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The Journal of Immunology

Endothelial Pannexin 1 Channels Control Inflammation by
Regulating Intracellular Calcium

Yang Yang,*,† Leon J. Delalio,* Angela K. Best,* Edgar Macal,* Jenna Milstein,*

Iona Donnelly,‡ Ashley M. Miller,‡ Martin McBride,‡ Xiaohong Shu,† Michael Koval,x,{

Brant E. Isakson,*,‖ and Scott R. Johnstone*

The proinflammatory cytokine IL-1b is a significant risk factor in cardiovascular disease that can be targeted to reduce major

cardiovascular events. IL-1b expression and release are tightly controlled by changes in intracellular Ca2+ ([Ca2+]i), which has

been associated with ATP release and purinergic signaling. Despite this, the mechanisms that regulate these changes have not been

identified. The pannexin 1 (Panx1) channels have canonically been implicated in ATP release, especially during inflammation. We

examined Panx1 in human umbilical vein endothelial cells following treatment with the proinflammatory cytokine TNF-a. Anal-

ysis by whole transcriptome sequencing and immunoblot identified a dramatic increase in Panx1 mRNA and protein expression

that is regulated in an NF-kB–dependent manner. Furthermore, genetic inhibition of Panx1 reduced the expression and release of

IL-1b. We initially hypothesized that increased Panx1-mediated ATP release acted in a paracrine fashion to control cytokine

expression. However, our data demonstrate that IL-1b expression was not altered after direct ATP stimulation in human umbilical

vein endothelial cells. Because Panx1 forms a large pore channel, we hypothesized it may permit Ca2+ diffusion into the cell to

regulate IL-1b. High-throughput flow cytometric analysis demonstrated that TNF-a treatments lead to elevated [Ca2+]i, corre-

sponding with Panx1 membrane localization. Genetic or pharmacological inhibition of Panx1 reduced TNF-a–associated in-

creases in [Ca2+]i, blocked phosphorylation of the NF-kB–p65 protein, and reduced IL-1b transcription. Taken together, the

data in our study provide the first evidence, to our knowledge, that [Ca2+]i regulation via the Panx1 channel induces a feed-

forward effect on NF-kB to regulate IL-1b synthesis and release in endothelium during inflammation. The Journal of Immu-

nology, 2020, 204: 000–000.

S
ustained inflammatory responses critically regulate the
pathogenesis of endothelial dysfunction and atheroscle-
rosis (1, 2). The release of TNF-a enhances inflammation

in atherosclerosis, and TNF-a concentrations are associated with
an elevated risk of atherothrombosis and the resulting major ad-
verse cardiovascular events (3–5). Whereas many studies have
focused on the effect of TNF-a on inflammatory cells (6), TNF-a
has also been shown to induce production of proinflammatory
cytokines in endothelial cells (ECs) (7, 8). In the presence of
TNF-a, ECs synthesize and release proinflammatory cytokines

and chemokines that enhance the inflammatory response, corre-
lating with a high risk of vascular injury (8, 9). Targeting in-
flammation (e.g., using TNF-a antagonists) leads to reductions in
cytokine expression by ECs and can reduce atherosclerotic lesion
formation (10–13). Thus, defining critical EC signaling pathways
may help identify therapeutic targets. Among these potential tar-
gets, IL-1b is widely considered to be a highly active and essential
regulator of the pathogenesis of human atherosclerotic disease
progression and susceptibility to atherothrombosis (14). Thera-
peutically targeting IL-1b decreases its activity and is associated
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with a reduced expression of multiple proinflammatory cytokines,
including IL-6, which have been implicated as a potential
causal pathway for atherosclerotic events (15, 16). In the re-
cent Canakinumab Anti-inflammatory Thrombosis Outcome
Study, IL-1b neutralization by canakinumab reduced inflamma-
tion and decreased major adverse cardiovascular events associated
with atherothrombosis in high-risk patients (14, 16). Whereas
other proinflammatory cytokines, such as IL-6, have been impli-
cated in atherosclerosis, clinical trials targeting this did not result
in marked improvements in patient risk, highlighting the impor-
tance of targeting specific proinflammatory markers (17, 18). The
efficacy of specific IL-1b blockade in inflammation highlights
the need to elucidate the molecular mechanisms that regulate
its synthesis and release.
ATP is increasingly recognized as an important factor in the

regulation of the inflammatory process, leading to activation of the
inflammasome (19–21). Multiple studies have now demonstrated
an association between ATP release and increases in IL-1b syn-
thesis and release (22, 23). Although some studies suggest that
ATP alone is capable of increasing IL-1b synthesis and release
(22), a “two-signal” model of production followed by later acti-
vation has been extensively described for IL-1b (23, 24). Priming
“signal 1” activation occurs through molecules, such as TNF-a,
which induce the production of pro–IL-1b through NF-kB sig-
naling. This is followed by “signal 2” mechanisms regulated by
pathogen-associated molecular patterns and damage-associated mo-
lecular patterns that promote activation of NLRP inflammasome,
which enhances the magnitude and velocity of posttranslational
processing of pro–IL-1b, yielding the bioactive molecule, which
is released into the extracellular space (24, 25). In this model,
under noninfectious conditions, ATP is suggested to act as a signal
2 mechanism (25). However, many of these studies have required
the use of nonphysiological levels of ATP in the micromolar
range, which has led to the suggestion that ATP is producing
cytotoxic effects in cells, although this has been further debated
(24, 26). Release of ATP from cells can signal locally through
paracrine receptors (e.g., P2X7) to promote K+ release leading
to uptake of extracellular Ca2+, which is associated with an
increase in the expression and release of cytokines, including
IL-1b (27–29). Further data suggest that chelation of intracellular
Ca2+ ([Ca2+]i) inhibits the processing and release of IL-1b, sug-
gesting that an influx of extracellular Ca2+ is centrally linked to
IL-1b production (30, 31). Despite this, the source and regulation
of increased [Ca2+]i has not been rigorously defined (30, 31).
Pannexin 1 (Panx1) forms large, nonselective plasma membrane

channels that permit the movement of molecules and ions, in-
cluding ATP to the extracellular space and Ca2+ release from ER
(32–34). Panx1 channels at the plasma membrane can facilitate
multiple physiological and pathophysiological processes, includ-
ing vascular constriction, apoptosis, tumor cell metastasis, and
neuronal communication (35–38). Recently, we identified that
endothelial Panx1 channel opening and ATP release promotes
leukocyte recruitment (39), which plays a fundamental role in
inflammation and tissue damage within ischemic stroke (40).
There is increasing evidence that blocking Panx1 channels may
control inflammasome activation, inflammatory cytokine release,
and inflammatory cell recruitment (41–43). However, the mech-
anisms underlying this response have not been described. This led
us to hypothesize that Panx1 signaling may be involved in the
control of IL-1b production and secretion by ECs. We report in
this study that EC Panx1 is a direct target of the TNF-a signaling
pathway and demonstrate for the first time, to our knowledge,
that Panx1 channels facilitate the transport of extracellular Ca2+

to promote a feed-forward effect on the synthesis of IL-1b.

Materials and Methods
All cell, media, reagent, silencing RNA (siRNA), peptide, Ab, and commercial
assay information are listed in Supplemental Table I.

Primary cells and cell lines

Human umbilical vein ECs (HUVECs) and human coronary artery smooth
muscle cells (SMCs) were purchased from Thermo Fisher Scientific and
Cell Applications. Human Th precursor 1 (THP1) cells were a kind gift
Prof. Z. Yan (University of Virginia).

Cell culture

HUVECs were grown in Medium 200 (M200) supplemented with
the Low Serum Growth Kit and 20% FBS. For experiments involving
TNF-a treatments, cells were incubated in M200 with Low Serum
Growth Kit and 0.1% FBS (0.1%-M200) for 24 h. Human coronary
artery SMCs (Thermo Fisher Scientific) were grown in Medium 231
supplemented with the Smooth Muscle Growth Supplement (Thermo
Fisher Scientific) and 20% FBS. For experiments involving TNF-a
treatments, cells were grown in Medium 231 containing 2% FBS. Both
HUVEC and SMCs were used within 16 population doublings to maintain
the primary phenotype. THP1 monocytes were grown in RPMI 1640 media
supplemented with 10% FBS, 1% penicillin–streptomycin, and 1%
glutamine. All cells used are certified as mycoplasma free at the start of
experiments.

Cell transfection

EC were plated for expression (six-well plates) or ATP assays (24-well
plates) until they were 70–80% confluent. Media was removed and
replaced with 0.1%-M200 for 30 min prior to transfection. siRNAs
targeting the human PANX1 gene (siPanx1; Life Technologies), or
control siRNAs (siControl; Life Technologies) were transfected into
ECs using Lipofectamine 3000. Media was changed after 24 h, and
cells were allowed to recover for 24 h prior to treatment. siRNA knock-
down for Panx1 was maximal at between 48 and 72 h and was confirmed
by immunoblot and quantitative RT-PCR (qRT-PCR).

Cell treatments

Prior to treatments, media were removed from cells and replaced with 0.1%
-M200 for 24 h. Media were then replaced with 0.1%-M200 containing 2.5
ng/ml TNF-a for up to 24 h (as denoted per experiment). Where TNF-a
dose responses were measured, the respective concentrations are denoted
in the text and figures. Inhibition of ATP (apyrase, 1 or 10 U/ml) and P2
activation [suramin, 100 mM (44)] and A438079 hydrochloride [10 mM
(45–47)] were performed by 30-min preincubation prior to addition of
TNF-a for a further 24 h. Inhibition of protein synthesis was performed by
preincubation with 25 mg/ml cycloheximide. Inhibitors of the IKK path-
way, SC514 [100 mM (48)] and QNZ/EVP4593 [10 mM (49)], and MAPK
inhibitor SB203580 [10 mM (50)] were sourced from Selleck Chemicals.
All kinase inhibitors were preincubated with cells for 3 h prior to treatment
with TNF-a for a further 24 h. Panx1 channels were inhibited using the
Panx1-specific inhibitor peptide pannexin intracellular loop 2 peptide
(PxIL2P) [20 mM (51, 52)]. All inhibitors and peptide treatments were
maintained in solutions throughout the experimental time course at the
indicated concentrations.

RNA extraction, real-time quantitative RT-PCR,
and RNA-sequencing

Following treatments, media were removed, cells were washed once in
PBS, then 1 ml of TRIzol was added prior to harvesting by scraping. RNA
was isolated using an RNA Isolation Kit (Bio-Rad Laboratories) as per
manufacturer protocol, and cDNA synthesis was performed using a First-
Strand Synthesis System (Thermo Fisher Scientific). Multiplex TaqMan
reactions were performed using 20 ng of cDNA, TaqMan primers (Thermo
Fisher Scientific), and TaqMan Gene Expression Master Mix (Thermo
Fisher Scientific). The internal control gene GAPDH was used for nor-
malization and calculation of the d cycle threshold (CT) values. All data
are represented as d-d CT (2^-DDCT) to define fold change from control
values. For RNA sequencing (RNA-seq), total RNA was isolated using an
RNeasy Kit (QIAGEN) with an RNA-Free DNase step, and quantity was
assessed on an Agilent 2100 Bioanalyzer. For experiments, three technical
replicates (HUVEC, no treatment, and HUVEC plus TNF-a, 2.5 ng/ml 24
h) were sequenced with ribo-depletion protocols. After sequencing, 50-M
reads were sampled from each replicate library, and results were analyzed
by Glasgow Polyomics. Data from RNA-seq is available through the
European Molecular Biology Laboratory–European Bioniformatics
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Institute ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) under acces-
sion number E-MTAB-8299.

Immunoblotting and membrane protein biotinylation

Following treatments, all cells were harvested in cold lysis containing
PBS (pH 7.4) containing NaCl (125 mM), EDTA (5 mM), sodium
deoxycholate (1%), Triton X-100 (0.5%), sodium orthovanadate (500 mM),
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (10 mM), and
Protease and Phosphatase Inhibitor Cocktail (1:100; Sigma-Aldrich).
All isolations were performed at 4˚C, samples were Dounce-homogenized
30 times on ice, were incubated with rotation for 30 min at 4˚C, and were
centrifuged at 13,000 3 g for 5 min. Cleared lysates were used for im-
munoblot analysis. Proteins samples were quantified by BCA assay prior to
loading, and equal loading confirmed using b-tubulin and total protein
assays. Membranes were developed using LI-COR Biosciences secondary
Abs, including anti-rabbit 700/800 and anti-mouse 700/800, and imaged on
a LI-COR Odyssey scanner. Expression analysis was performed using
Image Studio (LI-COR Biosciences). Values were normalized to b-tubulin,
and changes were calculated as a fold change compared with nontreated
controls. Linear ranges for the Abs used are shown in Supplemental Fig. 1,
and Ab information is listed in Supplemental Table I.

Cytokine array

A Human Cytokine Array Kit (R&D Systems) were used as per manu-
facturers protocols, using 1 ml of cleared culture media. Media from three
separate experiments under the same conditions were combined per re-
action. Cytokine array membranes were developed using anti-streptavidin
800 on a LI-COR Odyssey scanner. Expression analysis was performed
using Image Studio (LI-COR Biosciences). Values were normalized to the
control spots on each blot, and comparisons were made to nontreated
controls and expressed as a fold change from TNF-a control.

Luciferase assay for total ATP release

ATP assays were performed as we have previously described (39). Briefly,
cultured ECs were seeded in 24-well plates and grown to 70–80%
confluency. Media was replaced with 0.1%-M200 media containing
TNF-a (2.5 ng/ml) for 24 h. On the day of the experiment, cells were
rinsed, then incubated in 300 ml of fresh 0.1%-M200 media for 30 min
at 37˚C, then incubated with the ectonucleotidase inhibitor ARL 67156
(300 mM; Tocris Bioscience) for 30 min at 37˚C. TNF-a was maintained at
indicated concentrations throughout all incubations and washes. Cells were
then stimulated with recombinant human TNF-a (10 ng/ml) for 5 min to
produce maximal Panx1 channel activation, as previously described (39).
Following stimulation, 200 ml of the cell supernatants were collected,
placed into prechilled tubes, centrifuged at 10,000 3 g for 5 min, and 50
ml of each sample was transferred to a white, opaque 96-well plate. ATP
was measured using ATP bioluminescence assay reagents, including
CellTitre Glo 2.0 (Promega) or ATP Bioluminescence HSII Kit (Roche).
Using a luminometer (FLUOStar Omega), 50 ml of luciferin:luciferase
reagent (ATP Bioluminescence Assay Kit HSII; Roche) was injected into each
well, and luminescence was recorded following a 5-s orbital mix and sample
measurement at 7 s. For CellTitre Glo 2.0, the reagent was mixed 50:50 with
cleared HUVEC media, and the luciferase signal was measured within 10 min.
The ATP concentration in each sample was calculated from an ATP standard
curve. Data are presented either as calculated concentration or as a percentage
change in ATP release from baseline (unstimulated cells) and expressed as
mean 6 SEM (n = 5 independent experiments with triplicate measurements).

Cell membrane luciferase reporter of ATP release

HUVEC cells (1 3 106) were trypsinized, pelleted at 700 rpm, then
mixed with primary EC nucleofection reagents (Lonza) and 20 mg of
plasma membrane luciferase (pmeLUC) plasmid (53) prior to nucleofection
on a nucleofector 2b (Lonza). Following transfection, cells were resuspended
in M200 with 20% FBS and plated in fibronectin-coated, white-walled
96-well plates. After 24 h, cells were treated with TNF-a (2.5 ng/ml) as
indicated in 0.1%-M200 for a further 24 h. Cells were washed, and media
were replaced with media containing TNF-a (as denoted per experiment).
For standard curves, nontreated pmeLUC-transfected HUVECs were in-
cubated with ATPgS (as denoted per experiment). D-Luciferin was in-
jected into each well individually, and luminescence was recorded at 7 s,
following a 5-s orbital mix (FLUOstar Omega plate reader).

Flow cytometric analysis of [Ca2+]i

HUVECs were seeded on fibronectin-coated plates and grown to 90%
confluence. Cells treated with siRNA, the Panx1 inhibitor peptide PxIL2P
(20 mM), and TNF-a (as denoted per experiment), were incubated with

Fluo-4 acetoxymethyl ester (AM) [2 mM (54)] plus 0.1% Pluronic for
30 min, then cells were harvested by trypsinization, centrifuged, and
resuspended in 0.1% media containing either no treatment, TNF-a (2.5 ng/ml),
or PxIL2P with TNF-a (2.5 ng/ml) and stored on ice for analysis by flow
cytometry (BD FACSCanto II). Gates for Fluo-4–positive cells were
defined, and absolute fluorescence intensity was calculated. TNF-a treatments
and inhibitors were maintained in solutions throughout the experiments as
indicated. Concentrations for maximal Fluo-4 signal were calibrated for
flow cytometry, and consistent experimental conditions were maintained
throughout. The concentration of 2 mM Fluo-4 loading for FACS was
determined as the optimum condition that permitted measurable signal dif-
ferences for Fluo-4 signal without saturation, compared with non–Fluo-4
loaded cells.

Flow cytometric analysis of monocyte adhesion

HUVECs were seeded on fibronectin-coated plates and grown to 70%
confluence. Cells were washed twice in warmed PBS, and media were
changed for 0.1%-M200 for 24 h. Media were changed for 0.1%-M200
with TNF-a (2.5 ng/ml) for 24 h. At the same time, human THP1
monocytes were loaded with calcein AM (0.1 mM; Sigma-Aldrich) in
RPMI 1640 for 30 min. THP1 cells were then centrifuged and washed
twice in PBS prior to being resuspended in 10% RPMI 1640 media for
24 h. After 24 h, TNF-a was removed from HUVECs by washing once in
0.1%-M200, and cells were incubated in fresh 0.1%-M200 for 30 min.
During this time, calcein-loaded THP1 cells were counted and resuspended
to a concentration of 5 3 105 cells/ml in 0.1%-M200. THP1 cells (100 ml,
5 3 104) were added to each well for 4 h at 37˚C. After 4 h, the wells were
washed gently two times with PBS to remove nonadherent cells. All
remaining cells were then trypsinized and resuspended in 0.1%-M200
media and stored on ice for analysis by flow cytometry (BD FACSCanto
II). Gates for calcein-stained THP1 and nonstained ECs were defined, and
the percentage of THP1 monocytes was calculated from the total cells (EC
and THP1 cells).

Confocal imaging of [Ca2+]i

HUVECs were seeded on fibronectin-coated plates and treated with TNF-a
as indicated. TNF-a treatment was maintained in all washes and incuba-
tions. Cells were washed using HEPES physiological salt solution (HPSS)
containing HEPES 10 mM, sodium chloride 134 mM, potassium chloride 6
mM, magnesium chloride hexahydrate 2.15 mM, calcium chloride 2mM,
and dextrose 7 mM, then incubated in HPSS containing Fluo-4 AM [5 mM
(55)] and 0.2% Pluronic for 30 min at room temperature. Concentra-
tions for maximal Fluo-4 signal were calibrated for confocal imaging,
and consistent experimental conditions were maintained throughout.
Cells were then washed in HPSS and maintained in HPSS containing
the cyclopiazonic acid (20 mM), to eliminate interfering inositol 1,4,5-
trisphosphate receptor–mediated Ca2+ signals (56, 57), and TNF-a as
indicated for 10 min prior to imaging. HUVEC Fluo-4 fluorescence was
imaged on an inverted confocal microscope (FV3000; Olympus) using
a 403 lens under 23 zoom. Experiments were performed in triplicate,
and three regions containing ∼10–15 cells per field of view per plate
were imaged at 1-s intervals for 2 min. Average and maximum fluorescence
measurements within the cytoplasmic regions of each cell were averaged for
each region, then averaged per experiment (n = 4). To determine maximum
concentrations for Fluo-4 loading, cells were incubated with concentrations
ranging between 2 and 10 mM, and signals were measured. The optimum
condition of 5 mM was determined as the signal that did not produce fluo-
rescence signal saturation during Ca2+ wave formation in TNF-a–treated
cells while maintaining measurable signal within the untreated cells.

IL-1b ELISA

HUVEC cells were treated with siPanx1 or siControl or in the presence
of the PxIL2P (20 mM), then treated with TNF-a (2.5 ng/ml, 24 h, as
indicated). Following incubation, media were collected and spin concen-
trated 5 times in a centrifugal filter (Amicon Ultracel 3K). Concentrated
samples were analyzed for IL-1b expression by ELISA (IL-1 beta
SimpleStep ELISA Kit; Abcam) as per the manufacturer’s instructions,
and concentrations were calculated against standard controls for IL-1b.
Experiments were performed in triplicate.

Quantification and statistical analysis

A one-way or two-way ANOVA followed by a Tukey or Dunnett posttest
was used for comparisons between three groups, and a t test was used for
comparisons of two treatment groups. A minimum of n = 3 was used for
all statistical analysis. In all analysis, a p value , 0.05 is significant as
denoted as *p , 0.05, ***p , 0.01, ***p , 0.001, and ****p , 0.0001.
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Results
TNF-a induces Panx1 expression and membrane targeting of
Panx1 channels in ECs

In HUVECs, we initially demonstrate that prolonged exposure to
TNF-a (2.5 ng/ml) for 5 and 24 h leads to an increase in the
transcription of Panx1, measured by qRT-PCR (Fig. 1A). Increases
in Panx1 mRNA levels correlate with significant increases in protein

expression of Panx1 at 5 h measured by immunoblotting (Fig. 1B).
The multiple banding pattern for the Panx1 protein observed in im-
munoblots represents differential Panx1-glycosylation (Panx1-Gly)
isoforms, referred to as Panx1-Gly0, -Gly1, and -Gly2 (58–60).
Interestingly, we observed that at 5 h TNF-a treatments primarily
increase only Panx1-Gly0 and Panx1-Gly1 isoforms, which were
ablated by cotreatment with the protein synthesis inhibitor cy-

cloheximide (CHX, Fig. 1B, Supplemental Fig. 2A), suggesting
that these isoforms represent newly synthesized Panx1 protein. To
determine the specificity of TNF-a to Panx1 expression, we in-
vestigated the Cx43 gap junction protein in HUVECs, which did
not increase following TNF-a stimulation and was inhibited fol-
lowing CHX treatments (Fig. 1B). Following 24-h TNF-a treat-
ment, we identified significant upregulation of the Panx1-Gly2

isoform (Supplemental Fig. 2B). Increasing the concentration of
TNF-a treatments did not enhance Panx1 expression from 2.5 ng/ml
at either 5 h or 24 h and did not alter expression of Cx43
(Supplemental Fig. 2A–C). In addition, Panx1-Gly2 isoforms
were not reduced by CHX (Fig. 1B), suggesting that these
represent a more stable isoform of Panx1. To investigate this,

HUVECs were treated with TNF-a for 24 h, washed in fresh
media without TNF-a, and cultured for a further 8 d. Analysis
by immunoblot demonstrates that, whereas the Panx1-Gly0/1
isoforms are lost within 24 h of removal of TNF-a, the Panx1-
Gly2 isoforms remain significantly increased from control for
24 h after removal of TNF-a and remain elevated for a further
5 d (Fig. 1C). This demonstrates a stable, mature form of Panx1

that has a significant residence time at the plasma membrane,
making it more stable than connexin proteins.
Previous studies have suggested that Panx1-Gly2 isoforms

represent the mature Panx1 channels within the plasma mem-
brane (60). We therefore used a membrane protein biotinylation

pull-down approach to isolate plasma membrane proteins and
identified that Panx1-Gly2 isoforms are primarily localized within
the plasma membrane 24 h after TNF-a treatment (Fig. 1D). We
further demonstrate that Panx1 expression by cultured human
vascular SMC is unaltered by TNF-a treatment (Supplemental
Fig. 2D). Previous studies have found TNF-a to reduce cell
viability (61). However, 24-h TNF-a treatments ranging from

2.5 to 100 ng/ml did not alter HUVEC viability as measured by
intracellular ATP levels, caspase-3 cleavage, or by cell morphol-
ogy (Supplemental Fig. 2E–G).
TNF-a signaling is associated with activation of NF-kB–mediated

gene regulation. Whole transcriptome RNA-seq experiments

confirmed that TNF-a treatment of HUVECs significantly upregulated
NF-kB genes NFKBIA, NFKBIE, NFKB1, NFKB2, and NFKB1B
(Fig. 1E). To define a role for NF-kB–activated pathways in
TNF-a–induced increases in Panx1 expression, HUVECs were
pretreated with NF-kB inhibitors SC514 and QNZ. Both SC514
and QNZ significantly ablated TNF-a–induced increases in

Panx1 expression at 24 h (Fig. 1F, 1G). RNA-seq results demonstrate
that TNF-a (2.5 ng/ml) does not alter MAPK transcription, and
MAPK inhibition failed to reduce TNF-a–associated Panx1 upregu-
lation (Supplemental Fig. 2H, 2I). This suggests that TNF-a specif-
ically stimulates a NF-kB–mediated upregulation of Panx1 proteins,
leading to plasma membrane localization of Panx1 channels in ECs.

Increased Panx1 membrane targeting is associated with the
transcription and release of specific proinflammatory cytokines

Panx1 has been associated but not directly implicated in the release
of molecules associated with inflammation (39, 62, 63). To in-
vestigate whether the increased Panx1 at the plasma membrane is
directly associated with cytokine production and release, we first
used genetic inhibition of Panx1. Panx1 siRNA reduced the basal
expression of Panx1 in HUVECs and inhibited increases in Panx1
in response to TNF-a (Fig. 2A, 2B). Cytokine arrays used to assay
the media from HUVEC cells showed that TNF-a treatment
altered the expression of a number of cytokines (Supplemental
Fig. 3A). We selected key proinflammatory cytokines associated
with atherosclerosis, such as IL-1b and CXCL10, IL-8, and MCP-1,
which were found to be increased in response to TNF-a treatment
in HUVECs, unlike MIF and Basigin, which were not mark-
edly increased by TNF-a (Fig. 2C). We confirmed that TNF-a
increases IL-1b protein expression in HUVECs (Supplemental
Fig. 3B) and that siRNA knockdown of Panx1 was associated with
a reduction in the release of IL-1b from HUVECs (Fig. 2D).
Notably, Panx1 siRNA–treated cells displayed a significantly re-
duced transcription of IL-1b and CXCL10 but showed no differ-
ences in IL-8 and CCL2 (Fig. 2E, 2F). Panx1 siRNA and TNF-a
treatments also had no effect on MIF or CD147 (Fig. 2G). These
data suggest that Panx1 critically regulates the control of specific
inflammatory cytokines, including IL-1b and CXCL10. Although
multiple other cytokines and chemokines have been found to be
increased in atherosclerosis, clinical trials targeting these path-
ways by treatments, including low-dose methotrexate have not
proven to be effective in reducing the burden of disease in patients
(18). Based on this, we focused on mechanisms controlling IL-1b,
because directly targeting IL-1b is linked with a reduction in
patient risk (16). Critically, understanding the molecular mechanisms
controlling IL-1b expression may provide avenues for future
therapeutic intervention (2, 3, 64–66).

Purinergic signaling is not a key regulator of TNF-a–induced
IL-1b in ECs

Based on the known role for Panx1 and ATP release, which has been
linked with IL-1b regulation, we investigated ATP release from
HUVECs following treatment with TNF-a and the corresponding
effects of ATP on IL-1b. ATP release from HUVECs was measured
in media following TNF-a treatment at doses ranging from 2.5 to
100 ng/ml. All concentrations of TNF-a produced similar increases
in ATP release from HUVECs (Fig. 3A), which was significantly
reduced following genetic inhibition of Panx1 (Fig. 3B). Although
previous studies have correlated ATP treatment with regulation of
IL-1b, this has typically required ATP analogues to be applied at
nonphysiological concentrations ranging from 100 mM to 5 mM
(22–24). Our data demonstrate that the HUVECs release only
10–20 nM ATP once exposed to TNF-a (2.5 ng/ml) for 24 h
(Fig. 3C). At these concentrations (10 nM–10 mM), the ATP
analogue ATPgS failed to increase IL-1b transcription (Fig. 3D).
However, we did observe a small increase in transcription of IL-1b
at 100 mM ATPgS, which could be ablated by pretreating and
maintaining cells with the P2X inhibitor suramin (Fig. 3E). To
understand whether plasma membrane levels of ATP reached
100 mM in HUVECs following TNF-a treatment, cells were
transfected with the pmeLUC plasmid (53) to produce plasma
membrane expression of the luciferase enzyme. The HUVECs
pmeLUC signal was detected at above 10 mM ATPgS, in keeping
with previous publications (53). However, TNF-a treatment of
HUVECs (2.5 ng/ml, 24 h) did not induce significant alterations in
pmeLUC signal (Supplemental Fig. 4A). Further data demonstrate
that promoting the degradation of released ATP using apyrase
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FIGURE 1. TNF-a transcriptional regulation of Panx1 through the NF-kB pathway promotes protein synthesis and plasma membrane trafficking. (A)

TaqMan qRT-PCR of RNA extracted from HUVECs treated with TNF-a (2.5 ng/ml) for 5 and 24 h. The mean of Panx1 expression was normalized to

control and calculated to 2^-DDCT. For each error bar, reactions were performed in triplicates in addition to the technical triplicates. (B) Representative

immunoblots of Panx1 and Connexin 43 (Cx43) in HUVECs pretreated with CHX for 30 min and subsequent TNF-a (2.5 ng/ml) treatment for 24 h.

Quantification of Panx1 expression was normalized to b-tubulin (n = 3). (C) Upper panel, Schematic of HUVECs treatment approach to assess Panx1 protein

lifecycle. Black arrowheads mark the time TNF-a was added and removed. The blue scale marks cells maintained in 0.1%-M200 (no TNF-a) collected each 24 h

after TNF-a removal. Lower panel, Representative immunoblots of Panx1 and b-tubulin expression and quantification (Figure legend continues)
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(at 1 and 10 U) or inhibition of the P2 receptors using either
suramin or the P2 inhibitor A438079 hydrochloride (10 mM),
did not significantly alter the expression of either Panx1 or
IL-1b in the presence of TNF-a (Fig. 3F, 3G, Supplemental
Fig. 4B). Thus, the NF-kB–induced increase in Panx1 expression
at the plasma membrane, although crucial for IL-1b cytokine pro-
duction, was not regulated by an autocrine ATP release from the ECs.

TNF-a increases [Ca2+]i, which is regulated by the functional
Panx1 channels

Increased [Ca2+]i is associated with the control of IL-1b synthesis
(31), and Panx1 channels have been suggested to allow the pas-
sage of Ca2+ from the extracellular environment into the cytosol,
albeit this has never been demonstrated (33, 67). To investigate
whether Panx1 plays a role in the control of [Ca2+]i we used a
high-throughput flow cytometric approach (54) to measure [Ca2+]i
in HUVECs. We found that [Ca2+]i was only increased after 24-h
TNF-a treatment, a time that correlates with the increases in
Panx1 membrane localization (Fig. 4A). These finding were
confirmed using confocal imaging of Fluo-4–labeled HUVECs, in
which TNF-a induced a higher baseline Fluo-4 signal associ-
ated with increased calcium wave formation (Supplemental
Fig. 5A–C). To determine whether increases in [Ca2+]i were
due to extracellular Ca2+ (e.g., through the increased number of
Panx1 channels), Ca2+-free Kreb–Ringer was used. This ex-
periment demonstrated a significant decrease in EC [Ca2+]i
(Fig. 4B). We further demonstrated that increased [Ca2+]i is
directly related to IL-1b production because cells loaded with
EGTA-AM in the media reduced [Ca2+]i, which corresponded to
a loss of TNF-a–induced IL-1b transcription (Fig. 4C, 4D). To
more specifically assess whether there was a role for Panx1 in
regulating EC [Ca2+]i, we used the Panx1-specific channel
blocking peptide PxIL2P to pharmacologically inhibit Panx1
channels (51, 52). Pretreatment of HUVECs with PxIL2P reduced
[Ca2+]i, IL-1b transcription, and IL-1b release in response to
24-h TNF-a treatment (Fig. 4E–G) and release. Similar results
were found using genetic inhibition of Panx1, which reduced
TNF-a–associated increases in [Ca2+]i (Fig. 4H) and IL-1b
(Fig. 2E). In line with these observations, there was also a decrease
in monocyte binding to ECs following genetic inhibition of
Panx1 in ECs, with no change in THP1–Panx1 expression associ-
ated with TNF-a treatments (Supplemental Fig. 5D, 5E). Lastly,
levels of [Ca2+]i and IL-1b mRNA were reduced 24 h after the
removal of TNF-a (Fig. 4I, 4J), which correlated with the same
decrease in Panx1 expression at the plasma membrane seen in
Fig. 1C. These data provide additional evidence that increased
Panx1 channels in EC after TNF-a stimulation permit the passive
diffusion of extracellular Ca2+ into the cell, possibly to regulate
IL-1b production.
Because increased [Ca2+]i has been reported to result in phos-

phorylation of the NF-kB protein p65 (p-p65), increasing its
transcriptional activity (68), we aimed to assess the role of Panx1
in regulating NF-kB–p-p65. HUVEC treatment with TNF-a (24 h)
leads to an increase in p-p65, which was significantly decreased
following genetic (siRNA of Panx1) or pharmacological (PxIL2P)

inhibition of Panx1 (Fig. 4J, 4K). Taken together, these data
suggest that Panx1 channels in the plasma membrane act as a
conduit for the movement of Ca2+ into the cytosol, leading to
activation of NF-kB signaling, which acts as a feed-forward
mechanism to promote the production and release of IL-1b.

Discussion
ATP release through Panx1 channels has been shown to be a
strong signal for the recruitment of inflammatory cells in response
to apoptosis (35) and activation of the NLRP3 inflammasome
(42, 43, 69). However, the precise Panx1-mediated mechanisms
controlling inflammation have never been fully elucidated. In
this study, we demonstrate that EC Panx1 is a direct target of the
TNF-a signaling pathway, promoting plasma membrane locali-
zation of the channel, which facilitates the entry of extracellular
Ca2+ into the cytosol. Importantly, we show that increases in
[Ca2+]i, resulting from enhanced Panx1 channel activity are di-
rectly associated with upregulated transcription and release of
proinflammatory cytokines, including IL-1b.
One of the primary findings in this study is the identification of a

novel mechanism for the transcriptional regulation of Panx1. We
observed that EC Panx1 is acutely sensitive to TNF-a stimulation,
with maximal increases found in the low nanogram/milliliter
range. Our data suggest that this is not a ubiquitous pathway, as
increases in Panx1 expression were not found in TNF-a–treated
SMCs or monocytes. Both SMCs and monocytes express TNF-a
receptors and form inflammatory responses to TNF-a stimulation
(70–72). It is possible that cell-specific variances in gene or pro-
tein regulation in these cells may be due to differential regulation
of receptor activation (72) or downstream pathways [e.g., SMC
ubiquitin-specific protease 20 [USP20]–deubiquitinase activity,
which reduces NF-kB in SMC (71)]. There are few studies that
have investigated the transcriptional control of Panx1, and there
are currently limited data on pathophysiological mechanisms
controlling Panx1 expression (73). Jiang et al. (74) reported in-
creases in expression of Panx1 in mouse models of inducible
stroke, which are associated with increased TNF-a–induced in-
flammation and tissue injury (75–78). In silico analysis has
highlighted a number of transcriptional start sites within the rat
Panx1 sequence, with binding sites for several transcription fac-
tors, including CREB and ETV4 as well as factors downstream
from IL-6 that have been identified (79). Our RNA-seq data
highlighted that TNF-a upregulates all NF-kB genes in HUVECs.
TNF-a–induced Panx1 transcription was lost when HUVECs were
pretreated with inhibitors shown to block NF-kB–IKKB activity
and TNF-a production (48, 80, 81). Our data strongly suggest that
NF-kB pathways regulate EC Panx1 transcription.
We also found that increases in Panx1 transcription are followed

by protein translation within 5 hours that was lost when cells were
treated with the protein synthesis inhibitor CHX. The newly
synthesized Panx1 proteins then translocate to the plasma mem-
brane within 24 hours. Our surface biotinylation experiments
highlight that the Panx1 isoform at the plasma membrane is pri-
marily the complex glycoprotein isoform (Panx1-Gly2). This is in
keeping with previous studies that suggest that the Panx1-Gly2 is

of Panx1 expression under these treatment conditions (n = 3). (D) Representative immunoblots of HUVECs treated with TNF-a (2.5 ng/ml) for a time course

of 5 min, 5 and 24 h, and subsequent immunoprecipitation of cell surface–biotinylated membrane proteins. Plasma membrane–localized Panx1 expression

was normalized to biotin-labeled total protein (n = 5). (E) RNA-seq performed on HUVECs treated with TNF-a (2.5 ng/ml) for 24 h. The expression of five

genes in NF-kB family are shown, with each bar representing mean 6 SD for triplicates (n = 3). (F and G) Representative immunoblots of TNF-a–induced

(2.5 ng/ml) HUVECs in presence or absence of inhibitors, including inhibitor of NF-kB kinase-2 (IKK2) 100 mM SC514 (n = 5) or NF-kB inhibitor 10 mM

QNZ (n = 3) for 24 h. Statistical analyses were performed by one-way or two-way ANOVAwith either Dunnett or Tukey multiple comparison test.

*p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.001. TNF, TNF-a.
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FIGURE 2. Panx1 controls transcription of selective inflammatory cytokines. (A) qRT-PCR analysis of Panx1 in HUVECs transfected with siControl or

siRNA Panx1 for 48 h followed with 24-h TNF-a (2.5 ng/ml) treatment. Each reaction was performed in triplicates in addition to the technical triplicates

(n = 3). (B) Representative immunoblot of Panx1 in HUVECs transfected with siControl or siRNA Panx1 for 48 h followed by 24-h TNF-a (2.5 ng/ml)

treatment. Panx1 expression was normalized to b-tubulin and expressed as fold change (n = 4). (C) Cell media collected from HUVECs transfected with

siControl or siRNA Panx1 for 48 h followed with 24-h TNF-a (2.5 ng/ml) treatment were incubated with a human cytokine array (n = 2). Representative

cytokine spot duplicates for selected groups (IL-1b, CXCL10, IL-8, MCP-1, MIF, and Basigin) are shown. (D) ELISA of IL-1b release in media from

HUVECs transfected with siControl or siRNA Panx1 for 48 h followed with 24-h TNF-a treatment (2.5 ng/ml). Each measurement was performed (n = 6)

times; a representative image is shown for treatment groups. qRT-PCR analysis of the expression of IL-1b and CXCL10 (E), IL-8 and CCL2 (F), and MIF

and CD147 (G) in HUVECs transfected with siControl or siRNA Panx1 for 48 h followed with 24-h TNF-a treatment (2.5 ng/ml). Cytokines were

normalized to control and calculated to 2^-DDCT, then expressed as fold change. Each group was performed in triplicates in addition to the technical

triplicates (n = 3). Statistical analyses were performed by one-way or two-way ANOVAwith either Dunnett or Tukey multiple comparison test. *p , 0.05,

**p , 0.01, ***p , 0.001, ****p , 0.001. TNF, TNF-a.
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the predominant posttranslationally modified form of Panx1 in the
plasma membrane that forms hexameric membrane channels
(58, 60). Pannexins are close family members of the connexin
protein family, which have a protein half-life of between 1 and 4
hours (82, 83). An interesting observation in our study was that,
once at the plasma membrane, the Panx1-Gly2 isoform is highly
stable, unlike Cx43, and may persist for several days after the
removal of TNF-a. This represents significantly longer protein
stability than previously reported in experimental models by
Boassa et al. (60, 84) and may highlight different protein recy-
cling pathways between cell types. Despite having an extended
residence time at the plasma membrane, our data also reveal that the
Panx1 channel activity may be dependent on continued stimulation

by TNF-a for channel opening (as described in Ref. 85) because
[Ca2+]i were reduced to baseline within 24 hours of the removal
of TNF-a. Thus, Panx1 functions in ECs are regulated by TNF-a
through multiple mechanisms, including synthesis, translation,
trafficking, and channel opening via phosphorylation.
Recent clinical trials have demonstrated that inflammation plays

a key role in atherosclerotic disease development and that targeting
specific cytokines may provide therapeutic benefits in high-risk
patients (3, 14, 16, 18, 64, 86). In particular, the Canakinumab
Anti-inflammatory Thrombosis Outcome Study trial demonstrated
that canakinumab, an anti–IL-1b therapeutic, reduces circulating
levels of IL-1b in patients and decreases major adverse coronary
events. Canakinumab treatments reduce IL-1b expression but also

FIGURE 3. ATP release through Panx1

channel opening is not associated with

IL-1b regulation. (A) ATP release measured

and quantified as fold change from control

(0 ng/ml TNF-a) to HUVECs pretreated

with TNF-a (0, 2.5, 25, 50, 100 ng/ml) for

24 h (n = 3). (B) ATP release measured and

quantified as fold change from control

(siControl or siPanx1), with 24 h incubation

of TNF-a (2.5 ng/ml) (n = 5). (C) Calcu-

lated mean extracellular ATP concentration

from 24-h TNF-a pretreatment HUVECs in

response to TNF-a (10 ng/ml) for 5 min

(n = 6). (D) qRT-PCR analysis of IL-1b

expression in HUVECs applied to a dose

response for exogenous ATPgS (10, 100

nM, 1, and 100 mM) to assess the potential

effect on IL-1b upregulation (n = 3). Data

were normalized to control and calculated

to 2^-DDCT, then expressed as fold change.

Each group was performed in triplicates in

addition to the technical triplicates (n = 3).

(E) qRT-PCR analysis of IL-1b in HUVECs

treated with ATPgS (100 mM) in the pres-

ence of suramin to (100 mM) to block P2X

receptors (n = 3). Data were normalized to

control and calculated to 2^-DDCT, then

expressed as fold change. Each group was

performed in triplicates in addition to the

technical triplicates (n = 3). (F) qRT-PCR

analysis of Panx1 and IL-1b in HUVECs

pretreated with apyrase (1 U/ml) to de-

grade extracellular ATP, then with TNF-a

(2.5 ng/ml) plus apyrase (1 U/ml) for 24 h

(n = 3). Data were normalized to control and

calculated to 2^-DDCT, then expressed as

fold change. Each group was performed in

triplicates in addition to the technical tripli-

cates (n = 3). (G) qRT-PCR analysis of

Panx1 and IL-1b in HUVECs pretreated

with suramin (100 mM), to block P2X re-

ceptor activity, then with TNF-a (2.5 ng/ml)

plus suramin (100 mM) for 24 h (n = 3). Data

were normalized to control and calculated to

2^-DDCT, then expressed as fold change.

Each group was performed in triplicates in

addition to the technical triplicates (n = 3).

Statistical analyses were performed by one-

way or two-way ANOVAwith either Dunnett

or Tukey multiple comparison test. *p, 0.05,

**p , 0.01, ***p , 0.001, ****p , 0.001.

TNF, TNF-a.
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FIGURE 4. Panx1 facilitates increased [Ca2+]i associated with inflammatory regulation. (A) Representative flow cytometry [Ca2+]i traces from HUVECs

treated with TNF-a (2.5 ng/ml) for 24 h (red) compared with control (blue) and 5-h treatment (magenta). Graphs of individual cell Fluo-4 fluorescence of

[Ca2+]i compared with control as indicated (n = 3). (B) Flow cytometric measurement of median [Ca2+]i in HUVECs transfected with siControl or siRNA

Panx1 for 48 h followed with 24-h TNF-a treatment (2.5 ng/ml) measured in calcium-free Krebs solution (n = 3). (C) Flow cytometric measurement of

median [Ca2+]i in HUVECs treated with TNF-a (2.5 ng/ml) for 24 h in presence of a chelator of calcium EGTA-AM (n = 3). (D) qRT-PCR analysis of

IL-1b expression in HUVECs treated with TNF-a (2.5 ng/ml) for 24 h in the presence of a chelator of calcium EGTA-AM (n = 3). Data were normalized to

control and calculated to 2^-DDCT, then expressed as fold change. Each group was performed in triplicates in addition to the technical triplicates (n = 3). (E)

Flow cytometric measurement of median [Ca2+]i in HUVECs pretreated with PxIL2P peptide (20 mM) followed by TNF-a (2.5 ng/ml) (Figure legend continues)
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reduce expression of biomarkers, including IL-6 and C-reactive
protein (16). However, targeting pathways associated with IL-6
expression using low-dose methotrexate did not result in signifi-
cant patient benefits (18, 87, 88). This has led to the suggestion
that atherosclerosis may be under the control of IL-1b and that
targeting pathways controlling or controlled by IL-1b may have
therapeutic benefit (2, 3, 64–66). In this study, we show that
TNF-a treatment of HUVEC cells leads to release of cytokines,
including IL-1b, which was significantly reduced when Panx1
expression was knocked down via siRNA. Approaches using ge-
netic (siRNA of Panx1) or pharmacological (PxIL2P) inhibition
further identified that Panx1 expression and signaling can regulate
IL-1b synthesis and release. These data suggest that Panx1 may be
involved in multiple aspects of the synthesis and release of IL-1b
in ECs.
Our data provide further evidence that the expression of other

inflammatory chemokines, such as CXCL10, is controlled in a
Panx1-specific manner. CXCL10 has been proposed to be an
important inflammatory marker in atherosclerosis (89, 90), leading
to the formation of vulnerable plaques in humans and mice (91,
92). Strategies to lower CXCL10 expression can lead to reduced
plaque formation and increased plaque stability (91). As previ-
ously described, it is possible that these increases correlate with
IL-1b signaling pathways (2, 3, 64–66). However, the mechanisms
through which Panx1 regulates these cytokines and chemokines
remain to be fully elucidated.
The primary focus for signaling via Panx1 channels has been the

release of ATP following channel opening (35, 39, 93), although
other molecules are assumed to pass through these high conduc-
tance channels (32, 33). Panx1-mediated ATP release has been
associated with direct recruitment of inflammatory cells (39) or
recruitment through P2X receptor–mediated pathways (41). Re-
ceptor signaling via P2X receptors is associated with increased
processing of pro–IL-1b to its mature form and with IL-1b release
(30, 31). Panx1-associated ATP release increases in caspase-1 and
pro–IL-1b processing, promoting human gestational tissues (42).
In astrocytes, Panx1-mediated ATP release and signaling through
the P2X7 channel has been found to promote activation of the
NLRP3 inflammasome and the release of IL-1b (43). Our results
show that TNF-a treatments (2.5–100 ng/ml) of HUVECs resulted
in the release of ∼10–20 nM ATP through Panx1 channels, which
is similar to previous reports (94). In our study, we found that
adding exogenous ATP (data not shown) or the stable ATP isoform
(ATPgS) at these concentrations was not sufficient to stimulate
IL-1b transcription. Nonetheless, previous studies found that
nonphysiological levels of ATP (e.g., levels as high as 5 mM)
induce IL-1b transcription, although these changes have been linked
with cytotoxic effects of ATP at these concentrations (22–24, 26).

In keeping with these observations, we found that treatment of
HUVECs with 100 mM ATPgS did induce an increase IL-1b
transcription that was inhibited by suramin, which has been
found to effectively block P2X receptors at concentrations be-
tween 10 mM and 1 mM (44, 45). However, it should be noted
that the ATP-induced IL-1b responses were significantly lower
than those following TNF-a stimulation in our study. Further-
more, TNF-a–induced IL-1b and Panx1 expression in HUVECs
was not altered by cotreatment with apyrase (to degrade ATP) or
in the presence of suramin [nonspecific P2X/P2Y inhibition (45)]
or A438079 hydrochloride [to block P2X7 receptors (45–47)].
Although it is possible that plasma membrane–localized release
could produce a microenvironment of increased ATP concen-
trations surrounding purinergic receptors, our studies expressing
a plasma membrane–bound luciferase demonstrated that TNF-a
does not induces 100 mM ATP levels at the plasma membrane.
Taken together, these data strongly suggest that ATP is not the
primary mechanism for alterations in IL-1b synthesis in HUVECs
following TNF-a treatment.
Panx1 channels are permeable to ions and molecules up to 1 kDa,

and Vanden Abeele et al. (33) previously demonstrated that Panx1
channels in the endoplasmic reticulum facilitate the movement of
Ca2+. In this study, we found that [Ca2+]i and transient Ca2+ waves
are increased in HUVECs in response to TNF-a. Interestingly, this
did not occur at earlier timepoints (5 hours), suggesting that kinase
activation of TNF-a pathways is not involved. Rather, increases in
[Ca2+]i were only found after long-term stimulation of up to 24
hours, a timepoint at which we demonstrate Panx1 channels are
functional at the plasma membrane. To assess the source of in-
creased [Ca2+]i, we repeated TNF-a stimulation experiments in
Ca2+-free Krebs solution, which blocked the response, suggesting
that increases in [Ca2+]i originated from outside the cell. Although
it is possible that other mechanisms serve to facilitate the entry of
Ca2+ under these conditions, we provide several lines of evidence
that suggest that Panx1 channels are directly permeable to Ca2+,
including no Ca2+ response to TNF-a when Panx1 is silenced by
siRNA or the channel is inhibited using the Panx1-specific in-
hibitor peptide PxIL2P. Our data show that increases in [Ca2+]i are
associated with IL-1b -synthesis that can be ablated following
reductions in [Ca2+]i using EGTA-AM and by blocking the Panx1
channel. Our data therefore suggest that plasma membrane Panx1
channels are permeable to and facilitate increases in [Ca2+]i.
The NF-kB–p65 protein, is a downstream target of TNF-a

signaling, and blocking its activation significantly alters TNF-
a–associated gene regulation, including IL-1b (8). In this study,
we have demonstrated that NF-kB activation plays a key role in
early upregulation of Panx1 in ECs, which promotes its membrane
trafficking and channel opening. Whereas Panx1 is a direct target

plus PxIL2P peptide (20 mM) treatment for 24 h (n = 3). (F) qRT-PCR analysis of IL-1b expression in HUVECs pretreated with PxIL2 peptide (20 mM)

followed by TNF-a (2.5 ng/ml) plus PxIL2P peptide (20 mM) treatment for 24 h. Data were normalized to control and calculated to 2^-DDCT, then

expressed as fold change. Each group was performed in triplicates in addition to the technical triplicates (n = 3). (G) ELISA of IL-1b release from HUVECs

following TNF-a treatment in the presence of PxIL2P (20 mM) or scrambled peptide (ScPep, 20 mM). Each measurement was performed in triplicate

(n = 3). (H) Flow cytometric measurement of median [Ca2+]i in HUVECs transfected with siPanx1 followed by TNF-a (2.5 ng/ml) stimulation (n = 9). (I)

Flow cytometric measurement of median [Ca2+]i in HUVECs treated with TNF-a for 24 h, then washed out for 8 d, as per experimental set up illustrated in

Fig. 1C schematic. (J) qRT-PCR analysis of IL-1b expression in HUVECs treated with TNF-a for 24 h, then washed out for 8 d, as per experimental set up

illustrated in Fig. 1C schematic. Data were normalized to control and calculated to 2^-DDCT, then expressed as fold change. Each group was performed in

triplicates in addition to the technical triplicates (n = 3). (K) Representative immunoblots of NF-kB–p65 (p65) and p-p65 HUVECs transfected with

siControl or siRNA Panx1 for 48 h followed with 24-h TNF-a treatment (2.5 ng/ml) measured. b-tubulin was used as a loading control. The relative changes of

p-p65 and p65 expression were calculated in comparison with siControl no treatment (n = 3). (L) Representative immunoblots of HUVECs pretreated with PxIL2P

peptide followed with TNF-a (2.5 ng/ml) plus PxIL2P peptide (20 mM) stimulation for 24 h. b-tubulin was used as a loading control. The relative changes of P-65

and p65 expression were calculated in comparison with control no treatment (n = 3). Statistical analyses were performed by one-way or two-way ANOVA with

either Dunnett or Tukey multiple comparison test. *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.001. TNF, TNF-a.
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of NF-kB activation, we further demonstrate that Panx1 signaling
can enhance NF-kB activation. This is in keeping with studies
by Wu et al. (69) that pointed to a role of Panx1 in the control of
NF-kB activation. Our data highlight that TNF-a induces an
increase in p-p65 activation, that is significantly reduced when
Panx1 expression is knocked down by siRNA and when the
channel is blocked in the presence of the PxIL2P peptide.
In vitro, our results do not lead to a complete reduction in
IL-1b expression, which may suggest that the role of Panx1–Ca2+

signaling is to amplify the NF-kB–mediated responses through
Ca2+-mediated phosphorylation of p65, as previously described
(68). Thus, we propose that Panx1 facilitates a feed-forward
signaling through Ca2+, leading to the transcriptional control of
IL-1b.
Taken together, the results of our study highlight, to our knowledge,

a novel reciprocal relationship between TNF-a and NF-kB signaling,
which is regulated by Panx1 channel–mediated control of [Ca2+]i,
leading to alterations in IL-1b synthesis and release by ECs.
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