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ABSTRACT

The ubiquitous pannexin 1 (Panx1) ion- and metabolite-permeable channel mediates the release
of ATP, a potent signalling molecule. Here we present striking evidence that ATP, in turn,
stimulates internalization of Panx1 to intracellular membranes. These findings hold important
implications for understanding the regulation of Panx1 when extracellular ATP is elevated. In the
nervous system this includes phenomena such as synaptic plasticity, pain, precursor cell
development and stroke; outside of the nervous system this includes things like skeletal and
smooth muscle activity and inflammation. Within 15 min, ATP led to significant Panx1 —EGFP
internalization. In a series of experiments, we determined that hydrolyzable ATP is the most
potent stimulator of Panx1 internalization. We identified two possible mechanisms for Panx1
internalization, including activation of ionotropic purinergic (P2X) receptors, and involvement of
a putative ATP-sensitive residue in the first extracellular loop of Panx1 (W74). Internalization
was cholesterol-dependent, but clathrin, caveolin and dynamin independent. Detailed analysis of
Panx1 at specific endosome sub-compartments confirmed that Panx1 is expressed in endosome
membranes of the classical degradation pathway under basal conditions, and that elevation of
ATP levels diverts a subpopulation to recycling endosomes. This is the first report detailing
endosome localization of Panx1 under basal conditions and the potential for ATP regulation of
its surface expression. Given the ubiquitous expression profile of Panx1 and the importance of
ATP signalling, these findings are of critical importance for understanding the role of Panx1 in
health and disease.

Summary: ATP stimulates internalization of Panx1. This novel finding raises important
considerations with regards to Panx1 surface stability in diverse scenarios in which ATP can be
rapidly elevated in the extracellular space.

Running title: ATP stimulates pannexin 1 internalization

Keywords: pannexin 1 / pannexinl / ATP / endocytosis / trafficking / endosomes
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INTRODUCTION

Six individual pannexin 1 (Panx1) proteins come together to form channels that facilitate the
regulated passage of Ca®" and small molecules across the plasma membrane in cells throughout
the body [1]. Panx1 channels are perhaps best known for their association with ATP release from
cells and can be opened by several stimuli including mechanical stretch and depolarization of the
plasma membrane. ATP, in turn, is a key signalling molecule that acts through various purinergic
receptors to modulate a number of important signalling events.

The ubiquitously expressed Panx1 is particularly enriched in the nervous system in
developing [2, 3] and mature neurons [4, 5], and astrocytes [6, 7]. There is a growing body of
evidence that Panx1 plays key roles in regulating synaptic plasticity [8, 9] and neural cell
responses to oxygen and glucose deprivation [10, 11]; recently reviewed in [12] and [13]. The
factors regulating Panx1 surface expression in neural cells and therefore its influence on synaptic
plasticity and neurobiology are poorly understood.

In the course of our studies on Panx1 in neural precursor cells and neurons, we observed
a sizeable, stable sub-population of Panx1 on intracellular membranes, consistent with reports
from several other groups studying both neural and non-neural cell types [14-17]. Whether this
population resulted from diversion from the secretory pathway or internalization (retrograde
trafficking) of mature Panx1 from the plasma membrane was unknown. We reasoned that stable
intracellular expression resulting from retrograde Panx1 trafficking would require a stimulus that
is episodically released from cells. ATP fits this criterion: it is constitutively released in episodic
bursts from many types of neural cells [18, 19]. Here we tested the prediction that elevated
extracellular ATP stimulates Panx1 internalization.

METHODS

Cell Culture - Mouse Neuro2a (N2a) neuroblastoma cells (procured from the A.T.C.C.) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with 10% FBS,
100 units/mL penicillin, and 100 ug/mL streptomycin (all obtained from Gibco/Life
Technologies). Human Embryonic Kidney (HEK)293T cells (procured from the A.T.C.C.) were
cultured in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 ug/mL
streptomycin. Where indicated, N2a and HEK293T cells were transfected using jetPEI reagent
(Polyplus transfection/VWR) according to the manufacturer’s protocol.

Plasmids - A mutant Panx1—W74A—EGFP plasmid was created by site-directed
mutagenesis of the Panx]1—EGFP plasmid [20] with the following primers (forward: 5°-
CGAGTTCTTTCTCCGCGCGACAGGCTGCCTTTG-3’; reverse:
5’"CAAAGGCAGCCTGTCGCGCGGAGAAAGAACTCG-3’) using the QuikChange II site-
directed mutagenesis kit following manufacturer’s protocols (Agilent Technologies) and
confirmed by sequencing (Eurofins MWG Operon). Where indicated, N2a cells stably
expressing equivalent levels of Panx]1—EGFP or Panx1—W74A—EGFP were maintained in
DMEM/F12 containing 10% FBS, and 100 units/mL penicillin, 100 pg/mL streptomycin, and
400 pg/mL geneticin 418 (all obtained from Gibco/Life Technologies).

Antibodies - Primary antibodies used were anti-GFP (1:500, Roche Applied Science),
anti-B-actin (1:160,000; Sigma-Aldrich) anti-early endosome antigen 1 (EEA1; 1:200, Cell
Signaling Technology Inc.), anti-lysosomal-associated membrane protein 1 (Lampl; 1:200), anti-
caveolin-1 (Cav-1; 1:100, Novus Biologicals LLC), anti-clathrin heavy chain (1:50; Novus
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Biologicals LLC), anti-Ras-related protein Rab14 (Rab14; 1:400, Abcam Inc.), anti-Rab4 (1:200,
BD Biosciences), anti-mannose-6-phosphate receptor (M6PR; 1:100, Abcam Inc.), anti-Rab7
(1:200, Abcam Inc.), anti-Rab11 (1: 50, Santa Cruz Biotechnology) and anti-giantin (1: 500,
Lifespan Biosciences Inc.). The Panx1 primary antibody used was anti-Panx1 extracellular loops
2 (EL2; 1:200 [21]). Secondary antibodies included horseradish peroxidase (HRP)-conjugated
AffiniPure donkey anti-rabbit IgG and HRP-conjugated AffiniPure donkey anti-mouse IgG (both
at 1:4000; Jackson ImmunoResearch), Alexa Fluor® 647-conjugated AffiniPure donkey anti-
rabbit IgG (1:600; Jackson ImmunoResearch), Alexa Fluor® 568 donkey anti-mouse 1gG and
Alexa Fluor® 568 donkey anti-rabbit IgG (both at 1:600; Life Technologies).

Live and Fixed Cell Imaging: Cells were treated in media containing 20 ug/mL
cycloheximide (CHX; Sigma-Aldrich) for 8 h prior to experimental treatments. Confocal
imaging was performed with a Leica TCS SP8 confocal microscope and analysis was performed
with Leica Application Suite software (version 3.1.3). All imaging and quantification were
performed double-blinded to treatment conditions. Comparisons were made under identical
conditions. Confocal micrographs displayed as representative images were adjusted for contrast
uniformly using Adobe Photoshop for display purposes only; no contrast adjustments were made
prior to analysis. Stimulated Emission Depletion (STED) confocal microscopy [22] was
performed on a Leica TCS SP8 STED confocal microscope and deconvolution was performed
using the Huygens Professional Deconvolution software (Suite 15.05) [23].

Live Cell Panx1 Tracking - N2a cells stably expressing Panx1—EGFP were plated on
100 ug/mL poly-D-lysine (PDL)-coated eight-well chambered coverglass (Nunc LabTek/
ThermoScientific) and maintained at a temperature of 37 °C and 5 % COx.
Tetramethylrhodamine (TRITC)-conjugated wheat germ agglutinin (WGA; 1 ug/mL; Life
Technologies) was added 5 min prior to imaging. ATP (100 uM, 200 uM, 500 uM; Sigma-
Aldrich) or vehicle control (water) was added to individual wells and images were collected at 1-
min intervals for 30 min using a 20x (0.7 numerical aperture (NA)) objective. Quantification of
Panx1—EGFP fluorescence intensity to describe ‘intracellular Panx1’ was performed at time
zero and each 5-min interval thereafter, as follows: a polygonal trace was drawn 1 pm inside of
the peak WGA intensity at the cell periphery and the encapsulated average Panx1—EGFP
fluorescence intensity per pixel was computed (Figure 1). Data were normalized to values
obtained at time zero. N > 25 cells were analysed per experimental condition per biological
replicate. Only cells that were stable in the z-axis for the entire imaging window were counted.

Fixed Cell PanxI Localization - N2a cells stably expressing Panx1—EGFP were plated
on PDL-coated coverslips in 24 well plates. Cells were cultured and pre-treated briefly with
CHX as described above in the live cell confocal experiments. Where indicated, other stimuli or
drugs were added to the culture media, in the presence of CHX, including: 30 mM potassium
chloride (K, 10 uM Ca”" ionophore A23187, chemical oxygen glucose deprivation (OGD; 100
uM potassium cyanide and 1 ug/mL oligomycin), 100 uM or 500 uM 2°(3”)-O-(4-
benzoylbenzoyl) adenosine 5’-triphosphate triethylammonium salt (BzATP), 500 uM UTP Tris
salt, 500 uM adenosine-5’-(3-thio)-diphosphate trilithium salt (ADP@S; all obtained from
Sigma-Aldrich) or 500 uM adenosine-5’-(y-thio)-triphosphate tetralithium salt (ATPyS; Tocris
Bioscience). For the P2X7 or endocytosis inhibitor experiments, cells were pre-treated for 1 h
prior to 500 uM ATP or control treatment with 100 uM A438079 (Tocris Bioscience), or 10
ug/mL chlorpromazine (CLPZ), 1 ug/mL filipin I (Fil III), 10 mM methyl-f-cyclodextrin
(MBCD) or vehicle control (equal volume of DMSO; all endocytosis inhibitors obtained from
Sigma-Aldrich) respectively. Following ATP/control treatment, cells were fixed with 4%
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paraformaldehyde in PBS for 10 min. Coverslips were then incubated with primary antibodies in
antibody buffer (3% BSA, 0.3% Triton-X-100 in PBS) overnight at 4°C, washed and incubated
with corresponding fluorophore-conjugated secondary antibody and Hoechst 33342 nuclear
counterstain in antibody buffer for 1 h at room temperature, then washed and mounted in
VectaShield (Vector Labs). N > 50 cells were analysed per experimental condition per biological
replicate. Confocal images were obtained at 4x optical zoom in 1024 x 1024 format with a pixel
area of 71 nm” at room temperature using a 40x (1.3 NA) oil immersion objective as confocal z-
stacks and quantification was performed in the confocal plane displaying the largest central plane
of the nuclei in the region of interest. Intracellular Panx1 was quantified as described above (and
in Figure 1) and normalized to values obtained for vehicle-treated controls. STED imaging of
selected regions of interest was performed to support localization to specific compartments
obtained with conventional confocal microscopy with enhanced resolution. STED images were
obtained with a pixel area of 39 nm” using a 100X (1.4 NA) oil immersion STED white
objective. This allowed for a theoretical maximum resolution of approximately 80 nm prior to
deconvolution. Deconvolution removes aberrations and increases the contrast of the image
allowing for an increase in resolution by a factor of 1.5-2 [23]. Analysis of background speckular
structures (reflecting single antibody molecules or aggregates of antibody molecules) revealed an
apparent resolution of 42 nm.

Mechanism of Endocytosis - The co-distribution of Panx1 and proteins involved in
clathrin or caveolin-mediated endocytosis in either 500 uM ATP or vehicle control treated N2a
cells was evaluated using Pearson’s correlation coefficient for Panx1—EGFP and antibodies for
these proteins. Pearson’s correlation coefficient is a pixel-by-pixel measure of the covariance in
the intensities of two fluorophores. Pearson’s values can range from 1 for linearly related
distribution of two intensities to —1 for two intensities that have a perfectly inverse relationship, a
value of 0 reflects an uncorrelated relationship [24]. Following an 8 h CHX treatment, cells were
fixed at 30 min post-stimulus and co-distribution data were collected for each Panx1—EGFP-
positive cell in a region of interest within 1 um of any unopposed plasma membrane. The data
for > 50 cells was averaged for each biological replicate (N = 4). To assay for dynamin-
dependent endocytosis, stable Panx1—EGFP N2a cells grown on PDL-coated coverslips were
first incubated for 6 h in complete DMEM/F12 containing CHX. The cells were then rinsed and
incubated in DMEM/F12 containing CHX supplemented with 2 mg/mL BSA for 1 h (all at 37
°C). Cells were then incubated for an additional hour in DMEM/F12/CHX/BSA supplemented
with 80 uM Dynasore (Sigma-Aldrich) or DMSO control. Following this, cells were pre-
incubated at 4 °C for 10 min, then in the same media supplemented 80 uM Dynasore or DMSO
control and 25 ug/mL transferrin-Alexa Fluor 647 (Life Technologies) for an additional 45 min
at 4 °C. Cells were then rinsed in ice-cold DMEM/F12/CHX/BSA supplemented with 80 uM
Dynasore or DMSO control and fixed immediately or media was replaced with warm media
containing 500 uM ATP or vehicle control. Following a 30 min incubation period at 37 °C
(internalization period), cells were fixed, and intracellular Panx —EGFP and transferrin were
measured as described above.

Subcellular Distribution - The co-distribution of internalized Panx1—EGFP with
antibody markers for specific subcellular compartments was determined by analysis of confocal
micrographs with the Leica Application Suite software (version 3.1.3) Pearson’s correlation tool.
Following 8 h of CHX treatment, cells were fixed at 0.5, 1, and/or 2 h after 500 uM ATP
stimulus. Vehicle-treated cells (2 h) served as control. Panx1—EGFP -expressing N2a cells were
then immunostained with antibodies for subcellular compartment-specific markers. Images were
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obtained at 4x optical zoom in 1024 x 1024 format with a pixel area of 71.02 nm” at room
temperature using a 40x (1.3 NA) oil immersion objective as z-stacks and quantification was
performed in the confocal plane displaying the largest central plane of the nucleus (Hoechst
33342) in the region of interest. For this analysis we re-named the intracellular analysis region as
‘central’ and we added a 1 um thick region of analysis, termed ‘peripheral’, immediately outside
the ‘central’ region (and bounded by the plasma membrane) because early endosomes are
primarily located in the cell periphery (reviewed in [25]). The Pearson’s correlation coefficient
of Panx1—EGFP and antibodies for subcellular compartment-specific markers was determined
per cell in each region of interest. The data for > 50 cells were averaged for each biological
replicate (N = 4).

Western blotting — N2a cells stably expressing Panx1—EGFP were treated with CHX, as
described above in the live cell confocal experiments. Cells were either collected immediately (0
h) or stimulated with vehicle-control for 2 h or with ATP for 0.5, 1, or 2 h, and collected at the
endpoint. Cells were homogenized in a Tris-based lysis buffer (150 mM NacCl, 1.0% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0), supplemented with
protease inhibitor cocktail at 1 uL/10° cells (stock: 0.104 mM 4-(2-aminoethyl) benzenesulfoyl
fluoride hydrochloride, 0.08 mM aprotinin, 4 mM bestatin hydrochloride, 1.4 mM n-(trans-
epoxysuccinyl)-L-leucine 4-guanidinobutylamide, 2 mM leupeptin hemisulfate salt, 1.5 mM
pepstatin A; Sigma-Aldrich), PMSF at 2 uL/10° cells, sodium orthovanadate at 2 uL/10° cells,
and 1 mM EDTA and incubated on ice for 30 min. Homogenates were then passed through a 27-
gauge needle three times and centrifuged at 17500 g for 15 min. Supernatant was collected as
whole cell lysate. Samples were boiled (100 °C) for 20 min in SDS-PAGE loading dye under
reducing conditions (DTT and B-mercaptoethanol). Western analysis was performed as
previously described [2, 3, 26].

Reverse transcriptase-polymerase chain reaction (RT-PCR) - Total RNA was isolated
and first-strand synthesis (Superscript II; according to the manufacturer’s protocol; Life
Technologies) was performed followed by PCR using cycling parameters of 94 °C for 5 min, 35
cycles of 94 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 1 min, and a final step at 72 °C for 7
min for the following primers: 5° -CTTGGCCTTCATTGCGGGTA-3" ,5 -
GGAAGGCAAGACCATTAGGCA-3" defining a 100-bp Cav-2 amplicon, accession number
[GenBank: NM_016900] and 5" -TGGTGCTGAGTATGTCGTGGAGT-3" ,5" -
AGTCTTCTGAGTGGCAGTGATGG-3" defining a 292 bp glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) amplicon, accession number [GenBank: NM_008084.2], while the
cycling parameters of 94 °C for 5 min, 35 cycles of 94 °C for 30 sec, 53 °C for 30 sec, and 72 °C
for 1 min, and a final step at 72 °C for 7 min were used for the primers 5’-
CATGTCTGGGGGCAAATACG-3’, 5’-GTCGTTGAGATGCTTGGGGT-3’ defining a 184 bp
Cav-1 amplicon, accession number [GenBank: NM_007616.4].

Statistical Analysis - Western blot densitometry was quantified using ImageJ 1.45
(http://rsbweb.nih.gov/ij/index.html). Significance was determined using unpaired Student’s ¢
tests. Results from live cell imaging experiments were analysed using a two-way ANOVA for
time and treatment. Fixed cell confocal microscopy results were analysed using a one-way
ANOVA or a Student’s t test, where applicable. Data analysed using ANOV A were subsequently
subjected to a Dunnett’s post-hoc test, a multiple comparison procedure that compares all
treatments to a single control. All data are presented as mean + S.E.M.

RESULTS AND DISCUSSION
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We tracked the movement of Panx1 in response to ATP in living N2a cells (Figure 1).
These cells have a large cytoplasm to nucleus ratio, facilitating visualization of channel
internalization. To create a relatively homogeneous, relatively low level of Panx1—EGFP, we
established a Panx|—EGFP stable line that we pre-treated with the protein synthesis inhibitor
CHX to eliminate a potential confounding fluorescence signal from de novo Panx1—EGFP in
the secretory pathway (Figure 1A). We then used confocal microscopy to image Panx1—EGFP
trafficking dynamics over a period of 25 min in the presence of ATP (0, 100, 200, 500 uM;
Figure 1Bi). Supplementary Movie S1 clearly demonstrates the Panx1—EGFP signal
overlapping with the red fluorescence signal of the labelled plasma membrane marker wheat-
germ agglutinin (WGA), producing yellow vesicles internalizing from the plasma membrane in
response to treatment with 500 uM ATP. To quantify intracellular Panx1, a trace was drawn 1
um inside the WGA-defined plasma membrane to compute the average EGFP fluorescence
intensity of the encapsulated area (Figure 1Bii). ATP triggered a significant time (=15 min)- and
dose (2200 uM)-dependent increase in intracellular Panx1 after stimulation (Figure 1Biii). No
significant increase in Panx1 internalization was detected with control treatment. A small, non-
significant increase was observed with 100 uM ATP treatment. ATP treatment did not have an
appreciable effect on cell size and shape or viability. To investigate if the effect was specific to
the ATP stimulus directly, or could be attributed to a generalised increase in excitability
triggered by the ATP stimulus, we compared 30 min ATP treatment with exposure to more
generalised stimuli associated with increased excitability and/or excito-toxicity (Figure 1C).
Following the treatment, the cells were fixed and intracellular Panx1 levels were measured by
confocal microscopy. As expected from the live cell assay, treatment with 200 uM ATP elicited
a significant increase in intracellular Panx1 (~180% of control), while K", OGD, and A23187
Ca”" ionophore treatment did not significantly increase the intracellular population of Panx].
Although our earlier observations [27] suggested that these general stimuli can weakly influence
Panx1 motility or surface expression they did not have a long lasting effect on the size of the
internal pool of Panx1. These data are further supported by a biochemical cell surface
luminometry assay in HEK293T cells [28] (Supplementary Figure 1). This assay requires a
primary antibody to an extracellular epitope of the protein of interest. Abundance of the target
protein is then measured by ECL with a standard plate reader. The signal from unpermeabilized
cells (channels at the surface membrane) is normalized to the signal from permeabilized cells
(channels on all cell membranes) to obtain a relative measure of channel cell surface expression
amongst different treatments/experimental groups. We treated HEK293T cells overexpressing
Panx1—EGFP with K™ (10 mM), ATP (200 uM) or vehicle control. Cells were then processed
for detection of surface and whole cell Panx1 using an antibody that recognizes an epitope in its
second extracellular loop [21]. We found that ATP treatment (at a concentration associated with
Panx1 channel inhibition [29, 30]) significantly decreased surface Panx1 compared to control,
whereas elevated extracellular K™ had no effect.

Next we sought to determine the nucleotide (nt) dependence of the effect, and relatedly,
the possible involvement of purinergic receptors. Numerous studies have described functional
and physical interactions of Panx1 with purinergic P2 receptors in various systems [31-36].
Screening the nt dependency of this effect can simultaneously provide insight into potential
ionotropic (P2X) and metabotropic (P2Y) purinergic receptor involvement by capitalizing on the
differential potency of different nt analogues. Following a 30-min incubation with the indicated
nts (Figure 2), we fixed the cells and measured intracellular Panx1 levels using confocal
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microscopy. In comparison with control treated cells, 500 uM ATP elicited a significant increase
in intracellular Panx1 to ~280% of control (Figure 2A); whereas treatment with the slowly
hydrolyzable ATP analogue, ATPyS (500 uM; P2X receptors) elicited a significant but smaller
increase in intracellular Panx1 levels (~150% of control). The increase in intracellular Panx1
elicited by the slowly hydrolyzable ADP analogue, ADPBS (500 uM; P2Y receptors) was not
significantly different from control-treated cells. In comparison with control, BZATP (P2X
receptors) had a small but non-significant effect on Panx1 internalization (Figure 2B), while UTP
(P2Y receptors) had no effect. These results suggest a lack of involvement of P2Y receptors:
ADPS and UTP, the two analogues that act on P2Y receptors [37-39], had no effect on Panx1
internalization. Further supporting a lack of P2Y involvement, the previously described mode of
Panx| activation via P2Y receptors involved a P2Y-mediated increase in intracellular Ca®",
which can be mimicked by Ca*" ionophore treatment. As demonstrated by the data presented in
Figure 1, Ca®" ionophore treatment had no effect on Panx1 internalization. The nt data were
inconclusive with respect to P2X receptors. Because BZATP had a small albeit non-significant
effect and since these cells express P2X4 and P2X7 receptors (with P2X7 being the primary
functional isoform in these cells [40]), to rule out involvement of P2X receptors, we used the
selective P2X7 blocker A438079 [41, 42]. Somewhat surprisingly, given the non-significant
effect of BZATP, A438079 completely blocked Panx1 internalization. Despite the enigmatic nt
dependence, this result implicates P2X7 receptors in ATP-stimulated Panx1 internalization.

Putative ATP-sensitive residues have also been identified within the Panx1 extracellular
loops ([29, 30], reviewed in [43]). Qiu and Dahl [29, 30, 43] identified these in the course of
investigating inhibition of Panx1 currents by ATP (2200 uM) using in vitro expression systems.
One of the residues at which ATP had a large effect was a tryptophan residue at amino acid 74 in
the first extracellular loop of Panx1 [29]. To test the effect of this amino acid substitution on
ATP-mediated Panx1 internalization, we generated the mutant EGFP-tagged construct, Panx1—
W74—EGFP, and stably expressed it in N2a cells (Figure 3A). The ATP-insensitive Panx1
mutant (Panx1—W74—EGFP) exhibited robustly reduced ATP-mediated internalization (Figure
3B). In the Qiu and Dahl study first describing the ATP-sensitive residue W74A [29], the
selective P2X7 blocker A438079 also inhibited Panx1 currents. Importantly, the expression
systems used in studies of ATP inhibition of Panx1 currents [29, 30] endogenously express P2X
receptors (Xenopus oocytes, HEK293T cells [44-46]). This suggests that the intrinsic ATP-
sensitivity of Panx1 could involve interplay with P2X receptors. Note that there is no evidence,
as of yet, that these are functionally expressed in Xenopus oocytes.

Next we sought to gain insight into the endocytosis mechanism (Figure 4). Endocytosis
mechanisms are commonly classified into two major groups: clathrin-mediated endocytosis
(CME), and clathrin-independent endocytosis (CIE); recently reviewed in [47]. Although CIE
had historically been linked with a protein called caveolin, numerous caveolin-independent CIE
mechanisms have now been described [47]. Because of its effects on membrane curvature and
stability, cholesterol is known to play an important role in the majority of endocytic mechanisms
[48]. To investigate the potential cholesterol dependence of ATP-stimulated Panx1
internalization, we first used Fil III, which binds to and aggregates cholesterol [49, 50]. In the
presence of Fil III, ATP (500 uM) was not able to stimulate an increase in intracellular Panxl1,
whereas ATP had the expected effect in the presence of vehicle (an equal volume of DMSO;
Figure 4A and 4B). To confirm the cholesterol dependence of internalization, we next employed
the cholesterol-disrupting agent MBCD (Figure 4C), which acts by removing cholesterol from
membranes [51]. MPBCD also blocked Panx1 internalization, confirming the importance of
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cholesterol. Therefore we next tested the effects of CLPZ (Figure 4D), a phenothiazine-derived
antipsychotic drug (APD) and established CME inhibitor [52-54]. ATP-stimulated Panx1
internalization was preserved in the presence of CLPZ, suggesting that CME is not involved. To
confirm these results we drew on previous work demonstrating that trans-membrane proteins
employing caveolin-dependent CIE or CME mechanisms exhibit co-distribution with caveolin or
clathrin [55] respectively. Consistent with previous reports [56, 57], we found that N2a cells
express low levels of Cav-1, but we did not detect Cav-2 (Figure 4; Supplemental Figure S2).
Note that the expression of a third caveolin, caveolin-3 is muscle-specific [58]. We found that
Panx1 did not strongly co-distribute with either Cav-1 or clathrin heavy chain. We quantitatively
examined co-distribution of Panx1 with Cav-1 (Figure 4E) and clathrin heavy chain (Figure 4F)
following ATP stimulus. To confirm our data suggesting the mechanism of Panx1 internalization
is independent of both CME and caveolin-dependent CIE pathways, we capitalized on the fact
that CME and caveolin-dependent CIE converge mechanistically at the dynamin-dependent
scission step. We therefore used the pharmacological inhibitor of dynamin I, dynamin II and
mitochondrial dynamin, Dynasore [59, 60]. We observed similar significant ATP-induced
increases in intracellular Panx1 in the presence of Dynasore or vehicle control (Figure 5C).
Together these data suggest that ATP-stimulated Panx1 internalization is dependent on
cholesterol, but is probably independent of dynamin, pointing to a non-caveolin CIE mechanism.
The study of non-caveolin CIE pathways involving ion channels and receptors is complex and
rapidly evolving [47]. Given that Panx1 was recently identified as a ubiquitinated protein [61],
which is a key CIE mechanism [62], the putative role of ubiquitination (and associated protein
machinery) in ATP-dependent Panx1 internalization will be the focus of future study. Consistent
with our results, an earlier report [63] demonstrated that basal (un-stimulated) Panx1
internalization did not occur by CME or caveolin-dependent CIE. However, in contrast with our
findings on stimulated internalization, basal internalization was unaffected by the cholesterol
disruptor MPCD. It is reasonable to speculate that Panx1 could be internalized through different
pathways depending on the context (basal compared with stimulated) as has been observed with
other proteins [47].

Since internalized surface proteins are often targeted for degradation, we examined
whole-cell Panx]1—EGFP (in the presence of CHX) in ATP treated (0.5, 1 and 2 h after
treatment) and control vehicle treated cells (0 and 2 h after treatment). Figure 6(A) demonstrates
that overall Panx1 levels (normalized to B-actin levels) were unchanged throughout the analysis
period in both control and ATP-treated cells suggesting that internalized Panx1 is not targeted for
degradation over this 2 h period. We next sought to determine Panx1’s intracellular destination
over time (0.5, 1 and 2 h) after 500 uM ATP stimulation by measuring Pearson’s correlation
coefficient for Panx1 and the markers outlined in Figure 6(B). Upon internalization from the
plasma membrane, transmembrane proteins first encounter the early endosome (EEA1). From
there they can follow the degradation pathway, through the late endosome (Rab7 [64]) and
endolysosome (M6PR [65, 66]) to end up in the lysosome (Lamp1 [67]) or they can be diverted
from the early endosome to recycling endosomes (Rab14 [68, 69], Rab11, Rab4 [70]) with
potential to return to the plasma membrane. Transmembrane proteins also shuttle to and from the
trans-Golgi network (giantin [71]). Supplementary Figure S3 demonstrates that, in N2a cells,
these markers can be spatially distinguished from one another using confocal microscopy. As
expected, EEA1 and giantin demonstrated limited co-distribution (Pearson’s: 0.029+0.003).
EEAT1 and Lamp1 shared minor co-distribution (Pearson’s: 0.16+0.01). Although these are at
opposite ends of the degradation pathway, one would expect a degree of overlap reflecting the
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constant membrane trafficking between the various endosomal compartments and the lysosome
during endosomal maturation [25]. As anticipated given their shared localization within
recycling endosomes, Rab4 and Rab14 had a much higher degree of co-distribution (0.53+0.03).

Reflecting the peripheral to central distribution of endosomes with progression through
the degradation pathway (reviewed in [25]), we defined an additional 1 um thick region of
analysis, ‘peripheral’, immediately outside the intracellular region (defined in Figure 1) that we
newly defined here as ‘central’. We anticipated that 0.5 h after ATP treatment we would expect
to see increased Panx1 at the most immature early endosomes, and that we could potentially miss
this observation if we did not add this peripheral region of analysis where the most immature
early endosomes are most likely to be found. Given the limits of resolution of light microscopy,
we would expect this ‘peripheral’ region to include populations of Panx1 (1) at the plasma
membrane, (2) immediately beneath the plasma membrane and (3) in peripherally-located early
endosomes. As expected, 0.5 h following ATP treatment peripheral Panx1/EEA1 co-distribution
was significantly increased (~150%) in comparison with control treated cells (Figure 6C).
Moreover, higher resolution STED microscopy confirmed the localization of Panx1 to EEA1-
positive early endosomes (Figure 5Ciii). At the same time point, there was a significant decrease
(by ~50%) in central Panx1/Rab7 and Panx1/Lamp] co-distribution (Supplementary Figure S4),
suggesting the sub-population of Panx1 in the degradation pathway is decreasing in response to
increased extracellular ATP. At 1 h after ATP treatment, central Panx1/Rab14 co-distribution
significantly increased (~220%) relative to control and remained high (~240%) at 2 h (Figure
5D). The localization of Panx1 at Rab14-positive recycling endosomes was confirmed with
STED microscopy (Figure 6Diii). Additional recycling endosome markers Rab11 and Rab4
exhibited a similar result as Rab14, albeit non-significant for Rab4 (Supplementary Figure S4).
This sub-population of Panx1 in the recycling endosome could either be en-route to return to the
plasma membrane or could be recruited to the recycling endosome to play a yet-to-be-
determined functional role therein.

Our analysis also revealed that under control conditions intracellular Panx1, when
present, co-distributed most strongly with markers for the early endosome, late endosome,
endolysosome and the lysosome (Supplementary Figure S4). These results suggest a sub-
population of intracellular Panx1 is expressed in endosomes under control conditions and
primarily localizes to the degradation pathway. Here, Panx1 could either play a functional role,
as suggested by a recent study demonstrating the Panx1 blocker probenecid blocks lysosome
function [72] or simply be constitutively targeted for degradation. We did not see a reduction in
Panx1 over the 2 h observation period in this study; however, previous work indicated that
disruption of the lysosome led to accumulation of Panx1 [63] (albeit in a different cell line). A
longer analysis period in future studies will help to resolve this potential discrepancy. Note that
Panx1 exhibited limited expression in the Golgi under control conditions, thus the physiological
relevance of the significant relative decrease in co-distribution with giantin at 0.5 h with ATP
treatment is uncertain (Supplementary Figure S4). Together these results suggest that ATP
stimulus increases the trafficking of a subpopulation of Panx1 to recycling endosomes.

Our results, in the present study, identify a novel localization of intracellular Panx1
within endosomal systems and raise important considerations with regards to Panx1 surface
stability in diverse physiological and pathophysiological scenarios in which ATP can be rapidly
elevated in the extracellular space. In the presence of elevated extracellular ATP, intracellular
Panx1 is increased and the co-distribution of Panx1 with markers for recycling endosomes is
increased. ATP is episodically released from developing neurons in the ventricular zone of the
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lateral ventricles, acting as an important autocrine and paracrine regulator of their proliferation,
differentiation and migration through activation of various purinergic receptors that are
developmentally regulated [18, 19]. Furthermore, ATP is co-released with other
neurotransmitters as an important modulator of synaptic plasticity and is also released from
immune cells and dead and dying cells; recently reviewed in [73]. Locally surrounding the ATP
release sites (from vesicle/granule release or ATP-permeable channels), ATP levels would be
predicted to be very high, analogous to Ca’" micro and nano domains surrounding Ca®'-
permeable channels [74, 75]. Intracellular ATP concentrations range from 3 to 5 mM, and
secretory vesicles can contain ATP on the order of 100 mM (reviewed in [76] and see also [77]).
Consequently, taking into account extracellular nucleotidase activity, ATP levels would be
comparable to those tested in this study (if not higher) in the microdomain surrounding vesicular
release sites or ATP channels. It is reasonable to propose that in the context of Panx1 as an ATP-
release channel, ATP-mediated internalization of Panx1 could represent an important
homeostatic means of regulating ATP release within a range of extracellular concentrations.

A putative functional role of Panx1 in the degradation and recycling endosome systems
remains to be determined. A recent report demonstrated neuroprotection in the context of stroke
was contingent on double knockout of both Panx1 and Panx2, suggesting functional overlap [78,
79]. This suggests there could be a crosstalk between Panx1 and resident Panx2 [15, 26, 80, 81]
in endolysosomal membranes. Interestingly, Boassa et al. [80], observed no co-distribution
between Panx1 and Panx2 (in MDCK, HeLa, and HEK293T cells), but did observe co-
distribution between Panx2 and Rab4. Our data suggest that in N2a cells, Panx1 and Panx2 could
co-distribute in Rab4-positive endosomes and potentially other endosomal compartments that
were not explored in that study. Whether Panx1 and Panx2 physically or functionally co-operate
in one or both of the endosomal systems remains to be determined.

Overall this study enhances our understanding of the localization of Panx1 within cells
and the factors that contribute to the regulation of Panx1 channel trafficking. These novel
findings have significant implications for scenarios in which extracellular ATP levels are
dynamic. Based on our pharmacological data with the selective P2X7 receptor blocker A438079,
our data suggest that P2X7 receptors could be involved in ATP-stimulated Panx1 internalization,
possibly in combination with putative ATP-sensitive residues in the Panx1 sequence. This
suggests that a similar internalization phenomenon could be expected in cells expressing both
Panx1 and P2X7 receptors, as was the case with our N2a cell and HEK293T cell assays. The
important next steps will be to understand the precise contribution and mechanisms of P2X7
receptor involvement as well as their interplay with ATP-sensitive residues in Panx1, and to
extend these results into in vivo systems.
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FIGURE LEGENDS

Figure 1. Elevated extracellular ATP stimulates internalization of Panx1. (A) N2a cells
stably expressing Panx1—EGFP were treated for 8 h with CHX (20 ug/mL) to observe the
mature population of Panx1 and then stimulated with the indicated concentrations of ATP. (B)
Representative confocal micrographs from the 0- and 25-min time points (i) and depiction of the
region of analysis from the insets (ii, digital zoom). Intracellular Panx1 fluorescence intensity
expressed as a percentage of time zero at each 5-min interval (iii). N = 6, two-way ANOVA
[time: F(4, 20) = 26.7; treatment: F(3, 20) = 8.35; interaction: F(12, 20) = 9.16] with Dunnett’s
post-hoc. Scale bars = 10 um. (C) Effects of 200 uM ATP, 30 mM K, 10 uM Ca”" ionophore
A23187 and chemical OGD (100 uM potassium cyanide and 1 ug/mL oligomycin) relative to
vehicle control on intracellular Panx1 at 30 min post-stimulus. N = 4; one-way ANOVA with
Dunnett’s post-hoc test. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

Figure 2. Panxl is selectively internalized by ATP and its slowly-hydrolyzable analogue
ATPyS and is abrogated by the selective P2X7 inhibitor A438079. (A) Confocal micrographs
of N2a cells stably expressing Panx1—EGFP 30 min following stimulation with vehicle control
or ATP, ATPyS, or ADP@S (each 500 uM; i). Intracellular Panx1 was quantified relative to
vehicle control (ii). N =4, one-way ANOVA with Dunnett’s post-hoc test. (B) Confocal
micrographs of N2a cells stably expressing Panx1—EGFP 30 min following stimulation with
vehicle control, 500 uM ATP, 100 uM BzATP or 500 uM UTP (i). Intracellular Panx1 was
quantified in cells that had been stimulated with 100 or 500 uM ATP, 100 or 500 uM BzATP, or
500 uM UTP relative to vehicle control (ii). N =4, one-way ANOV A with Dunnett’s post-hoc
test. (C) Confocal micrographs of N2a cells stably expressing Panx1—EGFP that were pre-
treated for 1 h prior to 500 uM ATP or control treatment with 100 uM A438079 and fixed at 30
min post-stimulus (i). Intracellular Panx1 was quantified relative to vehicle control (ii). N = 4,
one-way ANOVA with Dunnett’s post-hoc test. ***P <0.001, ****P <0.0001. Hoechst (blue)
was used as a nuclear counterstain.
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Figure 3. ATP-dependent Panx1 internalization is impaired in Panx1—W74A-expressing
cells. (A) The extent of intracellular Panx1 is demonstrated in confocal micrographs (i) of N2a
cells stably expressing Panx1—EGFP (top panels) or mutant Panx1—W74A—EGFP (bottom
panels) stimulated with vehicle control (left panels) or 500 uM ATP (right panels) for 30 min,
quantified relative to control in (ii). N = 4, one-way ANOVA with Dunnett’s post-hoc test. Scale
bars = 10 um. ****P <0.0001. Hoechst (blue) was used as a nuclear counterstain.

Figure 4. Panx1 internalization is cholesterol-dependent and relies on clathrin and
caveolin-independent endocytosis mechanisms. Intracellular Panx1 relative to control
conditions in N2a cells stably expressing Panx1—EGFP incubated in vehicle control (A;
DMSO), Fil l1II (B; 1 ug/mL), MBCD (C; 10 mM); or CLPZ (D; 10 ug/mL) for 1 h prior to
treatment for 30 min with 500 uM ATP or vehicle control. Representative confocal images
demonstrate distribution of Panx1—EGFP (green) in ATP and control-treated cells in the
presence of each inhibitor or vehicle control. N =4, Student’s # test. Scale bars = 10 um. (E)
Confocal micrographs (i) of control (top panels) or ATP-treated (bottom panels) N2a cells stably
expressing Panx1—EGFP immunostained for Cav-1 (red). Panx1—EGFP—Cav-1 co-
distribution in control and ATP-treated conditions is quantified in (ii). N =4, Student’s ¢ test. (F)
Confocal micrographs (i) of control (top panels) or ATP-treated (bottom panels) N2a cells stably
expressing Panx1—EGFP immunostained for clathrin heavy chain (Clathrin; red). Panx1—
EGFP—-clathrin co-distribution in control and ATP-treated conditions is quantified in (ii). Scale
bars = 10 um. Inset scale bars =5 um. N =4, Student’s ¢ test. *P <0.05. Hoechst (blue) was used
as a nuclear counterstain.

Figure 5. ATP-evoked Panx1 internalization is dynamin-independent. Confocal micrographs
of N2a cells stably expressing Panx1—EGFP (green) pretreated with (A) vehicle (equivalent
volume of DMSO) or (B) Dynasore and incubated in 647-transferrin (red) at 4 °C, then fixed and
imaged immediately after 4 °C incubation (top panels) or fixed and imaged after stimulation with
vehicle (middle panels) or 500 uM ATP (bottom panels) for 30 min at 37 °C. Scale bars = 10
um. (C) Intracellular 647-transferrin in cells pre-incubated with DMSO or Dynasore was
quantified relative to 4 °C control. (D) Intracellular Panx1 in cells pre-incubated with DMSO or
Dynasore was quantified relative to vehicle control. N =4, one-way ANOVA with Dunnett’s
post-hoc test. *P <0.05, **P <0.01.

Figure 6. ATP stimulates increased co-distribution between intracellular Panx1 and
markers for the early endosomal and recycling endosomal compartments. (A) Panx1—
EGFP expression relative to 3-actin assessed by Western blotting was unchanged over a 2 h time
course in both 500 uM ATP and vehicle control-treated N2a cells stably expressing Panx1—
EGFP (i, Western blot; ii, quantification of three replicates by densitometry). (B) Diagram
outlining the endosomal system and the antibody markers used (C and D; Supplemental Figure
S3) to demarcate specific compartments therein. Representative confocal micrographs (i) of
Panx1—EGFP stably-expressed in N2a cells demonstrate Panx1 (green) distribution relative to
subcellular markers for the early endosome (C; EEAT; red) and recycling endosomes (D; Rab14;
red) stimulated with ATP (500 uM) for 0.5, 1, and 2 h relative to vehicle control-treated cells (2
h). Panx1 co-distribution with compartment-specific markers was quantified in the central region
and peripheral region (ii; see ‘Materials and Methods’). N = 4 per treatment group; central and
peripheral regions each analysed independently with one-way ANOV A and Dunnett’s post-hoc
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test. *P <0.05, **P <0.01. (iii) Representative STED confocal images of selected regions of
interest from coverslips used in (ii) obtained using a Leica SP8 STED microscope to confirm
localization of Panx1 and EEA1 or Rab14 to common compartments with greater resolution.

Scale bars = 10 wm. Inset scale bars = 5 um. Hoechst (blue) was used as a nuclear counterstain.
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Boyce et al. 2015 Supplemental materials

Supplemental Figure S1. Elevated extracellular ATP diminishes cell surface Panx1.
(A) Cell-surface luminometry utilizes a primary antibody to an extracellular epitope
(Panx1-EL2; i) to determine the surface expression in non-permeabilized cells as a
percentage of the whole cell expression in permeabilized cells, as depicted in (ii). (iii)
Surface expression of Panx|—EGFP transiently expressed in HEK293T cells is
decreased by ATP (200 uM), but not by elevated K concentration (10 mM). N = 3, one
sample ¢ test compared to hypothetical value of 100%. *P <0.05.

Supplemental Figure S2. N2a cells express caveolin-1, but not caveolin-2. Cav-1
mRNA is expressed in both the SVZ and to a lesser degree N2a cells, while Cav-2 is
expressed exclusively in the sub-ventricular zone, as demonstrated by RT-PCR. GAPDH
was used as a loading control.

Supplemental Figure S3. Subcellular compartments are distinguishable using
confocal microscopy and codistribution analysis. Representative confocal micrographs
of CHX-treated N2a cells stably expressing Panx1—EGFP indicate limited co-
distribution between (A) EEA1 (green) and giantin (red) — markers for the early
endosome and the Golgi, respectively; minor codistribution between (B) EEA1 (green)
and Lamp1 (red), markers for the early endosome and lysosome, respectively; and a high
degree of co-distribution between (C) Rab14 (green) and Rab4 (red) — two markers for
recycling endosomal compartments. Scale bars = 10 um. (D) Co-distribution was
quantified using Pearson’s correlation coefficient. N = 4 biological replicates per
experimental condition.

Supplemental Figure S4. ATP stimulates reduced codistribution of intracellular
Panx1 with components of the degradative pathway and increased co-distribution
with components of the recycling endosomal system (A) Pearson’s correlation
coefficients for Panx1—EGFP and the markers for subcellular compartments in N2a cells
stably expressing Panx1—EGFP under control conditions (2 h vehicle) in the central and
peripheral regions (see ‘Materials and Methods’). Representative confocal micrographs
(i) of N2a cells stably expressing Panx1—EGFP demonstrate Panx1 (green) distribution
relative to the endolysosome (B; M6PR; red) stimulated with ATP or vehicle control for
2 h, intracellular and submembrane co-distribution quantified in (ii). Representative
confocal micrographs (i) of N2a cells stably expressing Panx —EGFP demonstrate
Panx1 (green) distribution relative to the late endosome (C; Rab7; red), lysosome (D;
Lampl; red), Golgi (E; Giantin; red), or additional recycling endosomes (F — Rabl1 or G
— Rab4; red) stimulated with ATP (500 uM) for 0.5, 1, and 2 h relative to vehicle control-
treated cells (2 h), central and peripheral co-distribution quantified in (ii). Scale bars = 10
um. Inset scale bars =5 um. N = 4 per treatment group; central and peripheral each
analysed independently with one-way ANOV A with Dunnett’s post-hoc test. Hoechst
(blue) was used as a nuclear counterstain. *P <0.05, **P <0.01, ***P <0.001, ****p
<0.0001.

Supplemental Movie S1. N2a cells stably expressing Panx1—EGFP treated with 500



uM ATP at time zero. Plasma membrane, vesicles, and Golgi are labelled with WGA-
TRITC (red). Internalized Panx1—EGFP -positive vesicles appear yellow. Cells were
imaged every minute over a 25-minute span. Scale bar = 10 um.
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