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Background: Pannexin-1 channels mediate ATP efflux and are substrates for apoptotic caspases.
Results: Chemotherapeutic drugs induce ATP release via caspase-dependent gating of pannexin-1 channels and a caspase/
pannexin-1-independent mechanism in leukemic lymphocytes.
Conclusion: Pannexin-1 channels that release intracellular metabolites are a novel element of cancer chemotherapy.
Significance: Pannexin-1 channels link tumor cell apoptosis to purinergic regulation of anti-tumor immunity.

Anti-tumor immune responses have been linked to the regu-
lated release of ATP from apoptotic cancer cells to engage P2
purinergic receptor signaling cascades in nearby leukocytes. We
used the Jurkat T cell acute lymphocytic leukemia model to
characterize the role of pannexin-1 (Panx1) channels in the
release of nucleotides during chemotherapeutic drug-induced
apoptosis. Diverse pro-apoptotic drugs, including topoisomer-
ase II inhibitors, kinase inhibitors, and proteosome inhibitors,
induced functional activation of Panx1 channels via caspase-3-
mediated cleavage of the Panx1 autoinhibitory C-terminal
domain. The caspase-activated Panx1 channels mediated efflux
of ATP, but also ADP and AMP, with the latter two comprising
>90% of the released adenine nucleotide pool as cells transi-
tioned from the early to late stages of apoptosis. Chemothera-
peutic drugs also activated an alternative caspase- and Panx1-
independent pathway for ATP release from Jurkat cells in the
presence of benzyloxycarbonyl-VAD, a pan-caspase inhibitor.
Comparison of Panx1 levels indicated much higher expression
in leukemic T lymphocytes than in normal, untransformed T
lymphoblasts. This suggests that signaling roles for Panx1 may
be amplified in leukemic leukocytes. Together, these results
identify chemotherapy-activated pannexin-1 channels and ATP
release as possible mediators of paracrine interaction between
dying tumor cells and the effector leukocytes that mediate
immunogenic anti-tumor responses.

Immune responses to cancer play significant roles in sup-
pressing or eliminating tumor cells that survive direct killing by
chemotherapeutic agents or radiation. Anti-tumor immune

responses have been linked in part to the regulated release of
ATP from apoptotic tumor cells with consequent engagement
of P2 purinergic receptor signaling cascades in tumor-infiltrat-
ing leukocytes (1–3). Tumor cell-derived extracellular ATP
stimulates G protein-coupled P2Y2 receptors on dendritic
cells and macrophages to amplify the recognition and phago-
cytosis of apoptotic cancer cells (4 – 6). ATP within the tumor
microenvironment additionally stimulates ionotropic P2X7
receptors on dendritic cells/macrophages to elicit caspase-1
inflammasome assembly and IL-1� secretion (1). The ATP-de-
pendent release of IL-1� from dendritic cells during presenta-
tion of tumor antigen to CD8� T cells enhances differentiation
of the latter into tumor-reactive effectors that can directly kill
cancer cells or facilitate recruitment of natural killer cells. ATP
can be released from normal or tumor cells via exocytosis of
ATP-containing vesicles or granules, selective efflux via plasma
membrane channels, or nonselective disruption of plasma
membrane integrity by mechanical stress or cytolytic mediators
(7, 8). Two mechanistically distinct pathways of ATP release,
one channel-mediated and the other involving exocytosis, have
been characterized in different tumor cell models during apo-
ptosis induced by death receptors, radiation, or chemothera-
peutic drugs.

Ravichandran and co-workers (9, 10) identified a central role
for plasma membrane pannexin-1 channels in facilitating ATP
export from apoptotic Jurkat human leukemic T cells or normal
murine thymocytes. Pannexin-1 (Panx1) exhibits similar topol-
ogy, but not sequence homology, to the larger family of con-
nexin membrane proteins that form gap junction channels (11).
Each Panx1 protein subunit contains 426 amino acids orga-
nized in four transmembrane segments, intracellular N and C
termini and two extracellular loops. Six Panx1 subunits co-as-
semble into stable hexameric channels during synthesis in the
endoplasmic reticulum/Golgi network and trafficking to the
plasma membrane. In the basal state, Panx1 channels are
defined by very low open probability and conductance (10,
12–16). Increased Panx1 channel activity in the plasma mem-
brane of nonapoptotic cells can be rapidly (within seconds to
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minutes) induced by mechanical stresses, stimulation of some
G protein-coupled receptors, or strong depolarization of the
membrane potential to �0 mV (17). Notably, the intracellular
C-terminal tail of Panx1 contains a consensus site (376Asp-Val-
Val-Asp in human Panx1 and 376Asp-Ile-Ile-Asp in murine
Panx1) for proteolytic cleavage by caspase-3 (10, 11, 13, 14).
Cleavage at Asp-379 removes a 46-amino acid C-terminal seg-
ment that otherwise acts as an autoinhibitory blocker of the
conducting pore formed by the Panx1 hexameric complex.
Thus, accumulation of active caspase-3 during apoptosis can
result in essentially irreversible open-gating of Panx1 channels.
These C-terminally truncated Panx1 channels are character-
ized by increased permeability to both organic anions, such as
ATP, and organic cations (10, 13, 14), such as propidium family
dyes. Studies with the Jurkat lymphocytes and mouse thymo-
cytes demonstrated caspase-3-dependent activation of Panx1
channels and consequent ATP release in response to Fas-trig-
gered induction of the extrinsic apoptotic cascade or UV irra-
diation-induced activation of the intrinsic apoptosis program
(10, 18, 19).

A different pathway for ATP release from apoptotic tumor
cells was elucidated by Zitvogel and co-workers (1) and Kro-
emer and co-workers (20)based on studies with multiple
murine tumor models, including EL4/EG7 thymoma, CT26
colon carcinoma, and MCA205 fibrosarcoma, as well as some
human cancer cells such as U2OS osteosarcoma. Significant
release of ATP from these tumor cells was induced by a broad
range of chemotherapeutic drugs or pro-apoptotic agents,
including anthracyclines, oxaliplatin, etoposide, and staurospo-
rine. The extracellular accumulation of ATP was temporally
correlated with a reduction in quinacrine-labeled intracellular
puncta in the apoptotic tumor cells; quinacrine acts to fluores-
cently label ATP-containing acidophilic organelles or granules
(20). Subsequent studies revealed that chemotherapeutic drug-
induced ATP release was suppressed by pharmacological or
genetic suppression of the autophagy regulators Atg5 and Atg7
and correlated with exocytosis of lysosomes (5). The autophagy
proteins acted to increase ATP compartmentalization within a
subset of secretory lysosomes. Parallel signals in the apoptotic
cells promoted exocytotic fusion of these ATP-containing lyso-
somes with the plasma membrane. Inhibition of caspase-3 or
knockdown of Panx1 attenuated lysosome exocytosis and
secretion of ATP (21, 22). However, Panx1 in these tumor cell
models was predominantly expressed as an intracellular pro-
tein prior to apoptosis but translocated to the plasma mem-
brane concomitantly with apoptotic induction of lysosome exo-
cytosis. In this model, Panx1 channels act as regulators of the
exocytosis of ATP-containing lysosomes rather than conduits
for the direct efflux of cytosolic ATP (21).

In this study, we used the Jurkat T cell acute lymphocytic
leukemia models to address unresolved mechanistic questions
regarding the role of Panx1 channels in the release of ATP and
other metabolites from tumor cells during chemotherapeutic
drug-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Models and Reagents—The human Jurkat T cell acute
lymphocytic leukemia and human THP1 promonocytic leuke-

mia lines were obtained from ATCC. The human CEM T lym-
phoblastic leukemia line was generously provided by Dr. Aaron
Weinberg (Case Western Reserve University). Normal human
T lymphoblasts, expanded from human peripheral blood leu-
kocytes cultured with phytohemagglutinin and IL-2 as
described previously (23), were generously provided by Dr.
Alan Levine (Case Western Reserve University). Key reagents
were obtained from the following sources. Anti-human Fas
(CH11 clone) was from Millipore; anti-human CD3 (OKT3
clone) was from BioLegend; doxorubicin was from (LC Labora-
tories or Sigma); staurosporine was from LC Laboratories; ATP,
phosphoenolpyruvate, etoposide, carbenoxolone, trovafloxa-
cin, probenecid, and 3-methyladenine were from Sigma;
U73122 and ARL67156 were from Tocris; Z3-VAD was from
Tocris or APExBio; MG132 and bafilomycin were from
APExBIO; lyophilized Firefly luciferase ATP assay mix
(FLAAM), Firefly luciferase ATP assay buffer (FLAAB), pyru-
vate kinase (P-1506), and myokinase (M-3003) were from
Sigma. EnzChek Caspase 3 assay kit, AlamarBlue� cell viability
reagent, YO-PRO, LysoTracker Red-DND 99, and Fluo4-AM
dyes were from Invitrogen. Cell Titer-Glo luminescent viability
assay kit was from Promega. Anti-PARP (9542) was from Cell
Signaling. Anti-� actin (sc-1615) and all horseradish peroxidase
(HRP)-coupled secondary antibodies were from Santa Cruz
Biotechnology. Pierce� ECL Western blotting substrate was
from ThermoScientific. The noncommercial rabbit anti-hu-
man pannexin-1 antiserum has been described previously
(10, 24).

Cell Culture and Induction of Apoptosis—Jurkat cells were
maintained in RPMI 1640 medium supplemented with 10%
newborn bovine calf serum (Hyclone), 100 units/ml penicillin,
100 �g/ml streptomycin (Invitrogen), and 2 mM L-glutamine
(Lonza) at 37 °C in 5% CO2. For induction of apoptosis and
analysis of released adenine nucleotides, the cells were resus-
pended at 2 � 106 cells/ml (2 ml/well; 6-well plates) in RPMI
1640 medium as above but with 10% bovine calf serum treated
for 2 h at 65 °C to inactivate serum nucleotidases. In some
experiments, cells were resuspended as above but in serum-free
RPMI 1640 medium. The resuspended cells were preincubated
for 1 h at 37 °C in 5% CO2 prior to induction of apoptosis by
addition of 250 ng/ml anti-Fas, 3 �M staurosporine (STS), 25
�M doxorubicin (Dox), 20 �M etoposide (Etop), or 3 �M

MG132. Where indicated, 100 or 500 �M carbenoxolone
(CBX), 50 or 100 �M Z-VAD, 50 nM bafilomycin A (BafA), 5 mM

3-methyladenine, 10 �M trovafloxacin, 100 �M ARL67156, or
10 �M U73122 were added 30 – 60 min before the pro-apoptotic
stimuli.

Collection of Conditioned Medium and Measurement of
Released Adenine Nucleotides—Samples of the conditioned
medium supernatants were taken at the indicated times (rou-
tinely 0, 2, 4, 8, 12, and 18 h) after addition of pro-apoptotic

3 The abbreviations used are: Z, benzyloxycarbonyl; CBX, carbenoxolone;
Dox, doxorubicin; STS, staurosporine; BafA, bafilomycin A; Etop, etoposide;
PI-PLC, phosphatidylinositol phospholipase C; PARP, poly(ADP-ribose)
polymerase; 3-MA, 3-methyladenine; ANex, extracellular adenine nucleo-
tide; FLAAM, Firefly luciferase ATP assay mix; FLAAB, Firefly luciferase ATP
assay buffer; TCR, T cell receptor; BAPTA, 1,2-bis(2-aminophenoxy)ethane-
N,N,N�,N�-tetraacetic acid; BSS, basal salt solution; ns, not significant.
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stimuli and centrifuged at 13,500 rpm for 15 s to pellet any cells.
The cell-free supernatants were transferred to fresh tubes for
analysis of either ATP only or total adenine nucleotides (ATP �
ADP � AMP). For luciferase-based quantification of ATP only,
a 50-�l aliquot of conditioned medium supernatant was sup-
plemented with 46 �l of FLAAB and 4 �l of concentrated
FLAAM (reconstituted with 5 ml of sterile water per vial of
lyophilized luciferase/luciferin mix) and transferred to a well of
a 96-well white plate. The ATP-dependent bioluminescence
was measured with a BioTek Synergy HT plate reader (1 s inte-
gration of emitted light) and quantified by comparison with
ATP standards assayed under identical conditions. For quanti-
fication of total adenine nucleotides, samples were subjected to
a protocol modified from Ref. 25, whereby AMP and ADP were
rephosphorylated to ATP (in a cycling reaction driven by excess
phosphoenolpyruvate in the presence of pyruvate kinase and
myokinase) prior to the luciferase analysis described above. 50
�l of conditioned medium supernatant was supplemented with
8.3 �l of rephosphorylation mixture (25 mM K-HEPES, pH 8.0,
50 mM MgSO4, 8.3 mM phosphoenolpyruvate, 600 units/ml
myokinase, 300 units/ml pyruvate kinase) and incubated for 90
min at 37 °C. 37.7 �l of FLAAB and 4 �l concentrated FLAAM
were then added to each resphosphorylated sample, and ATP-
dependent bioluminescence was measured.

Measurement of Intracellular ATP, ADP, and AMP Con-
tent—Jurkat cells were incubated in the absence or pres-
ence of anti-Fas (4 h), STS (4 h), Dox (8 h), or Etop (8 h). Ali-
quots of cell suspension were centrifuged, and the cell pellets
were resuspended in assay buffer (25 mM HEPES, 15 mM KOH,
pH 8.0, 50 mM MgSO4) and lysed by heating in a boiling water
bath for 1 min. The lysates were centrifuged to sediment dena-
tured protein, and 25-�l aliquots were immediately assayed for
ATP, ADP, or AMP content by adaptation of the rephosphory-
lation protocol described above but with a separate pyruvate
kinase-only incubation to assay ADP versus combined pyruvate
kinase/myokinase incubation to assay AMP. Quantification of
each nucleotide (ATP, ADP, and AMP) in the lysates was deter-
mined relative to parallel rephosphorylation reactions contain-
ing known concentrations of ATP, ADP, or AMP standards.

Caspase-3 Activity—Jurkat cell suspensions were treated
with pro-apoptotic stimuli as indicated above for the adenine
nucleotide release experiments. At various times post-apopto-
tic induction, aliquots of cell suspension were centrifuged to
pellet the cells. The cell pellets were washed, resuspended in
PBS, and then mixed with EnzChek Caspase-3 kit (Invitrogen)
lysis buffer. Caspase 3 activity in the cell lysates was assayed
using caspase 3 reaction reagents as described in the vendor
protocol.

Measurement of Cell Viability by AlamarBlue Metabolism
or Intracellular ATP Content—Cell viability was measured
using the AlamarBlue Cell Viability reagent� (Invitrogen) as de-
scribed in the vendor protocol. Quantification of the fluores-
cent resorufin product produced by viable cells was measured
with the BioTek Synergy HT plate reader using a 540/620-nm
filter set. As an alternative assay of cell viability directly corre-
lated with intracellular ATP, we used the Cell Titer-Glo� lumi-
nescent cell viability assay reagent (Promega) as described in
the vendor protocol. This assay reagent combines a cell lysis

buffer and proprietary thermostable recombinant luciferase for
quantification of cell viability based on ATP content. At various
times post-apoptotic induction, 25-�l aliquots of Jurkat cell
suspensions were diluted to 100 �l with culture medium and
mixed with 100 �l of reconstituted Cell Titer-Glo reagent per
well of a 96-well white plate, and the ATP-dependent biolumi-
nescence was measured with the BioTek plate reader.

Western Blot Analysis—1-ml aliquots of Jurkat cell suspen-
sion (2 � 106 cells) were centrifuged, and the cell pellets were
washed in PBS. Whole cell lysates were prepared by detergent-
based extractions prior to standard processing by SDS-PAGE
(12% polyacrylamide), transfer to PVDF membranes, and
Western blot analysis as described previously (26). Primary
antibodies were used at the following concentrations or dilu-
tions: anti-human Panx1 serum (1:5000), anti-PARP (0.05
�g/ml), and anti-actin (1 �g/ml). HRP-conjugated secondary
antibodies were used at a final concentration of 0.13 �g/ml.
Chemiluminescent images of the blots were developed with
ECL reagent, imaged, and quantified using a FluorChemE pro-
cessor and AlphaView SA imaging software (Cell Biosciences).

YO-PRO Dye Uptake by End Point Assay—500-�l aliquots of
Jurkat cell suspension (106/ml) were treated with anti-Fas (4 h),
STS (4 h), Etop (8 h), Dox (12 h), or MG132 (8 h) in the absence
or presence of 100 �M Z-VAD, collected by centrifugation, and
washed once with PBS. The washed cell pellets were resus-
pended in 500 �l of basal salt solution (BSS) containing 130 mM

NaCl, 5 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2, 25 mM NaHEPES,
pH 7.5, 5 mM glucose, and 0.1% bovine serum albumin. This
suspension was divided into two 250-�l aliquots. One was sup-
plemented with 250 �l of BSS containing 200 �M CBX (final
concentration 100 �M), and the other was supplemented with
250 �lof BSS lacking CBX. Both aliquots were preincubated at
room temperature for 15 min prior to addition of 1 �M YO-
PRO dye and incubation for an additional 20 min. The cells
were pelleted by brief centrifugation, washed once in PBS, and
resuspended in 250 �l of fresh BSS. 200-�l aliquots were trans-
ferred to wells in a 96-well black wall/clear bottom plate, and
the fluorescence (485 nm/540 nm) was measured on the BioTek
Synergy HT plate reader. Afterward, phase contrast and epif-
luorescence images of the cells in each well were viewed and
recorded using a Zeiss Axiovert 25 microscope equipped with
a 485/540-nm filter set, QCam1394 digital camera, and
QCapturePro imaging software (QImaging).

YO-PRO Dye Uptake by On-line Kinetic Assay—500-�l ali-
quots of Jurkat cell suspension (106/ml) were suspended in BSS
containing 5 mM glucose, 0.1% BSA, and 1 �M YO-PRO and
transferred to the wells of a 24-well plate. The cell suspensions
in some wells were additionally supplemented with 100 �M

Z-VAD or 100 �M CBX, and the 24-well plate was equilibrated
to 37 °C in the BioTek Synergy HT plate reader. Baseline fluo-
rescence (485/540 nm) in each well was measured at 1-min
intervals for 5 min prior to the addition of 3 �M STS (or vehicle).
The fluorescence in each well was measured at 1-min intervals
for an additional 4 h prior to the addition of digitonin (100 �M)
to permeabilize all cells. Digitonin-induced increases in fluo-
rescence were measured at 30-s intervals for 10 min.

Fluo-4 Assay of Cytosolic [Ca2�]—Washed Jurkat cells were
resuspended (106/ml) in BSS supplemented with 1 �M fluo-4
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AM (premixed with pluronic F-127 at 1:1 by volume) and
2.5 mM probenecid. Cells were incubated at 37 °C for 45 min,
washed in PBS, and resuspended in fresh BSS in the absence or
presence of 2.5 mM probenecid. 500-�l aliquots were trans-
ferred to the wells of a 24-well plate that was placed into the
BioTek Synergy HT plate reader preheated to 37 °C. Baseline
fluorescence (485/540 nm) in each well was measured at 20-or
60-s intervals for 10 min. Cells were then stimulated 1 �g/ml
anti-CD3, 10 �M ionomycin, 3 �M STS, or 5 mM ATP for 0.5 or
4 h. Where indicated, cells were treated with 5, 10, or 20 �M

U73122 for 10 min prior to addition of anti-CD3. At the end of
each assay, cells were permeabilized with 1% Triton X-100 to
determine maximum Ca2�-dependent fluorescence and then
supplemented with 15 mM EGTA and 50 mM Tris to determine
Ca2�-independent fluorescence.

LysoTracker Red Accumulation Assay—1-ml aliquots of Jur-
kat cell suspension (2 � 106/ml) in standard RPMI 1640 culture
medium were transferred to the wells of a 24-well plate and
supplemented with or without 250 nM bafilomycin A or 100 �M

Z-VAD. After 60 min at 37 °C, the cells were treated with or
without 3 �M STS and incubated for an additional 4 h. The cell
suspensions were collected for centrifugation, and the cell pel-
lets were washed once in PBS, resuspended in 500 �l of BSS
containing 100 nM LysoTracker Red, and transferred to the
wells of a 24-well plate. LysoTracker Red fluorescence (540
nm/620 nm) in each well was immediately measured in the
BioTek plate reader.

Data Analysis—All experiments were repeated 2– 4 times
with separate Jurkat cell culture preparations. Figures illustrat-
ing Western blot results are from representative experiments.
Where indicated, figures illustrating quantification of extracel-
lular adenine nucleotide accumulation, cell viability, intracellu-
lar adenine nucleotide content, caspase-3 activity, or YO-PRO
dye uptake represent either the mean (� S.E.) of data from
several identical experiments or the mean (� S.E.) of triplicate
independent cell suspension analyses from a single representa-
tive experiment. Quantitative results were analyzed by one-way

analysis of variance with Tukey post-test comparison using
Prism 3.0 software.

RESULTS

Chemotherapeutic Drugs Induce Caspase-3-mediated Exci-
sion of the Panx-1 Autoinhibitory Domain—Previous studies
have defined the kinetics of caspase-3-mediated gating of
Panx1 channels during Jurkat cell apoptosis induced by Fas
receptor activation but not by chemotherapeutic drugs (10, 18,
19). Using Fas activation as a positive control stimulus, we com-
pared the kinetics of caspase-3 activation and loss of cell viabil-
ity in Jurkat cells treated with staurosporine (STS), a broad-
spectrum kinase inhibitor widely used as a model pro-apoptotic
inducer, or two clinically relevant topoisomerase II inhibitors,
Etop and Dox. The three drugs were tested at concentrations
known to be maximally efficacious in inducing apoptotic death
in the Jurkat model. Fig. 1A shows that 3 �M STS mimicked the
ability of anti-Fas to trigger a rapid accumulation of active
caspase-3 within 2 h that preceded measurable loss of cell via-
bility as indicated by the capacity to efficiently metabolize Ala-
mar Blue dye (Fig. 1B). In contrast, significant caspase-3 activa-
tion required a 4-h incubation with 20 �M Etop or an 8-h
exposure to 25 �M Dox. As with the anti-Fas or STS stimuli, the
Etop- and Dox-induced accumulation of active caspase-3 pre-
ceded the loss of cell viability. Notably, the decreases in Jurkat
cell viability induced by STS, Etop, Dox, or anti-Fas were mark-
edly delayed and attenuated by the pan-caspase inhibitor,
Z-VAD-fmk (Fig. 1C).

Asparagine 254 in the second extracellular loop of human
Panx1 is N-glycosylated during synthesis, and this glycosylation
enhances trafficking of mature Panx1 channels to the plasma
membrane (11, 24, 27). Three different glycosylation states of
Panx1 have been described: the Gly-0 core unglycosylated pro-
tein; the Gly-1 high mannose species that predominates in the
endoplasmic reticulum pool; and the Gly-2 complex glycopro-
tein that is the most abundant form in control Jurkat cells (Fig.
2A) as detected using a previously characterized polyclonal
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FIGURE 1. Comparative time courses for accumulation of active caspase-3 and loss of viability in Jurkat leukemic T cells treated with different
chemotherapeutic agents. A, Jurkat T cells were treated with anti-Fas (250 ng/ml), STS (3 �M), Etop (20 �M), or Dox (25 �M). Cell lysates were prepared at the
indicated times and then assayed for caspase 3 activity. Experiments with each agent were repeated 2–5 times with data indicating mean � S.E. for n � 4
(anti-Fas), n � 5 (STS and Dox); n � 2 (Etop). B and C, Jurkat T cells were treated with anti-Fas (250 ng/ml), STS (3 �M), Etop (20 �M), or Dox (25 �M) in the absence
or presence of Z-VAD (50 �M for anti-Fas-stimulated cells or 100 �M for cells stimulated with STS, Etop, or Dox). At the indicated times, aliquots were taken and
immediately assayed for cell viability by measuring metabolism of AlamarBlue� dye to its fluorescent resorufin product. Data indicate mean � S.E. for n � 3
experiments.
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rabbit antibody. This antibody recognizes residues 412– 426
within the autoinhibitory C-terminal domain downstream of
the caspase-3/7-cleavage site at Asp-379; two nonspecific
bands in Jurkat lysates above and below the three specific Panx1
bands were also labeled by this antiserum. We compared the
expression of Panx1 in whole cell lysates from control versus
apoptotic (20 �M Etop, 8 h) Jurkat cells (Fig. 2A). The C-termi-
nal autoinhibitory segment was efficiently cleaved from all
three species of Panx1 in the apoptotic cells. The cleaved C-ter-
minal fragment was not detectable on PVDF membranes after
transfer from the 12% gels, presumably due to its small size (�5
kDa) and possible intracellular instability. Using Fas activation
as a positive control stimulus (Fig. 2B), we compared the kinet-

ics of this Panx1 proteolytic processing in cells treated with STS
(Fig. 2C), Etop (Fig. 2D), or Dox (Fig. 2E) in either the absence or
presence of Z-VAD. STS mimicked the ability of anti-Fas to
rapidly trigger significant proteolytic processing of Panx1
within 2 h and complete removal of the autoinhibitory domain
by 4 h. PARP1 is a canonical substrate for the apoptotic execu-
tioner caspases-3/7, and the rapid Panx1 processing induced by
STS (or anti-Fas) was temporally well correlated with conver-
sion of the 115-kDa full-length PARP1 to its 89-kDa cleavage
product. The kinetics of Panx1 proteolytic processing in the
Etop- and Dox-treated cells were also well correlated with
PARP1 cleavage, but it was delayed relative to the actions of STS
or anti-Fas (Fig. 2, D–F) and consistent with the slower accu-
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FIGURE 2. Chemotherapeutic drugs induce caspase-3-mediated cleavage of the pannexin-1 C-terminal autoinhibitory domain. A, membrane topog-
raphy of Panx1 protein subunit indicating the relative positions of the caspase-3 cleavage site and epitope recognized by the anti-Panx1 antibody used in the
Western blot of cell lysates from control Jurkat cells or apoptotic Jurkat cells (20 �M Etop, 12 h). The indicated bands show the three different glycosylation
states of Panx1 (Gly-0, core, Gly-1, high mannose species, and Gly-2, complex glycoprotein); * indicates nonspecific immunoreactive bands. B–E, Jurkat T cells
were treated with 250 ng/ml anti-Fas (B), 3 �M STS (C), 20 �M Etop (D), or 25 �M Dox (E) in the absence or presence of Z-VAD (50 �M for anti-Fas or 100 �M for
drugs). At the indicated times, aliquots were taken for Western blot analysis of Panx1, PARP1, and actin. Data are representative of 2–3 experiments with each
pro-apoptotic stimulus. F, densitometric quantification of Panx1 bands in Western blots from B to E; bands were normalized to the densities of the t � 0-h
samples for each experiment.
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mulation of active caspase-3 elicited by these drugs (Fig. 1B).
The efficacy of Z-VAD in inhibiting caspase-3-dependent pro-
cessing of its cellular substrates was verified by the complete
suppression of PARP1 cleavage in cells incubated with any of
the three chemotherapeutic drugs or anti-Fas in the presence of
Z-VAD. Notably, Z-VAD was also able to completely suppress
the proteolytic processing of Panx1 at each incubation time
point in the anti-Fas-treated Jurkat cells (Fig. 2B). In contrast,
the loss of full-length Panx1 glycoprotein species induced by
STS, Etop, or Dox was markedly delayed in the presence of
Z-VAD (Fig. 2, C–E with band density quantification in Fig. 2F).
However, with prolonged exposure (�12 h) to these agents, the
presence of Z-VAD had little effect on the final decrease in the

levels of intact Panx1. These observations might indicate that
the C-terminal autoinhibitory domain can be removed by a
noncaspase family protease activated by chemotherapeutic
agents but not death receptors in Jurkat cells under conditions
of arrested apoptotic signaling. Alternatively, nonprocessed
Panx1 channel proteins may be internalized and routed for deg-
radation by other mechanisms when cells are treated with these
drugs in the presence of caspase inhibitors. These alternatives
are addressed below.

Chemotherapeutic Drugs Induce Caspase-dependent Activa-
tion of Pannexin-1 Channels—Using Fas activation as a positive
control stimulus (Fig. 3, C and G), we compared the levels of
plasma membrane Panx1 channel activity in Jurkat tumor cells
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FIGURE 3. Chemotherapeutic drugs induce accumulation of active pannexin-1 channels via a caspase-dependent activation mechanism. A, schematic
of the YoPro dye uptake end point assay. Jurkat T cells were incubated as follows: with no stimulus for 4 h (B); with 250 ng/ml anti-Fas, 4 h (C); 3 �M STS, 4 h (D);
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following treatment with STS (Fig. 3, D and G), Etop (Fig. 3, E
and G), or Dox (Fig. 3, F and G) in either the absence or presence
of Z-VAD. As illustrated in Fig. 3A, we assayed the influx of
YO-PRO dye (over a 20-min test period) as the readout of open-
gated Panx1 channel function after incubation times that pro-
duced maximal accumulation of active caspase-3 (Fig. 1A) and
proteolytic excision of the Panx1 autoinhibitory domain (Fig. 2,
B—E) in response to each pro-apoptotic agent (4 h for STS and
anti-Fas, 8 h for Etop, and 12 h for Dox). YO-PRO2� is a 375-Da
divalent cation and DNA-intercalating dye (629 Da as the diio-
dide salt) that is normally membrane-impermeant but readily
conducted by open-gated Panx1 channels; the green fluores-
cence of YO-PRO2� markedly increases upon binding to intra-
cellular nucleic acids. CBX blocks ion fluxes through open-
gated Panx1 channels but does not inhibit the caspase
3-mediated cleavage of the autoinhibitory domain. Previous
studies have validated the use of propidium dye influx and CBX
blockade for the functional analysis of Panx1 channels (10, 13,
14, 28). Consistent with previous studies and the kinetics of
Panx1 proteolytic processing (Fig. 2B), Jurkat cells treated with
anti-Fas for 4 h were characterized by robust increases in YO-
PRO accumulation as indicated by qualitative fluorescence
microscopy (Fig. 3C) or fluorescence plate reader-based quan-
tification (Fig. 3G). Dye uptake was completely suppressed
when Z-VAD was present during the 4-h incubation with anti-
Fas and was markedly attenuated when CBX was present dur-
ing the subsequent 20-min YO-PRO influx period. Only a
minor fraction of control Jurkat cells were YO-PRO-positive
under identical assay conditions (Fig. 3, B and G). Jurkat cells
treated with STS for 4 h (Fig. 3, D and G), with Etop for 8 h (Fig.
3, E and G), or with Dox for 12 h (Fig. 3, F and G) were charac-
terized by increased YO-PRO accumulation responses that
were qualitatively and quantitatively similar to those observed
with anti-Fas stimulation. Similar magnitudes of YoPro uptake
were observed in cells treated with Etop for 8 h (Fig. 3G) or 12 h
(data not shown) consistent with the near-maximal Panx1
cleavage induced by Etop at 8 h. Co-incubation with Z-VAD
suppressed the ability of each drug to induce increased YO-
PRO uptake, although inclusion of CBX during the dye influx
assay decreased net accumulation and the numbers of YO-PRO
bright cells. It is important to note that intracellular accumula-
tion of the intensely red doxorubicin quenches the emitted
green fluorescence of the YO-PRO�DNA complexes and thus
decreases the absolute fluorescence measured in the plate
reader assay (Fig. 3G, last data set on right). However, similar
numbers of YO-PRO-positive cells, albeit with dimmer inten-
sity per cell, were observed by fluorescence microscopy of the
Dox-treated samples (Fig. 3F). To determine the onset of gating
of Panx1 channels with significant permeability to YO-PRO, a
real time/on-line YO-PRO uptake assay was performed using
STS and anti-Fas as rapid apoptotic inducers. Significant YO-
PRO influx in suspensions of Jurkat cells treated with STS (Fig.
3H) or anti-Fas (data not shown) occurred after a 90-min lag
time, and this influx was completely suppressed in the presence
of Z-VAD and markedly blocked by CBX. These data taken
together indicate that pro-apoptotic chemotherapeutic drugs
induce accumulation of functionally active Panx1 channels in

hematopoietic tumor cells via a caspase-3-dependent activa-
tion mechanism.

Caspase-gated Panx1 Channels Mediate Robust Efflux of
AMP and ADP in Addition to ATP—When Jurkat T cells were
treated with anti-Fas, STS, Etop, or Dox, intracellular ATP lev-
els decreased (Fig. 4A) with time courses and delay phases sim-
ilar to those describing the proteolytic processing of Panx1
induced by those agents. Z-VAD markedly delayed the decrease
in intracellular ATP in STS-treated cells and completely sup-
pressed it in cells incubated with anti-Fas, Etop, or Dox (Fig.
4B). The decreases in intracellular ATP were also correlated
with decreases in the ratios of intracellular [ATP]:[ADP]:
[AMP] during apoptotic progression induced by anti-Fas or the
chemotherapeutic drugs (Fig. 4C). The decrease in intracellular
ATP could reflect ATP efflux via the activated Panx1 channels,
its intracellular metabolism to ADP and AMP, or a combina-
tion of the two processes. We hypothesized that active Panx1
channels will facilitate ATP efflux during the initial phases of
apoptotic signaling but will increasingly mediate release of the
metabolites ADP and AMP with ongoing apoptotic progression
(Fig. 4D). Given the rapid and robust decrease in intracellular
ATP induced by the 4-h exposure to STS, we measured the
corresponding extracellular accumulation of ATP only (Fig. 4E)
versus the sum of extracellular ATP, ADP, and AMP (ANex)
(Fig. 4F) in medium conditioned for 4 h by STS-treated Jurkat
cells. ANex accumulation was quantified by processing extra-
cellular samples with a myokinase and pyruvate kinase-based
rephosphorylation protocol prior to assaying total ATP via
luciferin-luciferase. We additionally tested how the relative
magnitudes of STS-induced ATP versus ANex accumulation
might be modulated in the presence of ARL67156, an inhibitor
of the CD39 family ecto-nucleotidases that serially metabolize
extracellular ATP to ADP and ADP to AMP (29). Only 5 nM

extracellular ATP accumulated in medium conditioned for 4 h
by control Jurkat cells and ARL67156 induced a 2-fold increase
in this basal ATP accumulation. STS treatment increased extra-
cellular ATP accumulation by 12-fold to 60 nM, and this was
modestly potentiated to 80 nM in the presence of the ecto-
ATPase inhibitor. Notably, in both the absence and presence of
ARL67156, the summed concentrations of the extracellular
ATP � ADP � AMP species at this 4-h time point after STS
stimulation increased to the 1200 –1500 nM range that was
20-fold higher than the levels of ATP only. These data indicate
that apoptotic Jurkat cells directly release large amounts of
ADP and AMP in addition to ATP per se, rather than generating
most of this extracellular ADP/AMP as a secondary conse-
quence of ecto-nucleotidase action on the released ATP.

We next compared the time courses of extracellular ATP
versus ANex accumulation during apoptotic induction by anti-
Fas, STS, Etop, and Dox. Consistent with previous reports, anti-
Fas induced a rapid 10-fold increase in extracellular ATP within
4 h to a 60 nM plateau (Fig. 5A); after 8 h, the extracellular [ATP]
gradually decreased due to the modest Jurkat cell ectonucleoti-
dase activity described in Fig. 4E. The summed concentration of
the three extracellular adenine nucleotide species within 4 h
after Fas stimulation increased to 1200 nM, a 20-fold higher
level than the ATP only; this further increased by �2-fold over
the next 14 h (Fig. 5E). Similar to anti-Fas, STS also triggered a
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rapid 10-fold increase in extracellular ATP within 4 h that dis-
sipated over the next 14 h of apoptotic progression (Fig. 5B).
Again, the magnitude of total ANex accumulation was much
greater (1800 nM) than that of ATP only during the early phase
of STS-induced apoptosis and continued to increase over the
next 18 h (Fig. 5F). Corresponding with their slower rates of
caspase-3 activation and proteolytic processing of Panx1, Jur-
kat cells incubated with Etop or Dox were characterized by
4 – 6-h lag phases before releasing significant amounts of
ATP (Fig. 5, C and D) or total ANex (Fig. 5, G and H) into the
extracellular compartment. However, following these lag
phases, the rates and magnitudes of ATP release and total
ANex accumulation were similar to those observed with
anti-Fas or STS stimulation. The onset of ATP accumulation
was co-temporal with summed ANex accumulation in the
Etop- and Dox-treated cells, but the peak amounts of
released ATP were 20 –30-fold lower than the total ANex.
These data suggest that a changing mixture of ATP, ADP,
and AMP is released from the Jurkat tumor cells during apo-
ptotic progression with ADP and AMP comprising the pre-
dominant species at later times.

Chemotherapeutic Drugs Induce Caspase-gated ATP Release
via Panx1 and an Alternative ATP Release Pathway in the Pres-
ence of Caspase Inhibition—To characterize the role of caspase-
3-gated Panx1 channels in the accumulation of extracellular
ATP and total ANex, Jurkat cells were treated with anti-Fas or
the three pro-apoptotic drugs in the presence of Z-VAD. The
accumulation of both ATP and summed ANex in anti-Fas-
treated cell cultures was completely suppressed by Z-VAD at all
times during the 18-h incubation (Fig. 5, A and E). Likewise,
Z-VAD completely blocked the release of ATP and accumula-
tion of ANex during the early phase (�4 h) of STS treatment
(Fig. 5, B and F). However, with sustained (�4 h) exposure to
STS plus Z-VAD, Jurkat cells were characterized by a pro-
longed phase of ATP release and ANex accumulation over the
next 14 h. Although the absolute magnitude of STS-induced
ANex accumulation was markedly reduced in the presence of
Z-VAD, the ratios of extracellular ATP/ANex in the STS �
Z-VAD-treated cell cultures were invariably greater than those
measured in the matched STS only-treated cell cultures. For
example, at 12 h, extracellular ATP/ANex was 0.19 in the
STS � Z-VAD-treated cells versus 0.008 in the STS-stimulated
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cells. In the presence of Z-VAD, Etop treatment also elicited a
sustained release of ATP that, after 8 h, exceeded that measured
in the absence of Z-VAD (Fig. 5C). As with STS, Z-VAD mark-
edly reduced but did not eliminate ANex accumulation in Etop-
treated cultures (Fig. 5G); the ratio of extracellular ATP/ANex
in Etop-treated Jurkat cells was increased by Z-VAD at each
time point after 8 h. In Dox-treated cells, co-incubation with
Z-VAD almost completely suppressed the extracellular accu-
mulation of ATP only (Fig. 5D) and the summed ANex (Fig.
5H). However, a modest Z-VAD-resistant ATP release was
observed at the 18-h time point after addition of Dox (Fig. 5D)
suggesting delayed activation of the caspase-insensitive ATP
secretion response. These data suggest that chemotherapeutic
agents can activate an alternative caspase-insensitive mecha-
nism for secretion of ATP only (or predominantly) and that this
response that is engaged in the context of caspase inhibition
prevents gating of Panx1 channels that facilitate efflux of AMP
and ADP in addition to ATP.

To verify that the Z-VAD-sensitive nucleotide release was
mediated by activated Panx1 channels, we compared extracel-
lular accumulation of ATP or summed ANex in Jurkat cultures
incubated with the four pro-apoptotic stimuli in the absence or
presence of CBX (Fig. 6). For each agent, we assayed the CBX
sensitivity at time points where Z-VAD-sensitive ATP release
was maximal (from Fig. 5: 4 h for anti-Fas and STS, 8 h for Etop,
and 12 h for Dox). Because CBX by itself induced modest
increases in extracellular ATP or ANex in control (Con) cells,
we quantified the CBX-sensitive responses in the apoptotic
stimulus (Stim)-treated cells using the equation: [Stim plus
CBX] 
 [Con plus CBX]/[Stim 
 CBX] 
 [Con 
 CBX]. In
anti-Fas-treated cells, CBX reduced ANex by 81% (Fig. 6A) and

ATP release by 68% (Fig. 6E). In STS-treated cells, CBX reduced
ANex by 95% (Fig. 6B) and ATP release by 65% (Fig. 6F). In
Etop-treated cells, CBX reduced ANex by 90% (Fig. 6C) and
ATP release by 95% (Fig. 6G). Finally, in Dox-treated cells, CBX
reduced ANex by 86% (Fig. 6D) and ATP release by 59% (Fig.
6H). Thus, CBX-sensitive Panx1 channels include the predom-
inant mechanism for release of ATP, ADP, and AMP from anti-
Fas- or chemotherapeutic drug-treated Jurkat cells with intact
apoptotic caspase signaling cascades.

Caspase-insensitive ATP Release Is Resistant to Carbenoxo-
lone Blockade but Suppressed by Intracellular Ca2� Buff-
ering—We next considered possible mechanisms (Fig. 7A) for
the alternative caspase-insensitive ATP release observed in Jur-
kat cells treated with STS (Fig. 5B) or Etop (Fig. 5C) in the
presence of Z-VAD. In addition to excision of the autoinhibi-
tory domain, Panx1 channels can be reversibly activated by
other stimuli, including G protein-coupled receptor signaling
or mechanical perturbation of the subplasma membrane cyto-
skeleton (17, 30, 31). We tested whether noncleaved Panx1
channels might be gated by signals that progressively accumu-
late in Jurkat cells treated with chemotherapeutic drugs in the
context of suppressed caspase signaling. These experiments
used STS as the model stimulus given its more rapidly induced
actions and tested for Panx1 channel involvement based on the
known ability of CBX to block YO-PRO or ATP fluxes through
activated but noncleaved Panx1 channels. Fig. 7B illustrates the
typical severalfold increase in ATP release (at 8 h) induced by
combined STS � Z-VAD treatment versus STS alone. The
additional presence of CBX did not prevent this enhanced ATP
release but further increased it by 2.5-fold (CBX also modestly
enhanced STS-induced ATP even in the absence of Z-VAD).
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FIGURE 5. Caspase-activated pannexin-1 channels mediate the efflux of ATP and ATP metabolites during chemotherapeutic drug-induced apoptosis
but an alternative ATP release mechanism is engaged in the context of suppressed caspase activity. Jurkat T cells were treated with 250 ng/ml anti-Fas
(A and E), 3 �M STS (B and F), 20 �M Etop (C and G), or 25 �M Dox (D and H) in the absence or presence of Z-VAD (50 �M for anti-Fas or 100 �M for drugs) as
indicated. Samples of the extracellular medium were processed for analysis of ATP only (A–D) or summed ATP � ADP � AMP (E–H). Data indicate mean � S.E.
for n � 4 – 6 wells from two to three experiments (n � 4 for A, B, D, G, and H; n � 6 for E and F).
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This potentiating action of CBX on ATP accumulation was also
observed in cells co-treated with STS plus Z-VAD for 12 h (data
not shown). In the same conditioned samples, we observed only
inhibitory effects of CBX, Z-VAD, or combined Z-VAD � CBX
on the STS-stimulated extracellular accumulation of the
summed adenine nucleotide species (Fig. 7C). We also tested
the effects of trovafloxacin that has recently been identified as
another pharmacological inhibitor of Panx1 channels (19).
Similar to the CBX experiments, the presence of 30 �M trova-
floxacin (trova) did not antagonize the STS � Z-VAD-induced
ATP release at 8 h (STS only, 14.5 � 3.1 nM; STS � Z-VAD,
115.6 � 6.6 nM; STS � trova, 13.5 � 0.9 nM; STS �Z-VAD �
trova, 109.4 � 6.5 nM, n � 6 from two experiments). As
expected, trovafloxacin markedly inhibited the caspase-depen-
dent release of summed adenine nucleotides induced by an 8-h
exposure to STS (STS only, 1589 � 197 nM; STS � Z-VAD,
372 � 18 nM; STS � trova, 616 � 56 nM; STS � Z-VAD � trova,
380 � 24 nM, n � 6). These data indicate the caspase-indepen-
dent ATP release pathway is also independent of Panx1 channel
activity.

Recent studies have indicated that several cell types, includ-
ing astrocytes (32), Jurkat T cells (33), and THP1 monocytes
(34), have a subpool of ATP-containing lysosomes that can be
mobilized for rapid exocytosis in response to increases in cyto-
solic [Ca2�] (Fig. 7A). We tested the effects of either deleting
the normal 1.5 mM CaCl2 from the extracellular saline or load-
ing Jurkat cells with BAPTA, a high affinity Ca2� chelator that
buffers and blunts increases in cytosolic [Ca2�]. Although the
absence of extracellular Ca2� did not attenuate the caspase-
independent ATP release (Fig. 7D), BAPTA loading completely
suppressed this response (Fig. 7E). BAPTA also partially atten-
uated the extracellular accumulation of the summed adenine
nucleotide species triggered by STS in the absence of Z-VAD
(Fig. 7F), suggesting possible modulation of the caspase-3/
Panx1 signaling axis by Ca2�. The potent inhibitory effect of

BAPTA loading implicates a critical role for increased cytosolic
[Ca2�] in supporting the caspase-independent ATP release.

We tested whether this Ca2�-dependent response involved
exocytotic mobilization of secretory lysosomes or other secre-
tory granules. ATP is concentrated within lysosomes or
specialized secretory granules by the SLC17A9 anion transport
protein (35). The ability of SLC17A9 to actively transport
nucleotides is energized by the organellar membrane potential
(��; inside positive) and �pH established by the bafilomycin A
(BafA)-sensitive vacuolar proton ATPase. Thus, we compared
STS � Z-VAD-induced ATP secretion in Jurkat cells incubated
in the absence or presence of BafA. Initial experiments verified
the efficacy of BafA to decrease lysosomal/vesicular acid load-
ing in Jurkat cells by measuring its ability to reduce intracellular
accumulation of the acidophilic LysoTracker Red dye under the
experimental conditions used to stimulate ATP release (Fig.
7G). Interestingly, apoptotic induction by STS also reduced
LysoTracker Red accumulation, and this effect was reversed in
the presence of Z-VAD. Despite the ability of BafA to collapse
the �pH across lysosomal/vesicular membranes, it did not sup-
press the caspase-independent ATP release response (Fig. 7H).

Exocytosis of ATP-containing autophagolysosomes has been
also been linked to chemotherapeutic drug-induced ATP secre-
tion (21, 22). Autophagosome biogenesis requires the activity of
class III phosphatidylinositol 3-kinases that are pharmacologi-
cally inhibited by 3-methyladenine (36, 37). However, we
observed that inclusion of 5 mM 3-MA during stimulation of
Jurkat cells with STS � Z-VAD for 8 h did not reduce ATP
release but rather increased this response by 3-fold (Fig. 7I).
Similar effects of 3-MA on the STS � Z-VAD-induced ATP
accumulation were observed when the incubation was ex-
tended to 12 h (data not shown). Taken together, the findings
illustrated in Fig. 7, G–I, argue against an obvious role for exo-
cytosis of secretory lysosomes or autophagolysosomes in sup-
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FIGURE 6. Carbenoxolone blocks the efflux of ATP and ATP metabolites during chemotherapeutic drug-induced apoptosis. Jurkat T cells were incu-
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porting the caspase-and Panx1-independent ATP release elic-
ited by pro-apoptotic drugs in the presence of Z-VAD.

The suppressive effect of BAPTA-loading on the STS �
Z-VAD-induced ATP release suggested that STS may directly

or indirectly elicit mobilization of intracellular Ca2� stores. We
tested whether STS might elicit global changes in cytosolic
[Ca2�] using Jurkat cells loaded with the fluo-4 indicator dye
(Fig. 8B). In initial experiments, we observed rapid (within
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or summed ATP � ADP � AMP (C). Data indicate mean � S.E. for n � 6 wells from two experiments; ***, p 	 0.001. D, Jurkat T cells were incubated for 1 h at
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60 min) and massive efflux of pre-loaded cytosolic fluo-4, which
resulted in increased fluorescence upon binding extracellular
Ca2� (Fig. 8A). This constitutive fluo-4 efflux was mediated by
organic anion transporter activity because it was suppressed by
millimolar probenecid (which is also a Panx1 channel blocker).
Thus, the measurement of cytosolic [Ca2�] in Jurkat cells over
prolonged (�30 min) incubations requires the presence of pro-
benecid. Under these assay conditions, no significant elevation
of cytosolic [Ca2�] was observed in Jurkat cells during a �3-h
incubation with STS (Fig. 8B). This contrasted with the sus-
tained increase in [Ca2�] induced by ionomycin and the robust,
but transient, Ca2� mobilization triggered by T cell receptor
(TCR) activation with anti-CD3 OKT antibody. As illustrated
in Fig. 5C, these Jurkat cells exhibited a modest increase in
cytosolic [Ca2�] in response to 5 mM ATP, which will activate
the low ATP affinity P2X7 purinergic receptors expressed in
these cells, but no response to 50 �M ATP. Although the Fig. 8B
data argue against direct Ca2�-mobilizing actions of STS, it is
possible that the longer (4 – 8 h) STS treatment times associated
with the caspase-independent ATP release cause elevated Ca2�

by indirect mechanisms. These could involve the STS-induced
release of autocrine mediators (e.g. bioactive lipids) that target
Gq- or Gi-coupled receptors with consequent activation of
phosphatidylinositol phospholipase C (PI-PLC) effector en-
zymes and 1,4,5-inositol trisphosphate-sensitive Ca2� stores.
This was investigated using U73122, an inhibitor of both G
protein-regulated PI-PLC� enzymes and the tyrosine kinase-
regulated PI-PLC� effectors in most cell types, including Jurkat

T cells (38, 39). Fig. 8D shows that 5–20 �M U73122 markedly
inhibited the PI-PLC�-mediated Ca2� mobilization response
to TCR activation. However, 10 �M U73122 produced no obvi-
ous attenuation of the caspase-independent ATP release
induced by co-treatment with STS � Z-VAD (Fig. 8E). Addi-
tionally, this PLC inhibitor had no effect on the caspase-sensi-
tive accumulation of summed ANex observed in STS-treated
Jurkat cells (Fig. 8F).

Proteosome Inhibitors Induce Caspase-3 Gating of Panx1
Channels and ATP Release—As indicated in Fig. 2, chemother-
apeutic drugs induced a slow decrease in Panx1 levels in the
presence of Z-VAD, which prevents caspase-mediated excision
ofthe C-terminal inhibitory segment. This suggested that
Panx1 channels may be degraded by other mechanisms in cells
treated with chemotherapeutic drugs. We investigated possible
involvement of the proteasomal pathway by treating Jurkat cells
for 12 h with STS, Etop, or Dox in the absence or presence of
various combinations of Z-VAD and/or MG132, a proteasome
inhibitor. MG132 per se is a potent activator of apoptosis in
various tumor cell types, including Jurkat cells (40), and protea-
some inhibitors are used clinically as cancer chemotherapeutics
(41, 42). MG132 alone induced cleavage of the Panx1 autoin-
hibitory domain, which was co-temporal with proteolytic pro-
cessing PARP1 (Fig. 9, A and B). Although Z-VAD markedly
attenuated the MG132-induced decrease in full-length (i.e.
with the retained autoinhibitory segment) Panx1 levels, the
overall expression of intact Panx1 protein remained lower than
in control Jurkat cells or cells treated with only Z-VAD. Like-

FIGURE 8. Caspase-insensitive ATP release stimulated by staurosporine does not involve direct Ca2� mobilization by staurosporine or activation of
PI-PLC signaling. A–D, Jurkat cells loaded with fluo-4 Ca2� indicator dye were assayed for changes in cytosolic [Ca2�] as described under “Experimental
Procedures.” Each trace is representative of 2–5 similar test recordings from three separate batches of fluo-4-loaded cells. Where indicated in A and in all traces
of B–D, the fluo-4 fluorescence signals (RFU) were assayed in the presence of 2.5 mM probenecid (prob). A and B, Ca2� measurements were terminated by
addition of Triton X-100 to release dye from all cells followed by addition of excess EGTA to indicate background Ca2�-independent fluorescence. Positive
control stimuli for increasing cytosolic [Ca2�] included 10 �M ionomycin (A and B) and 1 �g/ml anti-CD3 TCR-activating antibody (B–D). D, indicated wells of
Jurkat cell suspension were supplemented with 5, 10, or 20 �M U73122 PI-PLC inhibitor 15 min before stimulation with anti-CD3. E and F, Jurkat T cells were
incubated with no stimulus or with 3 �M STS for 8 h in the absence or presence of 100 �M Z-VAD, 10 �M U73122, or both inhibitors. Samples of the extracellular
media were processed for analysis of ATP only (E) or summed ATP � ADP � AMP (F). Data indicate mean � S.E. for n � 6 wells from two experiments; ns, p �
0.05; ***, p 	 0.001.
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wise, the additional presence of MG132 did not prevent the
down-regulation of full-length Panx1 protein content observed
in cells treated with STS, Etop, or Dox plus Z-VAD (Fig. 9, A
and B). This argues against a role for proteasome-mediated
degradation of Panx1 channels.

Consistent with the ability of MG132 to induce caspase-3-
mediated cleavage of the Panx1 autoinhibitory domain,
MG132-treated Jurkat cells were also characterized by time-de-
pendent and Z-VAD-inhibitable increases in Panx1 channel
activity as indicated by release of adenine nucleotides (Fig. 9, C
and D) and accumulation of YO-PRO dye (Fig. 9, E and F). Both
indices of MG132-stimulated Panx1 activity were also blocked
in the presence of CBX.

Panx1 Is More Highly Expressed in Human Leukemic Leuko-
cytes than in Normal Human T Cells—We compared the
expression levels of Panx1 protein in Jurkat cells, two other
human leukemia cell lines (CEM T lymphoblastic leukemia and
THP1 promonocytic leukemia), and normal human blood-de-
rived T lymphoblasts (Fig. 10). Although the Panx1 content of
the CEM and THP1 cells was similar to that in Jurkat cells, the
normal T cells expressed an �20-fold lower level of Panx1

relative to the leukemia cells. Treatment of the T lympho-
blasts with anti-Fas or STS further decreased the immuno-
reactive Panx1 bands indicating cleavage of the autoinhibi-
tory domain.
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DISCUSSION

This study provides several new mechanistic insights regard-
ing the role of Panx1 channels in the release of adenine nucleo-
tides from apoptotic tumor cells. First, our experiments dem-
onstrate that diverse pro-apoptotic chemotherapeutic agents,
including topoisomerase II inhibitors, kinase inhibitors, and
proteosome inhibitors, induce functional activation of Panx1
channels via caspase-3-mediated cleavage of the Panx1 autoin-
hibitory C-terminal domain. This observation extends the sem-
inal demonstration by Chekeni et al. (10) regarding the caspase-
mediated gating of Panx1 channels during apoptosis initiated
by death receptors or UV irradiation. Second, we found that the
profile of adenine nucleotide species transported through these
caspase-activated channels includes ATP but also its immedi-
ate ADP and AMP breakdown products, with these metabolites
comprising �90% of the released adenine nucleotide pool that
progressively accumulates as cells transition from the early to
late stages of apoptosis. Third, other experiments revealed that
chemotherapeutic drugs, but not the Fas death receptor, acti-
vate an alternative caspase- and Panx1-independent pathway
for ATP release from Jurkat leukemic T cells in the context of
suppressed caspase activity. Thus, although caspase inhibition
represses the ATP export normally mediated by the proteolyti-
cally gated Panx1 channels, it facilitates other chemotherapeu-
tic drug-induced signaling pathways that entrain the alternative
ATP release mechanism. Finally, comparison of Panx1 levels in
different human leukocyte types indicated much higher expres-
sion in leukemic cells (lymphoid or myeloid) than in normal,
untransformed T lymphoblasts. This suggests that various
signaling functions of Panx1 may be amplified in leukemic
leukocytes.

Caspase-mediated Gating of Panx1 Channels in Response to
Diverse Chemotherapeutic Agents—Anti-Fas and the four dif-
ferent chemotherapeutic drugs (STS, Etop, Dox, and MG132)
used in this study initiate and drive apoptotic progression in
Jurkat cells with differing and distinctive lag times and rates of
activation. This allowed us to establish that the kinetics of
Panx1 proteolytic modification and accumulation of function-
ally active Panx1 channels were precisely correlated with, and
limited by, the rates of active caspase-3 accumulation in
response to each pro-apoptotic drug. For example, topoisomer-
ase inhibitors, such as Etop or Dox, initially trigger DNA dam-
age, which then drives transcriptional cascades that alter the
expression of the various pro- and anti-apoptotic Bcl2 family
protein, which ultimately control the rate at which cytochrome
c is released from mitochondria to induce caspase-9 apopto-
some assembly (43, 44). Accumulation of apoptosome com-
plexes will be rate-limited by the upstream transcriptional
cascades for Bcl2 family protein expression and, in turn, will
rate-limit activation of the downstream executioner caspases3/
7. Integration of the lag times between these multiple steps
upstream of caspase-3 activation per se likely underlies the 4-h
delay before significant cleavage of the Panx1 autoinhibitory
domain is observed in Etop- or Dox-treated Jurkat cells. In con-
trast, proteolytic excision of the Panx1 autoinhibitory domains
with consequent accumulation of active Panx 1 channels was
near-maximal within 90 min after addition of STS. This was

similar to the kinetics of Panx1 activation by the Fas death
receptor that rapidly engages the FADD/caspase-8 cascade to
drive accumulation of active caspase-3. This very rapid activa-
tion of Panx1 in response to STS is consistent with recent stud-
ies in Jurkat cells (43) and mouse embryo fibroblasts (45), which
found that STS induced activation of caspase-9 independently
of Bcl2 proteins or apoptotosome assembly. This underlies the
unusually rapid induction of active caspase-3 and apoptotic
progression widely observed in many STS-treated cell types.

We also observed that the chemotherapeutic agents, but not
anti-Fas, induced a slow down-regulation of Panx1 protein lev-
els in the presence of Z-VAD. Previous studies have indicated
that cell surface Panx1 in healthy cells is a very stable protein
characterized by only slow rates of internalization and endo-
somal trafficking (24, 46 – 49). However, point mutations,
changes in glycosylation status, or disruption of the actin cyto-
skeleton alter Panx1 trafficking to result in increased intracel-
lular accumulation and lysosomal degradation (24, 48, 49).
Given that mutated Panx1 protein is targeted for proteosomal
degradation (49), we tested whether the combination of che-
motherapeutic drugs plus caspase inhibition might also pro-
mote proteosomal clearance of Panx1. However, the additional
presence of MG132 did not rescue Panx1 expression levels.

Dynamic Changes in the Profile of Adenine Nucleotide Species
Exported via Active Panx1 Channels during Apoptotic Pro-
gression—Release of ATP from multiple cell types due to
diverse stimuli, such as mechanical stress or osmotic swelling,
has been extensively studied (8). Less understood is the release
of other major adenine nucleotide species, ADP and AMP,
which are maintained at much lower steady-state concentra-
tions in the cytosol of viable cells. Previous studies of Panx1
channels in apoptotic cells have focused on their ability to facil-
itate the efflux of cytosolic ATP into extracellular compart-
ments and predominantly assayed accumulation of extracellu-
lar ATP as the readout of this activity (10, 18). However,
apoptosis is an energy-consuming process that will increase the
rate of intracellular ATP utilization in cells with a decreased
capacity for mitochondrial ATP synthesis due to the changes in
mitochondrial function that define the apoptotic phenotype.
Even in tumor cells wherein glycolysis, rather than oxidative
phosphorylation, may include the major pathway for ATP pro-
duction, disruption of mitochondrial integrity will perturb the
NAD/NADH cycling required for optimal glycolytic metabo-
lism. Thus, apoptotic induction will perturb the steady-state
bioenergetic networks that normally maintain high intracellu-
lar phosphate potentials ([ATP]/[ADP][phosphate] and [ATP]/
[AMP][pyrophosphate]). This perturbation of intracellular
adenine nucleotide homeostasis will be exacerbated with apo-
ptotic activation of ATP-permeable Panx1 channels. Previous
studies of intracellular ATP homeostasis during apoptosis indi-
cated that ATP levels are maintained at normal levels, or even
increase, in some cell types (50 –52) but rapidly decrease in
other cell models (53, 54). It is interesting to speculate that
these cell-specific differences in intracellular ATP levels during
apoptotic progress reflect differences in Panx1 expression lev-
els or rates of proteolytic activation. Normal or cancer cell types
with high Panx1 expression, such as Jurkat cells, would be char-
acterized by marked decreases in cytosolic ATP defined by the
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rate of accumulation of active caspase-3. Consistent with this
scenario, each chemotherapeutic drug used in our experiments
induced a kinetically distinct time course of decreasing intra-
cellular ATP content that was rate-limited by the accumulation
of active caspase-3 and markedly delayed by the Z-VAD pan-
caspase inhibitor. The decrease in total intracellular ATP was
matched by changes in the ratio of intracellular ATP/ADP/
AMP during apoptotic progression and correlated with robust
extracellular accumulation of the ATP metabolites, ADP and
AMP, in addition of ATP per se. Indeed, our data indicate ADP
and AMP increasingly include a major fraction of the adenine
nucleotide pool released into the extracellular compartment of
the Jurkat cells as they transition from the early to the later
phases of apoptosis.

Although active Panx1 channels have been best character-
ized as conduits for the efflux of ATP (and UTP), they likely
function as nonselective channels for the release of other small
cytosolic metabolites with molecular masses (	600 –700 Da)
similar to that of ATP (11, 55). In addition to direct release of
intracellularly generated ADP and AMP, a fraction of the extra-
cellular ADP and AMP pool will accumulate secondary to the
hydrolysis of the directly released ATP pool by cell surface or
serum ecto-nucleotidases. Indeed, we observed that the rapid
accumulation of ATP in the extracellular medium of Jurkat
cells treated with anti-Fas or STS transiently peaked at 4 h and
then progressively declined. In contrast to many hematopoietic
or nonhematopoietic tumor cell types, Jurkat cells are charac-
terized by an atypically low expression of cell surface CD39
ecto-ATPase/ADPase and no detectable expression of the gly-
cosylphosphatidylinositol-anchored CD73 ecto-AMPase/ecto-
5�-nucleotidase (56). Likewise, our experiments utilizing the
ARL67156 ecto-ATPase/ADPase inhibitor suggested that only
a minor fraction of the extracellular ADP/AMP measured in the
conditioned medium of STS-treated Jurkat cells was produced
by the extracellular hydrolysis of released ATP. Notably, Yama-
guchi et al. (57) recently reported that AMP is the major ade-
nine nucleotide released via Panx1 channels from murine
WR-19L lymphoma cells during Fas-induced apoptosis.

Alternative ATP Release Pathway Induced by Chemothera-
peutic Drugs in the Context of Suppressed Caspase Activity—
We unexpectedly observed that prolonged treatment of Jurkat
T cells with staurosporine or etoposide, but not anti-Fas, in the
presence of Z-VAD revealed an alternative CBX-insensitive
mechanism of ATP release that was induced more slowly than
the CBX-sensitive Panx1 channel pathway. Recent studies in
Jurkat cells and normal human T cells have indicated that the T
cell receptor (TCR) activation triggers a very rapid but transient
(within minutes) release of ATP via both Panx1 channel-medi-
ated and exocytotic pathways (33, 58, 59). Both ATP release
mechanisms were dependent on the increase in cytosolic
[Ca2�] elicited by TCR activation. Notably, the alternative
Panx1-independent ATP release response elicited by STS treat-
ment was completely suppressed in BAPTA-loaded Jurkat cells
implicating regulation by Ca2�. However in contrast to the
TCR-stimulated ATP release, which was partially inhibited in
bafilomycin-treated Jurkat cells, we observed no suppressive
effect of this V-ATPase inhibitor of the STS � Z-VAD-induced
ATP release. This argues against exocytotic mobilization of

ATP-containing secretory lysosomes as the mechanism for
this response to STS. Likewise, the ability of STS � Z-VAD to
trigger robust ATP release in the presence of 3-MA indicated
no obvious role for autophagy-based mechanisms. However,
experiments using Jurkat cells with knockdown of Atg5 or
Atg7 would provide a more rigorous test for involvement of
autophagy signaling.

In addition to exocytosis, the Ca2�-dependent, but Panx1-
independent, ATP release response to STS � Z-VAD may
involve another ATP-permeable channel. For example, the
CALHM1 gene product encodes the subunits for an ATP-per-
meable, but CBX-insensitive, channel with structural features
very similar to those of Panx1 (60, 61). Although CALHM1 is
mainly expressed in taste-sensing cells (62) and the nervous
system (63), five other human CALHM homologues have been
reported (64). Additionally, the so-called maxi-anion channels
have been reported as a functionally characterized but molec-
ularly undefined efflux pathway in multiple cell types (65– 67),
including Jurkat cells (59). Future studies should test the possi-
ble involvement of other ATP-permeable channels that might
be activated in response to chemotherapeutic drugs. Finally, we
observed that STS did not directly trigger an acute increase in
cytosolic [Ca2�] and that STS � Z-VAD-induced ATP release
was not attenuated by inhibition of PI-PLC signaling. These
findings argue against feed-forward loops involving release of
autocrine mediators, such as bioactive lipids or nucleotides per
se, that can activate G protein-coupled receptors and 1,4,5-ino-
sitol trisphosphate-mediated Ca2� mobilization. How chemo-
therapeutic drugs, such as STS and Etop, may elicit slowly
developing increases in cytosolic [Ca2�] in the context of sup-
pressed caspase signaling is another relevant question for
investigation.

Elevated Expression of Panx1 Channels in Leukemic Versus
Normal Leukocytes—Studies in Jurkat cells and primary mouse
thymocytes (from wild type and Panx1
/
 mice) have provided
most of the current understanding regarding natively expressed
Panx1 channels (10, 18). Although apoptosis increased ATP
efflux via Panx1 channels both in Jurkat cells and thymocytes,
the magnitude of the peak extracellular ATP accumulation
response was 5– 8-fold greater in the Jurkat cells (9, 10).
Although this suggested that leukemic T cells may express
higher levels of Panx1 per cell than normal T cells, it is difficult
to interpret comparisons between cell types from different spe-
cies. However, our studies, which directly compared Panx1
protein content in Jurkat and CEM human leukemic T lympho-
cytes with normal human T lymphoblasts, support this possi-
bility. We have also found that murine EL4/EG7 thymic lym-
phoma cells express higher levels of Panx1 protein than normal
mouse thymocytes (data not shown). It will be relevant to
extend such comparisons to a broader range of normal leuko-
cytes (e.g. monocytes and B cells) and their corresponding leu-
kemia/lymphoma variants. Previous studies have suggested
that increased Panx1 expression in different hematopoietic
tumor models can induce either pro-tumorigenic or anti-tu-
morigenic effects (68 –72). Besides caspase-mediated proteo-
lytic activation, Panx1 channels can be rapidly and reversibly
gated by hypoxia, altered tyrosine phosphorylation, and signals
driven by several G protein-coupled receptors (11, 17, 73).
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Thus, release of ATP, ATP metabolites, or arachidonic acid
metabolites from Panx1-overexpressing tumor cells into differ-
ent tumor microenvironments may entrain autocrine and para-
crine signaling networks that differentially enhance or suppress
tumor growth (74). Subsequent chemotherapy-induced apo-
ptosis of tumor cells would skew these local networks by driving
proteolytic gating of Panx1 channels and markedly enhanced
extracellular accumulation of ATP and other cell-derived
metabolites.

Significance of Panx1-mediated Efflux of ATP and ATP
Metabolites from Chemotherapeutic Drug-treated Tumor
Cells—Extracellular ATP and ADP, but not AMP, function as
agonists for several P2Y and P2X receptor subtypes that acti-
vate immune or inflammatory responses (75–77). In contrast,
extracellular AMP is rapidly hydrolyzed by CD73 expressed on
nearby stromal or recruited immune effector cells to generate
adenosine that acts as an agonist for G protein-coupled adeno-
sine receptor subtypes. Activation of A2a or A2b adenosine
receptors on effector leukocytes typically (but not always)
drives anti-inflammatory or immunosuppressive responses
(78 – 80). Thus, the relative concentrations of ATP versus ADP
versus AMP that dynamically accumulate in the extracellular
microenvironment of apoptotic tumor cells in vivo can vari-
ously skew local immune signaling networks between pro-in-
flammatory versus anti-inflammatory or immunogenic versus
tolerogenic settings with significant consequences on the
development of immunogenic anti-tumor responses (81– 86).
Moreover, most types of tumor cells per se express different
cassettes of P2 purinergic or P1 adenosine receptors that can
modulate cell growth, survival, and sensitivity to pro-apoptotic
mediators. Indeed, the leukemic Jurkat cells used in this study
express several ionotropic P2 receptor subtypes, including
P2X1, P2X4, and P2X7, and these receptors act as autocrine
modulators of TCR signaling pathways that regulate growth
and cytokine production (58, 59). It is interesting to speculate
whether autocrine activation of these receptors during chemo-
therapeutic drug-induced Panx1 activation may also modulate
apoptotic progression in Jurkat or other leukemic cells. Results
from this study highlight the ability of chemotherapeutic drugs
to activate cancer cell Panx1 channels as efflux conduits for
both pro-inflammatory ATP and the anti-inflammatory pre-
cursor AMP. Understanding how different chemotherapies ini-
tiate efficacious anti-tumor immune responses may be
improved by further analyses of the tumor-specific differences
in Panx1 expression levels, drug-induced changes in intracellu-
lar adenine nucleotide homeostasis, and the dynamics of extra-
cellular adenine nucleotide metabolism.
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