interestingly, it has been previously reported that Src phosphorylates PANX1 

at tyrosine 198 (Y198) at the plasma membrane regulating its channel activity208,209. Src has 

also been linked to Panx1 phosphorylation at Y308, which was required for Panx1 channel 

activation during excitotoxicity207. In NB, Src family kinases have been shown to be highly 

expressed compared to control CNS tissues247,248. Furthermore, recent therapeutic 

advancements showed that inhibiting Src family kinase activity using SI 34 and bosutinib 

reduces NB tumour growth rate, suggesting that Src activity may modulate the NB malignant 

phenotype249,250. JAK2 on the other hand activates STAT3 activity, which is increased in NB 

tumours251. In NB, JAK/STAT3 signalling activates interleukin-6 (IL-6) which aids in the 

ability of NB cells to migrate and invade bone marrow as metastases252,253. Treatment with 

sorafenib, which inhibits JAK2 activity, reduced NB growth and activated apoptotic 

pathways254. ALK has been implicated in NB pathogenesis through the acquisition of point 

mutations located in its kinase activity domain. ALK gain-of-function mutations result in 

increase activity, which may contribute to PANX1 phosphorylation in the NB 

phenotype59,76,81. As Y10 of PANX1 has shown to be phosphorylated in NB, and the present 

study shows that preventing its phosphorylation by site-directed mutagenesis reduces NB 
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proliferation and metastatic spread, targeting this phosphorylation site may have therapeutic 

potential for patients with NB.  

While PANX1 can be modified by PTMs, analysis using the COSMIC database 

revealed two PANX1 mutation sites. The first site is a splicing mutation before the 4th and 

largest exon produced a 181 aa peptide (PANX11-181) and the second is a missense mutation 

in the 2nd exon producing a 99 aa peptide (PANX11-99). In order to study the role of PANX11-

99 in NB, a PANX11-99 construct was generated using site-directed mutagenesis. PANX11-99 

was detected as a ~10 kDa protein and its levels were increased following treatment with the 

proteasome inhibitor MG132. While PANX1 is thought to be degraded mainly via the 

lysosomal pathway206, our data suggest that PANX11-99 can be degraded by the proteasome. 

Interestingly, a missense mutation producing PANX11-89 is expressed in highly metastatic 

breast cancer cells and increased channel activity when co-expressed with PANX1162 

promoting breast metastatic spread162. As opposed to PANX11-89, our data revealed that, when 

co-expressed with myc-PANX1, PANX11-99 reduced PANX1 channel activity. One possible 

explanation for this is that PANX11-99 contains ten additional amino acids, as compared to that 

of PANX11-89, which correspond to the exact sequence of the PANX1 mimetic peptide channel 

inhibitor, 10Panx1. As the expression of PANX11-89, reported in Furlow et al, does not contain 

the 10Panx1 inhibitor sequence, this may explain the lack of inhibitory action of this peptide in 

their study. Based on our data suggesting that inhibition of PANX1 channel activity inhibits 

NB malignant properties, expression of PANX11-99 may be beneficial for NB patients. In order 

to test this possibility, the effect of PANX11-99 on NB progression in vitro and in vivo would 

need to be examined. 
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While the mechanism by which PANX1 channel activity promotes NB progression 

needs to be further investigated, it likely involves ATP release.  PANX1 associated channel 

activity has been established to promote proliferation, through metabotropic and ionotropic 

receptors194,255. Most notably, extracellular ATP efflux by PANX1 results in the activation of 

P2Y1, which are coupled to Gq modulating intracellular calcium and cAMP concentrations211. 

As explained above, increases in intracellular calcium can further activate PANX1 

channels178,179. In lung cancer, increased extracellular ATP activates P2X and P2Y receptors, 

which induces increased cytosolic calcium concentration256. This rise in cytosolic calcium 

been shown to increase the ratio of anti-apoptotic/pro-apoptotic proteins Bcl-2/Bax, which 

promote cell survival, and progression into the vasculature256. Furthermore, PANX1 activity 

has been implicated in breast cancer metastasis. As mentioned above, highly metastatic breast 

cancer cells express a truncated PANX11-89 peptide, which has been shown to increase PANX1 

channel activity and promote breast cancer metastasis162. In human and murine melanoma, 

PANX1/Panx1 levels are up-regulated and inhibiting PANX1/Panx1 channels reduce ATP 

release, triggers melanoma differentiation into a melanocytic phenotype, and reduce tumour 

growth161,163.  

In conclusion, we have found that the ~50 kDa PANX1 species expressed in NB 

patient-derived cell lines, but not in neurons, corresponds to a PANX1 glycosylated species. 

We have further assessed the implications of PANX1 PTMs in regulating its channel function 

in NB and the potential downstream biological effects. Indeed, our data revealed that 

glycosylation of PANX1 at N255 and phosphorylation at Y10 regulate PANX1 channel 

function, as well as the proliferation and metastatic potential of NB cells in vitro. These data 

suggest that preventing glycosylation at N255 and/or phosphorylation at Y10 may have 
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therapeutic potential. We have also found that the PANX1 mutation leading to the expression 

of PANX11-99 could potentially be beneficial for NB patients as its co-expression with myc-

PANX1, reduced PANX1 channel activity. Based on the importance of PANX1 channel 

activity in regulating NB malignant properties, future studies should focus on elucidating the 

PANX1 interactome, the molecular pathways that lead to PANX1 glycosylation on N255 and 

phosphorylation on Y10, as well as further examine the effects of PANX11-99 on NB tumour 

growth and metastatic spread in vivo.   
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