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Pannexin 1 channels mediate ‘find-me’ signal release
and membrane permeability during apoptosis
Faraaz B. Chekeni1,2, Michael R. Elliott1,3, Joanna K. Sandilos2, Scott F. Walk1,3, Jason M. Kinchen1,3,4, Eduardo R. Lazarowski6,
Allison J. Armstrong1,3, Silvia Penuela7, Dale W. Laird7, Guy S. Salvesen8, Brant E. Isakson5, Douglas A. Bayliss2

& Kodi S. Ravichandran1,3,4

Apoptotic cells release ‘find-me’ signals at the earliest stages of death
to recruit phagocytes1. The nucleotides ATP and UTP represent one
class of find-me signals2, but their mechanism of release is not
known. Here, we identify the plasma membrane channel pannexin
1 (PANX1) as a mediator of find-me signal/nucleotide release from
apoptotic cells. Pharmacological inhibition and siRNA-mediated
knockdown of PANX1 led to decreased nucleotide release and
monocyte recruitment by apoptotic cells. Conversely, PANX1 over-
expression enhanced nucleotide release from apoptotic cells and
phagocyte recruitment. Patch-clamp recordings showed that
PANX1 was basally inactive, and that induction of PANX1 currents
occurred only during apoptosis. Mechanistically, PANX1 itself
was a target of effector caspases (caspases 3 and 7), and a specific
caspase-cleavage site within PANX1 was essential for PANX1
function during apoptosis. Expression of truncated PANX1 (at
the putative caspase cleavage site) resulted in a constitutively open
channel. PANX1 was also important for the ‘selective’ plasma mem-
brane permeability of early apoptotic cells to specific dyes3.
Collectively, these data identify PANX1 as a plasma membrane
channel mediating the regulated release of find-me signals and
selective plasma membrane permeability during apoptosis, and a
new mechanism of PANX1 activation by caspases.

Previous studies have shown that ATP and UTP are released from
intact apoptotic cells, with no gross leakage of cellular contents2,4. We
initially considered three potential mechanisms for regulated nucleo-
tide release from early-stage apoptotic cells: exocytosis, blebbing or
passage via a plasma membrane channel. Treatment of cells under-
going apoptosis with the drug brefeldin A (blocking exocytosis5) or
Y27632 (inhibiting the Rho kinase ROCK critical for membrane
blebbing6,7) did not affect ATP release (data not shown). Therefore,
we focused on potential channel(s) that might mediate nucleotide
release during apoptosis.

Among the channels suggested to conduct ATP across the plasma
membrane are the connexin and pannexin family channels8–10.
Connexins form gap junctions between cells, mediating intercellular
communication8,10, whereas pannexin channels are thought to func-
tion primarily in conducting intracellular molecules to the extracellular
space8,9. Initially, we used pharmacological inhibitors known to inhibit
these channels11. The gap junction inhibitors 18-alpha-glycyrrhetinic
acid (18AGA) and flufenamic acid (FFA) had no detectable effect on
apoptosis-induced ATP release (Supplementary Fig. 1a); however,
these drugs were effective in blocking connexin-mediated intercellular
communication in a HeLa-cell-based scrape assay (Supplementary Fig.
1b). The inhibitor carbenoxolone (CBX), which targets connexin and
pannexin channels, inhibited ATP release during apoptosis (Sup-
plementary Fig. 1a). Interference by CBX in the ATP quantification
assay was ruled out (Supplementary Fig. 2a), and CBX blocked ATP

release at all time points assessed, ruling out changes in the kinetics of
release (Fig. 1a). Although CBX-mediated inhibition of ATP release
was comparable to that seen with zVAD(OMe)-fmk (zVAD; cell-
permeable pan-caspase inhibitor that blocks apoptosis and ATP
release from apoptotic cells2), CBX did not inhibit apoptosis, based
on caspase activation12 and ‘eat-me’ signal exposure (Supplementary
Fig. 2b, c). CBX also inhibited UTP release after apoptosis induction
(Supplementary Fig. 4a), and the ability of apoptotic cell supernatants
to attract THP-1 monocytes (Supplementary Fig. 4b, c). The higher
CBX concentration needed for maximum inhibition of ATP release
from apoptotic cells (.100mM) is likely due to binding of CBX by
albumin (BSA) in the medium, as lower CBX concentrations were
sufficient in lower BSA concentrations (Supplementary Fig. 3a, b).
Probenecid, an inhibitor considered more specific for pannexins over
connexins13, also blocked ATP release from apoptotic cells (Fig. 1a).
While drug studies have their limitations, the profile of inhibition
(sensitivity to CBX and probenecid, but not 18AGA and FFA), sug-
gested a role for pannexin channels11,14, which we pursued further.

Among the three pannexins in humans (pannexin 1, 2 and 3)15,16,
pannexin 1 (PANX1) was the most abundant in the human Jurkat T
cells used above (Fig. 1b). siRNA-mediated knockdown of PANX1,
followed by induction of apoptosis reduced ATP and UTP release com-
pared to control (47% and 68% decrease in ATP and UTP, respectively;
Fig. 1c–e and Supplementary Fig. 5a, b). The residual ATP release was
likely due to incomplete knockdown of PANX1 (Fig. 1c and Sup-
plementary Fig. 5a), and was inhibitable by CBX and zVAD (Sup-
plementary Fig. 5c). Importantly, no morphological differences were
seen between control- and PANX1-siRNA-transfected cells at the time
of apoptosis induction (data not shown). Total cellular ATP content was
also comparable (Supplementary Fig. 5e), ruling this out as a cause for
reduced ATP release. PANX1 knockdown had no effect on apoptosis
progression, assessed by apoptotic caspase activity and by annexin V
staining (Fig. 1d and Supplementary Fig. 5d). Consistent with decreased
nucleotide find-me signal release, apoptotic cell supernatants from
PANX1-siRNA-transfected cells also recruited fewer monocytes in vitro
(Fig. 1f). To address chemotactic activity in vivo, we used the dorsal air
pouch model that we had used previously2; cell supernatants were
injected into a sterile air pouch, and leukocytes attracted to the pouch
were analysed after 24 h (Fig. 1g). Supernatants from apoptotic PANX1
knockdown cells recruited fewer leukocytes into the pouch than super-
natants from control-siRNA-transfected cells (Fig. 1g). Collectively,
the PANX1 knockdown studies and pharmacological inhibition by
CBX and probenecid supported a role for PANX1 in the release of
the find-me signals ATP and UTP from apoptotic cells.

We also generated Jurkat cells stably overexpressing Flag-tagged, full-
length PANX1 (426 amino acids11; denoted PANX1–Flag) (Fig. 2a).
Compared to control-vector-transfected cells, PANX1–Flag cells released
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more ATP and UTP upon induction of apoptosis (Fig. 2b, c), and their
apoptotic cell supernatants recruited more monocytes (Fig. 2d). Even
with overexpression of PANX1, the enhanced release of nucleotides
was still regulated by the induction of apoptosis and sensitive to zVAD
and CBX (Fig. 2b and data not shown). Thus, both siRNA-mediated
knockdown of PANX1 (‘loss of function’) and overexpression of
PANX1 (‘gain of function’) directly correlate with apoptosis-induced
nucleotide release and find-me-signal-mediated monocyte recruitment.

PANX1 can conduct molecules up to 1 kDa in size across the plasma
membrane (ATP and UTP are 507 and 484 daltons, respectively)8,9,
including the monomeric cyanine dye YO-PRO-1 (ref. 17). Monomeric
cyanine dyes are marketed as apoptotic cell indicators, but the mech-
anism by which apoptotic cells take up these dyes is not known3. We
asked whether PANX1 mediates the entry of the dyes YO-PRO-1 and
TO-PRO-3 (629 and 671 daltons, respectively) during apoptosis.
Interestingly, the uptake of YO-PRO-1 and TO-PRO-3 by apoptotic
Jurkat cells was largely PANX1-dependent. This PANX1-dependent
membrane permeability was selective, as these early-apoptotic cells did
not take up the dye propidium iodide (which marks necrotic cells; data
not shown). PANX1 knockdown (Fig. 2e) and treatment with CBX
(Supplementary Fig. 6a) significantly reduced YO-PRO-1 uptake,
whereas transient overexpression of PANX1 enhanced TO-PRO-3
uptake (Supplementary Fig. 6b). These data suggest an essential role

for PANX1 in the release of the find-me signals ATP and UTP, and in
the selective plasma membrane permeability that has long been con-
sidered a hallmark of early-stage apoptotic cells3.

We demonstrated previously that apoptotic primary thymocytes
release nucleotide find-me signals, which is critical for proper phagocytic
clearance of dying thymocytes in vivo2. Therefore, we asked whether
thymocytes depend on PANX1 for increased plasma membrane
permeability during apoptosis. Apoptotic thymocytes took up YO-
PRO-1, and treatment with CBX blocked this uptake (similar to the
caspase inhibitor zVAD) (Fig. 2f). However, unlike zVAD, CBX did
not inhibit apoptosis, assessed by phosphatidylserine exposure (Fig. 2f).

We next asked whether apoptosis-induced membrane permeability
could be directly correlated with PANX1-dependent plasma mem-
brane currents. We measured channel activity at the single-cell level
via whole-cell patch-clamp18,19, and made several striking observa-
tions. First, CBX-sensitive currents were detected only in apoptotic
cells. In bulk suspension, where cells undergo apoptosis at different
rates20, PANX1 currents were only detectable in cells that were begin-
ning to bleb (a morphological characteristic of apoptosis; denoted
‘dying’ cells), but not in cells that appeared ‘live’ (Fig. 3a–c). Second,
the apoptosis-induced currents were unaffected by 100mM FFA, but
were rapidly inhibited by 100mM CBX (Fig. 3b, d and Supplementary
Figs 7a, b and 8a–d). This rapid inhibition of the current flux (Fig. 3b
and Supplementary Fig. 8d) suggested that CBX acts directly on the
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Figure 1 | Release of find-me signals by apoptotic cells is pannexin-1-
dependent. a, Time course of ATP release from apoptotic Jurkat cells in the
presence of 500mM carbenoxolone (CBX) or 2 mM probenecid (Prob). n 5 3.
No Tx, no treatment. b, mRNA levels for PANX1, PANX2 and PANX3 in Jurkat
cells determined by qPCR, normalized to PANX1. n 5 2. c, PANX1 protein
expression in Jurkat cells transfected with control or PANX1 siRNA.
Glycosylated PANX1 (upper band; arrow) was quantified. d, e, PANX1
knockdown does not affect the progression of apoptosis (assessed by apoptotic
caspase activity) (d, n 5 3), but decreases ATP (e, n 5 10) and UTP (e, n 5 3)
release 4 h after apoptosis induction. *, P , 1025; **, P , 0.01. f, Transwell
migration of THP-1 monocytes towards apoptotic cell supernatants from
PANX1-siRNA-treated cells (4 h after ultraviolet (UV) treatment). *, P , 0.05.
Representative of four independent experiments. g, Left, Schematic of mouse
air pouch model for monitoring chemotactic activity of apoptotic cell
supernatants in vivo. Right, CD451 leukocytes migrating into the pouch were
determined after injecting apoptotic cell supernatants from siRNA-transfected
cells. n 5 9–10 mice per group. *, P , 0.05, by ANOVA with Bonferroni post-
analysis. Error bars, s.e.m., except in b, f, where they represent s.d.
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Figure 2 | Pannexin 1 expression level correlates with find-me signal release
and membrane permeability. a, Immunoblotting of lysates from control or
PANX1–Flag Jurkat cells. b, ATP release by Jurkat cells after induction of Fas-
mediated apoptosis, and 4 h after UV-induced apoptosis. n 5 2. c, UTP levels in
supernatants of Jurkat cells 2 h after apoptosis induction. n 5 4. d, Migration of
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four experiments. e, Left, flow cytometry histograms showing YO-PRO-1 dye
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channel responsible for the increased membrane permeability. Third,
apoptosis-induced currents were much larger in cells stably over-
expressing PANX1–Flag (Fig. 3c) and markedly reduced in cells with
PANX1 knockdown (Fig. 3e). Importantly, aside from the magnitude,
the voltage-dependent properties of the apoptosis-induced CBX-
sensitive current were essentially identical in control cells, PANX1–
Flag overexpressing cells, and PANX1 knockdown cells (Fig. 3d and
Supplementary Fig. 8c). Moreover, the IC50 values for CBX and probe-
necid, using wild-type Jurkat cells, roughly correspond to concentra-
tions published in the literature (Supplementary Fig. 9)11. Collectively,
these patch-clamp studies demonstrate that, at the single-cell level, the
magnitude of the membrane permeability induced during apoptosis
strongly correlates with the level of PANX1 expression.

We next investigated apoptosis-induced, post-translational modifi-
cation(s) of PANX1 that might regulate channel activity. Interestingly,
detection of endogenous PANX1 in apoptotic Jurkat cells by immuno-
blotting decreased in a time-dependent manner, temporally correl-
ating with procaspase 3 activation (Fig. 4a). The caspase inhibitor
zVAD ‘restored’ the PANX1 band, whereas CBX did not (although
both zVAD and CBX inhibit the apoptosis-induced nucleotide release)
(Fig. 4a and Supplementary Fig. 10a). Loss of Panx1 immunoreactivity,
and its restoration by zVAD, was also observed in apoptotic primary
murine thymocytes (Fig. 4b). This suggested an intriguing possibility
that PANX1 itself might be a target of caspase-mediated cleavage.
Although another type of modification could have caused the loss of
immunoreactivity to this carboxy-terminal antibody21 (CT Ab; Fig. 4c),
this was ruled out by identical results seen in PANX1–Flag over-
expressing cells using anti-Flag antibody for detection (Supplemen-
tary Fig. 10b).

To test whether PANX1 might be a direct target of caspases, we
performed an in vitro cleavage assay by mixing purified active caspases
with immunoprecipitated PANX1–Flag protein. Of those caspases
tested, caspases 3 and 7 displayed the most significant cleavage of
PANX1–Flag (Fig. 4d), resulting in loss of PANX1 immunoreactivity.
This was not due to random activity of these caspases, as another
C-terminally Flag-tagged protein, ELMO1–Flag, was not cleaved in
the same assay (Supplementary Fig. 10c). Caspase cleavage sites are
typically tetrapeptide sequences ending in an aspartic acid, after which
the cleavage occurs22. Using the online tool CASVM23, we identified
two potential caspase cleavage sites in human PANX1: DMRD in the
intracellular loop (residues 164–167; denoted site A) and DVVD in the
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C-terminal tail (residues 376–379; denoted site B) (Fig. 4c). To detect
directly the C-terminal cleavage product of PANX1 in apoptotic cells,
we established Jurkat cells stably expressing PANX1 with a C-terminal
green fluorescent protein (GFP) tag. Induction of apoptosis in PANX1–
GFP-expressing cells resulted in a cleavage product that suggested
cleavage at site B (Fig. 4e). We then mutated sites A and B (individually
and together) by substituting an alanine for the aspartic acid residues
(see Methods) and performed caspase cleavage reactions. Detection of
cleavage products via two different antibodies (to the second extra-
cellular loop (EL2) and to the C-terminal Flag tag) (Fig. 4f and Sup-
plementary Fig. 10c) showed that site A and site B are indeed two target
sites for caspases 3 and 7 in vitro.

To test the functional relevance of these PANX1 caspase cleavage
sites in cells during apoptosis, we transiently co-transfected Jurkat cells
with plasmids coding for wild-type or mutant PANX1 proteins and the
fluorescent protein mCherry (marker for transfection). After inducing
apoptosis, we assessed YO-PRO-1 uptake by mCherry1 cells using
flow cytometry (Fig. 5a). PANX1–Flag expression resulted in higher
YO-PRO-1 uptake than the control Flag vector. Expression of the
PANX1 site A mutant led to the same level of increased YO-PRO-1
uptake as the wild-type-PANX1-transfected cells, suggesting that site
A is dispensable for PANX1 function under these conditions (Fig. 5a).
However, cells expressing the PANX1 site B mutant showed a dramatic
reduction in YO-PRO-1 uptake, suggesting a dominant-negative effect
on YO-PRO-1 uptake by apoptotic cells (YO-PRO-1 mean fluorescence
intensities of 1,393 in the site B mutant condition, versus 11,179 in the
control-vector-transfected cells) (Fig. 5a). Because PANX1 is thought to
function as an oligomer24, perhaps a certain number of subunits within
the complex have to be cleaved for channel activation, resulting in a
dominant-negative effect due to the presence of subunits that cannot be
cleaved. It is notable that PANX1-site-B-mutant-expressing cells did
undergo apoptosis (annexin-V-positive). Mutation of the aspartic acid
residues to glutamic acid residues (denoted site B EE) replicated the
findings with the alanine substitutions, ruling out charge alterations as a
cause (Supplementary Fig. 11a). To assess the effect of the PANX1 site B
mutant on plasma membrane currents, we transiently co-transfected
Jurkat cells with plasmids for a fluorescent marker and the various
PANX1 constructs. Marker-positive and dying cells (actively blebbing)
revealed a dramatic inhibition of apoptosis-induced, CBX-sensitive
current in the PANX1-site-B-mutant-expressing cells (Fig. 5b). We also
established Jurkat cells stably expressing the PANX1 site B mutant.
Upon apoptosis induction, ATP release and TO-PRO-3 uptake were
drastically reduced (Fig. 5c, d), although the cells became apoptotic
(annexin-V-positive) (Fig. 5d). These data suggest that the caspase
cleavage site in the C terminus of PANX1 (site B) is necessary for the
induction of PANX1-mediated plasma membrane permeability during
apoptosis.

We next asked whether a PANX1 protein engineered to mimic trun-
cation at site B (see Methods) would result in basal/constitutive plasma
membrane permeability. Transient expression of the PANX1 truncation
mutant led to TO-PRO-3 and YO-PRO-1 uptake by approximately
one-third of the transfected cells (Fig. 5e and data not shown). We also
detected PANX1 currents on cells expressing the truncation mutant
that appeared ‘live’ (not blebbing), suggesting that the currents were due
to expression of a constitutively open channel (Fig. 5f). The current–
voltage relationship for the truncation mutant resembles that of an
activated wild-type PANX1 channel, and the currents were CBX-sensitive
(Fig. 5f and Supplementary Fig. 11b). Interestingly, the PANX1 currents
were only seen in cells that were brightest for the co-transfected GFP
marker, suggesting that only cells expressing higher amounts of the
truncated/activated subunits form active channels. We performed the
truncation mutant studies 16 h post-transfection, as these cells began to
die 24–48 h post-transfection, perhaps due to continued release of ATP
(data not shown). These data identify that cleavage of PANX1 at site B is
necessary and sufficient to activate the channel, defining a new mech-
anism for regulation of pannexin channels.

Collectively, these data provide several new insights. This work
identifies a new physiological function for PANX1, demonstrating
an essential and non-redundant role in nucleotide/find-me signal release
from apoptotic cells. These data have implications for how apoptotic
cells may modify their extracellular microenvironment through the
selective release of molecules25,26. PANX1 also contributes significantly
to plasma membrane permeability during apoptosis, which is relevant
for ‘selective’ dye uptake by early apoptotic cells. There are still limited
examples where caspase-mediated cleavage of specific proteins during
apoptosis subsequently translates to biologically relevant functions27,28.
Our work uncovers a novel caspase-mediated mechanism of PANX1
activation during apoptosis. Since cleavage site B is evolutionarily con-
served among PANX1 homologues (human, mice and zebrafish), this
may be a conserved mechanism of PANX1 regulation during apop-
tosis. Since ATP released by dying tumour cells can activate NLRP3/
inflammasome-dependent signalling and promote anti-tumour immu-
nity4, defining a role for PANX1 in ATP release could also have implica-
tions for targeting these channels in cancer therapies.
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Figure 5 | Caspase-mediated cleavage of pannexin 1 results in channel
activation during apoptosis a, b, Jurkat cells transiently transfected with
indicated constructs were assessed for YO-PRO-1 uptake (a) and current density
(b) 48 h post-transfection. The MFI for YO-PRO-1 uptake by the gated population
is shown (a) and the analysis of dying cells in b was performed as in Fig. 3. *,
P , 0.01, n $ 5 for each group. c, d, Jurkat cells stably transfected with the indicated
plasmids were assessed for ATP release (c, n 5 3), TO-PRO-3 uptake (d, left) and
annexin V staining (d, right) 2 h after induction of apoptosis. MFI for the TO-PRO-
3 positive peaks and percentage of annexin V positive cells are shown. n 5 3. e, TO-
PRO-3 uptake by Jurkat cells 16 h after transient transfection with full-length or
truncated PANX1. Schematic of full-length and truncated PANX1 (amino acids 1–
426 and 1–371, respectively) are shown. n 5 3. f, CBX-sensitive currents in Jurkat
cells transiently transfected with indicated PANX1 proteins (full length or
truncation mutant). Patch-clamp was performed on cells that appeared
morphologically healthy. n $ 5 per group. Error bars and 6 represent s.e.m.
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METHODS SUMMARY
Induction of apoptosis. Jurkat cells resuspended in serum-free media (RPMI/1%
BSA) were treated with 250 ng ml21 anti-Fas (CH11 clone) or 100 mJ cm22 ultra-
violet C irradiation (Stratalinker). Primary murine thymocytes were treated with
cross-linked anti-Fas (5mg ml21 anti-Fas (Jo2 clone) 1 2mg ml21 protein G).
Preparation of cell supernatants and nucleotide measurement. Cells were
incubated for indicated times after receiving treatments. Supernatants were col-
lected by two consecutive centrifugations (425g for 2 min at room temperature).
ATP was measured using a luciferase/luciferin assay (CellTiter-Glo; Promega)
according to manufacturer’s instructions. UTP concentrations were quantified
by the UDP-glucose pyrophosphorylase-based reaction, as described previously29.
Migration assay. Transwell migration assays were performed by applying THP-1
cells to the insert and the chemoattractant in the well of a 24-well plate with 5-mm
pore Transwells (Corning) for 1 h at 37 uC. Supernatants were diluted in some
cases to bring the chemotactic activity into the linear range of the migration assay,
with the same dilution applied to all samples in each experiment. Percentage of
input cells that migrated to the lower chamber was determined by flow cytometry
using AccuCount beads (Spherotech).
PANX1 constructs. Human PANX1–Flag construct was generated by PCR clon-
ing of PANX1 cDNA (Open Biosystems; catalogue number MHS1010-58324) into
pEBB-Flag vector. Cleavage site mutations were performed using a QuikChange
mutagenesis kit (Stratagene). PANX1 truncation mutant (amino acids 1–371) was
produced by PCR to end at amino acid 371, immediately followed by a Flag tag
(DYKDDDDK), resulting in a 379 amino acid protein (size that would be pro-
duced by caspase cleavage after the last aspartic acid residue in site B).
Patch-clamp analysis. Whole-cell recordings were obtained at room temperature
using patch pipettes (3–5 MV) filled with a Cs-based internal solution. Peak cur-
rent (at 190 mV) was normalized to cell capacitance. CBX-sensitive current was
taken as the difference in peak current before and after CBX application.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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16. Söhl, G., Maxeiner, S. & Willecke, K. Expression and functions of neuronal gap
junctions. Nature Rev. Neurosci. 6, 191–200 (2005).

17. Locovei, S., Scemes, E., Qiu, F., Spray, D. C. & Dahl, G. Pannexin1 is part of the pore
formingunit of theP2X7 receptordeathcomplex.FEBSLett. 581, 483–488 (2007).

18. Chen, X., Shu, S., Kennedy, D. P., Willcox, S. C. & Bayliss, D. A. Subunit-specific
effects of isoflurane on neuronal Ih in HCN1 knockout mice. J. Neurophysiol. 101,
129–140 (2009).

19. Thompson, R. J. et al. Activation of pannexin-1 hemichannels augments aberrant
bursting in the hippocampus. Science 322, 1555–1559 (2008).

20. Spencer, S. L., Gaudet, S., Albeck, J. G., Burke, J. M. & Sorger, P. K. Non-genetic
origins of cell-to-cell variability in TRAIL-induced apoptosis. Nature 459, 428–432
(2009).

21. Penuela, S. et al. Pannexin 1 and pannexin 3 are glycoproteins that exhibit many
distinct characteristics from the connexin family of gap junction proteins. J. Cell
Sci. 120, 3772–3783 (2007).

22. Pop, C. & Salvesen, G. S. Human caspases: activation, specificity, and regulation. J.
Biol. Chem. 284, 21777–21781 (2009).

23. Wee, L. J., Tan, T. W. & Ranganathan, S. CASVM: web server for SVM-based
prediction of caspase substrates cleavage sites. Bioinformatics 23, 3241–3243
(2007).

24. Ambrosi, C. et al.Pannexin1 and pannexin2 channels show quaternary similarities
to connexons and different oligomerization numbers from each other. J. Biol.
Chem. 285, 24420–24431 (2004).

25. Burnstock, G. & Knight, G. E. Cellular distribution and functions of P2 receptor
subtypes in different systems. Int. Rev. Cytol. 240, 31–304 (2004).

26. Praetorius, H. A. & Leipziger, J. ATP release from non-excitable cells. Purinergic
Signal. 5, 433–446 (2009).

27. Johnson, C. E. & Kornbluth, S. Caspase cleavage is not for everyone. Cell 134,
720–721 (2008).

28. Timmer, J. C. & Salvesen, G. S. Caspase substrates. Cell Death Differ. 14, 66–72
(2007).

29. Lazarowski, E. R. & Harden, T. K. Quantitation of extracellular UTP using a sensitive
enzymatic assay. Br. J. Pharmacol. 127, 1272–1278 (1999).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank members of the Ravichandran laboratory for their
comments and suggestions. We also thank R. E. Campbell for providing the construct
for mBlueberry2. This work was supported by the Pharmacological Sciences Training
Grant (F.B.C. andJ.K.S.) (NIGMS), a F30pre-doctoral fellowship fromtheNHLBI (F.B.C.),
a pre-doctoral fellowship from the AHA (J.K.S.), and grants from the National Institutes
of Health (K.S.R.). J.M.K. is supported by grants from the American Heart Association
(Scientist Development Grant) and the American Cancer Society. K.S.R. is a William
Benter Senior Fellow of the American Asthma Foundation.

Author Contributions F.B.C. designed, performed, and analysed most of the
experiments in this study with input from K.S.R. M.R.E. performed the migration assays,
air pouch experiments, qPCR, and flow cytometry, and provided advice and help on
many aspects of this work. J.K.S. performed and analysed the patch-clampstudieswith
input from D.A.B. S.F.W. generated the PANX1 cleavage-site mutants. J.M.K. conducted
phagocytosis assays and aided with flow cytometry of monomeric cyanine dye uptake
by transiently transfected cells. Quantification of UTP in supernatants was performed
by E.R.L. A.J.A. demonstrated pannexin 1 cleavage in apoptotic thymocytes. S.P., D.W.L.
and G.S.S. provided key reagents and intellectual input. B.E.I. performed the scrape
assay, and provided intellectual input on these studies. K.S.R. provided overall
coordination with respect to conception, design, and supervision of the study. F.B.C.
and K.S.R. wrote the manuscript with comments from co-authors.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to K.S.R. (Ravi@virgina.edu).

LETTER RESEARCH

1 4 O C T O B E R 2 0 1 0 | V O L 4 6 7 | N A T U R E | 8 6 7

Macmillan Publishers Limited. All rights reserved©2010

www.nature.com/nature


METHODS
Reagents. Purified nucleotides, propidium iodide, anti-Flag HRP (A8592), anti-
Flag agarose beads (A2220), protein G, carbenoxolone, probenecid, flufenamic
acid and 18-alpha-glycyrrhetinic acid were obtained from Sigma-Aldrich. YO-
PRO-1 and TO-PRO-3 were obtained from Invitrogen. CellTiter-Glo and
Caspase-Glo 3/7 were obtained from Promega. Control siRNA (AM4611) and
PANX1 siRNA (ID 134470; sense: 59-GCAUCAAAUCAGGGAUCCUtt-39) were
obtained from Ambion. Anti-ERK2 (sc-154), anti-Caspase-3 (sc-7148), and anti-
GFP HRP (sc-9996) antibodies were obtained from Santa Cruz Biotechnology.
Annexin V-FITC and Annexin V-APC were obtained from BD and eBioscience,
respectively. cDNA encoding full-length human PANX1 (426 amino acids) was
acquired from Open Biosystems (catalogue number MHS1010-58324, accession
number BC016931). Anti-hPANX1 serum, affinity purified anti-mPanx1, affinity
purified anti-mPanx1 EL2-247 antibodies have been described previously21,30.
Purified active caspases have also been described previously12. Other reagents were
obtained as follows: z-VAD(OMe)-fmk (Enzo Life Sciences), anti-Fas (CH11 anti-
human clone, Millipore; Jo2 anti-mouse clone, Becton Dickinson), recombinant
apyrase (New England Biolabs). mBlueberry2 was provided by R. E. Campbell31.
Induction of apoptosis. Jurkat T cells (E6.1) resuspended at 2 3 106 cells ml21 in
RPMI, 1% BSA, 10 mM HEPES and penicillin/streptomycin/L-glutamine were
treated with 250 ng ml21 anti-Fas (activating monoclonal IgM; CH11 clone) or
100 mJ cm22 ultraviolet C irradiation (Stratalinker), and grown at 37 uC, 5% CO2.
Primary murine thymocytes were isolated and treated with cross-linked anti-Fas
(5mg ml21 anti-Fas (Jo2 clone) 1 2mg ml21 protein G) and grown at 37 uC, 5%
CO2. Where indicated, cells were co-treated with zVAD(OMe)-fmk (50mM or
100mM) or CBX (500mM). The induction of apoptosis was performed in medium
containing calcium, which can block connexin hemichannels11.
Preparation of cell supernatants and nucleotide measurement. Cells were
incubated for indicated times after receiving either control treatment, or treatment
with anti-Fas or UV-irradiation. Cell suspension was then centrifuged at 425g for
2 min at room temperature. Supernatants were transferred to a fresh tube and the
centrifugation repeated. Supernatants from the second centrifugation were used
for nucleotide measurements. ATP was measured using a luciferase/luciferin assay
(CellTiter-Glo; Promega) according to manufacturer’s instructions, via a 1450
Microbeta TriLux luminometer (Perkin Elmer). UTP concentrations were quan-
tified by the UDP-glucose pyrophosphorylase-based reaction, as previously
described29. Briefly, 100ml samples were incubated in the presence of 0.5 U ml21

UDP-glucose pyrophosphorylase, 0.5 U ml21 inorganic pyrophosphatase, 1.6 mM
CaCl2, 2 mM MgCl2, 25 mM hydroxyethylpiperazine ethanesulfonic acid
(HEPES) (pH 7.4), and ,100,000 c.p.m. 1mM [14C]glucose-1P. Incubations lasted
1 h at 30 uC. Reactions were terminated by heating the samples at 95 uC for 2 min.
Conversion of [14C]glucose-1P to [14C]UTP was determined by high-performance
liquid chromatography.
Apoptotic caspase activity. Caspase activity assays were performed using the
DEVD-based synthetic substrate Caspase-Glo 3/7 (Promega) according to manu-
facturer’s instructions.
Quantitative PCR. cDNA was synthesized from 50 ng of RNA isolated from
Jurkat cells (RNeasy, Qiagen) using Superscript III (Invitrogen). qPCR was
performed on the ABI StepOnePlus instrument using TaqMan probes
(Applied Biosystems). Human pannexin mRNA levels shown are normalized to
hypoxanthine phosphoribosyltransferase (HPRT1) levels. Primers used are as
follows: hPANX1: Hs00209790_m1, hPANX2: Hs00364525_m1, hPANX3:
Hs01573439_m1.
Migration assay. Transwell migration assays were performed by applying 100ml
of THP-1 cells at 2 3 106 cells ml21 to the upper chamber (insert) in the same
culture medium as the chemoattractant in lower chamber (500 ml) of a 24-well
plate with 5-mm pore size Transwells (Corning) for 1 h at 37 uC, 5% CO2.
Supernatants were diluted in some cases to bring the chemotactic activity into
the linear range of the migration assay, with the same dilution applied to all
samples in each experiment. The percentage of cells that migrated to the lower
chamber was determined by flow cytometry using 5.1mm AccuCount beads
(Spherotech) and calculated as the percentage of input cells. Where indicated,
0.05 U ml21 recombinant apyrase was added to chemoattractant for 5 min at room
temperature.
Air pouch studies. All animal studies were performed in accordance with the
University of Virginia Animal Care and Use Committee guidelines. Animals were
housed in a specific pathogen-free facility. Female C57BL/6 mice were used
(Charles River Laboratories). Air pouch experiments were performed as described
previously32, using mice aged 8–12 weeks. In brief, 5 ml of 0.2mm-filtered air was
injected subcutaneously into the mid-dorsal region. After 3 days, the same
pouches were injected with 3 ml of 0.2mm-filtered air to maintain the pouch.
Four days later the pouches were injected with 1 ml of 0.2mm-filtered supernatants
from control or ultraviolet-treated Jurkat cells. Supernatants were produced in

RPMI with 5% FBS, 10 mM HEPES, and penicillin/streptomycin/L-glutamine.
After 24 h, cells from the air pouch were collected by two lavages of 2 ml of
HBSS/1% FBS. Collected cells were resuspended in equal volumes and cell count-
ing was performed by flow cytometry using quantification beads (Spherotech). For
analyses of specific populations in the air pouch, cells were treated with anti-
CD16/32 for 15 min on ice to block Fc receptor binding, followed by addition of
the indicated fluorescently labelled antibodies for 30 min on ice. After washing, the
cells were analysed with a FACS Canto instrument (Becton Dickinson).
PANX1 constructs. Human PANX1–Flag construct was generated by PCR clon-
ing of PANX1 cDNA (Open Biosystems; catalogue number MHS1010-58324) into
pEBB-Flag vector. Mutations were performed using QuikChange mutagenesis kit
(Stratagene). Fidelity of all constructs was confirmed by sequencing. Site B
(DVVD) was C-terminal to and continuous with another predicted caspase cleavage
site (IKMD); therefore, both aspartic acid residues were mutated to alanine to ensure
complete disruption of the cleavage region (IKMDVVD mutated to IKMAVVA).
Glutamic acid substitutions were also performed, in order to conserve charge at the
cleavage site (IKMDVVD mutated to IKMEVVE). PANX1 truncation mutant
(amino acids 1–371) was produced by PCR to end at amino acid 371, immediately
followed by a Flag tag (8 amino acids: DYKDDDDK). This resulted in a 379 amino
acid truncation mutant protein, which is exactly the same size as would be produced
by caspase cleavage after the last aspartic acid residue in site B.
siRNA, transient, and stable transfections. Transfections were carried out using
the BTX Square Pulse T820 electroporator with 5–10 million Jurkat T cells per
transfection. For siRNA transfection, cells were transfected with 200 nM siRNA
(Ambion) and used 72 h after transfection. For transient DNA transfections,
Jurkat cells were electroporated with 5mg of control vector or PANX1–Flag
construct along with 5mg mCherry expression construct (marker), and used
48 h after transfection. For generation of stable lines, Jurkat cells were electro-
porated with 10mg of plasmid (pEBB PANX1–Flag) along with a pA-puro vector,
and cultured in 1mg ml21 puromycin before and during limiting dilutions to
isolate single-cell clones. Puromycin-resistant clones were screened for expression
of Flag by immunoblotting.
Measuring selective membrane permeability during apoptosis. Jurkat cells
were induced to undergo apoptosis (as described above) in media containing
1mM YO-PRO-1 or TO-PRO-3 dyes. Cells were washed in PBS and resuspended
in either PBS/0.5% BSA or binding buffer for annexin V staining. Dye uptake and
cell surface staining was assessed by flow cytometry.
Patch-clamp analysis. Whole-cell recordings were obtained at room temperature
using 3- to 5-MV borosilicate glass patch pipettes and an Axiopatch 200A amp-
lifier (Axon Instruments) in a bath solution composed of 140 mM NaCl, 3 mM
KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES and 10 mM glucose (pH 7.3).
Internal solution contained 30 mM TEACl, 100 mM CsMeSO4, 4 mM NaCl, 1 mM
MgCl2, 0.5 mM CaCl2, 10 mM HEPES, 10 mM EGTA, 3 mM ATP-Mg and
0.3 mM GTP-Tris (pH 7.3). Ramp voltage clamp commands were applied at 5-s
intervals using PCLAMP software and a Digidata1322A digitizer (Axon instru-
ments). Whole-cell peak conductance was taken at 190 mV and normalized to cell
capacitance. CBX-sensitive current was taken as the difference in peak conduc-
tance before and after CBX application relative to the initial peak current.
Immunoblotting. Samples were analysed by SDS–PAGE and immunoblotting
using the following antibody concentrations/dilutions: anti-human PANX1 serum
(1:5,000), affinity-purified anti-Panx1 EL2-247 (0.2mg ml21), affinity purified anti-
murine Panx1 (0.2mg ml21), anti-ERK2 (1:10,000) and anti-Caspase-3 (1:1,000).
Purified PANX1 proteins. HEK 293T cells were transfected with Flag-tagged
ELMO1 or PANX1 plasmids using calcium phosphate transfection (ProFection,
Promega). After 48 h, whole-cell lysates were immunoprecipitated using anti-Flag
beads, washed in wash buffer, and resuspended in TBST 1 10% glycerol before use
in in vitro cleavage reactions.
In vitro caspase cleavage assay. Active recombinant caspases were produced and
characterized as described previously12. In vitro cleavage reactions were performed
in the following reaction buffer: 100 mM NaCl, 10% sucrose, 0.1% CHAPS, 20 mM
PIPES, 1 mM EDTA and 10 mM dithiothreitol. Immunoprecipitated Flag-tagged
proteins were resuspended in reaction buffer, and purified active caspase was
added to a final concentration of 100 nM. The reaction was carried out for 1 h
at 37 uC and terminated by addition of SDS sample buffer and boiling for 5 min.
The reactions were analysed by SDS–PAGE and immunoblotting.
Scrape assay. Scrape assays were performed as originally described33. Briefly,
confluent monolayers of HeLa cells or HeLa cells stably expressing Connexin 43
(Cx43) were scraped with a blunted 22-gauge needle in PBS containing 1 mg ml21

Lucifer yellow. Five minutes after scrape, cells were washed with PBS, fixed with
4% paraformaldehyde and viewed on an Olympus IX70 microscope.
Phagocytosis assay. Bone marrow-derived macrophages (BMDMs) were pre-
pared as described previously32. For phagocytosis assays, BMDMs were plated at
a density of 100,000 cells in a 24-well plate in RPMI110% serum overnight, and
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stained for 5 min with 1 mM CFSE-SE (Invitrogen) before the engulfment assay.
For apoptotic targets, Jurkat cells were induced to undergo apoptosis using anti-
Fas treatment as described above in the presence or absence of 500mM CBX, then
stained with TAMRA-SE (Invitrogen; to determine gross binding/uptake of apop-
totic cells) or Cypher-5E (GE Health; a pH-sensitive dye that displays enhanced
fluorescence upon acidification of the apoptotic cell in the phagosome, to monitor
internalization). BMDMs were then incubated with 2 million apoptotic Jurkat cells
(in the presence or absence of 500mM CBX) for ,1 h, trypsinized and analysed on
a BD FACSCanto flow cytometer. The collected flow cytometry data were analysed
using FlowJo software.
Statistical analyses. Data are presented as the mean 6 standard error of the
mean (s.e.m.) or mean 6 standard deviation (s.d.), unless noted otherwise.
Statistical significance for comparisons was determined by the Student’s two-tailed

t-test, unless noted otherwise. A P value less than 0.05 was considered statistically
significant.

30. Penuela, S., Bhalla, R., Nag, K. & Laird, D. W. Glycosylation regulates pannexin
intermixing and cellular localization. Mol. Biol. Cell 20, 4313–4323 (2009).

31. Ai, H. W., Shaner, N. C., Cheng, Z., Tsien, R. Y. & Campbell, R. E. Exploration of new
chromophore structures leads to the identification of improved blue fluorescent
proteins. Biochemistry 46, 5904–5910 (2007).

32. Kadl, A., Galkina, E. & Leitinger, N. Induction of CCR2-dependent macrophage
accumulation by oxidized phospholipids in the air-pouch model of inflammation.
Arthritis Rheum. 60, 1362–1371 (2009).

33. el-Fouly, M. H., Trosko, J. E. & Chang, C. C. Scrape-loading and dye transfer. A rapid
and simple technique to study gap junctional intercellular communication. Exp.
Cell Res. 168, 422–430 (1987).
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