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Fas ligation via the ligand FasL activates the caspase-8/caspase-3-dependent extrinsic death pathway. In so-called type Il cells, an additional
mechanism involving tBid-mediated caspase-9 activation is required to efficiently trigger cell death. Other pathways linking FasL—Fas
interaction to activation of the intrinsic cell death pathway remain unknown. However, ATP release and subsequent activation of
purinergic P2X; receptors (P2X;Rs) favors cell death in some cells. Here, we evaluated the possibility that ATP release downstream of
caspase-8 via pannexin | hemichannels (Panx| HCs) and subsequent activation of P2X;Rs participate in FasL-stimulated cell death. Indeed,
upon FasL stimulation, ATP was released from Jurkat cells in a time- and caspase-8-dependent manner. Fas and Panx| HCs colocalized and
inhibition of the latter, but not connexin hemichannels, reduced FasL-induced ATP release. Extracellular apyrase, which hydrolyzes ATP,
reduced FasL-induced death. Also, oxidized-ATP or Brilliant Blue G, two P2X;R blockers, reduced FasL-induced caspase-9 activation and
cell death. These results represent the first evidence indicating that the two death receptors, Fas and P2X;R connect functionally via
caspase-8 and Panx| HC-mediated ATP release to promote caspase-9/caspase-3-dependent cell death in lymphoid cells. Thus, a hitherto
unsuspected route was uncovered connecting the extrinsic to the intrinsic pathway to amplify death signals emanating from the Fas
receptor in type Il cells.
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Apoptosis is an active process that depends on a defined
sequence of signaling events and can occur via two different
routes, referred to as the extrinsic (death receptor mediated)
and the intrinsic (endogenous) pathways. The extrinsic pathway
is activated in a manner dependent on ligand binding to death
receptors. Fas ligand (FasL) binding to the Fas/CD95 receptor
promotes formation of the death-induced signaling complex
(DISC) by recruiting Fas-associating death domain (DD)
[FADD-containing protein] through its DD domain, which then
recruits death-effector domain (DED)-containing initiator
caspases, such as caspase-8 and -10. Proximity of pro-caspase
molecules is required for autocleavage and activation of
initiator caspases, which then go on to proteolytically cleave
and activate executioner caspases, including caspase-3, -6, -7
(Scaffidi et al., 1998; Peter and Krammer, 2003).

In some cells, referred to as Type |, this sequence of events is
sufficient to trigger apoptosis. Alternatively in Type Il cells,
caspase-8 activation is weak and signaling downstream of the
DISC needs to be amplified via a loop involving cleavage of Bid
to generate tBid and activation of the mitochondrial pathway,
which generally responds to intracellular stress signals. Changes
in mitochondrial membrane potential and mitochondrial
membrane permeability induced downstream of tBid formation
culminate in release of mitochondrial molecules to the cytosol.
Mitochondrial cytochrome c in conjunction with cytosolic
apoptosis protease activating factor | (Apaf-1) and adenosine
triphosphate (ATP) assemble into a multi-protein complex,
called the apoptosome, which catalyzes proteolytic auto-
activation of the initiator caspase-9 and activation downstream
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of the executioner caspases (Hengartner, 2000; Samraj et al.,
2006).

The purinergic receptor P2X; (P2X;R), whose ligand is ATP,
can trigger either necrosis and/or apoptosis in various cell
types, including myeloid cells, dendritic cells, thymocytes,
macrophages and lymphocytes (Di Virgilio et al., 1998).
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Previous studies have shown that prolonged stimulation of
P2X7R receptor with high concentrations of ATP induces
apoptosis (Tsukimoto etal., 2006; Yoon et al., 2007). However,
apoptosis induced by P2X;R activation in CD4+ and CD8+
T cells occurs only when the extracellular ATP concentrations
in membrane proximity exceeds 100 wM (Aswad and Dennert,
2006). Alternatively, transient stimulation with low
concentrations of ATP, secreted as an autocrine or paracrine
signal, may stimulate proliferation of T cells (Adinolfi et al.,
2002; Elliott et al., 2009). Futhermore, extracellular nucleotides
have been identified as critical signals for the removal of
apoptotic cells during the early stages of apoptosis. Specifically,
caspase-dependent ATP release was observed during
Fas-induced apoptosis of Jurkat cells (Elliott et al., 2009).

The mechanisms of extracellular ATP release are highly
variable and, depending on the cell type, connexin-43 (Cx43)
hemichannels (HCs), the volume-regulated anion channel
(VRAQ), or the purinergic P2X;R (Maroto and Hamill, 2001;
Bal-Price etal., 2002; Parpura et al., 2004) have been implicated.
More recently, ATP release through HCs formed by Panx|
following P2X receptor stimulation was implicated as an
essential autocrine co-stimulatory signal in lymphocyte
activation (Schenk et al., 2008). Decreased nucleotide release
was observed upon siRNA-mediated knockdown of Panx| and
overexpression of the protein increased nucleotide release
from apopotic cells (Chekeni et al., 2010). Alternatively, in
mouse T lymphocytes activated by anti-CD28 and anti-CD3
antibodies a second mechanism of ATP release was proposed
involving exocytosis (Tokunaga et al., 2010).

The above observations led us to ask whether ATP-mediated
cross-talk existed between Fas and P2X;R and how ATP release
downstream of the Fas receptor is triggered. Here, we provide
evidence indicating that indeed Fas-dependent caspase-8
activation promotes ATP release via Panx| HCs, which in turn
favors caspase-9 activation and cell death downstream of
P2X;R. These results identify a novel, hitherto unsuspected
route connecting the extrinsic to the intrinsic pathway to
amplify death signals emanating from Fas in type Il cells.

Materials and Methods
Reagents

Culture medium RPMI and DMEM as well as the antibiotics
penicillin and streptomycin were purchased from Gibco-BRL
(Paisley, Scotland, UK). The fetal calf serum and the EZ-ECL kit
were obtained from Biological Industries, (Kibbutz Beit Haemek,
Israel). The polyclonal rabbit anti-f3-actin antibodies and all caspase
inhibitors were obtained from R&D System (Minneapolis, MN), the
goat polyclonal anti-P2X;R antibodies from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and the monoclonal anti-
human Fas conjugated with FITC were purchased from eBioscience
(San Diego, CA). The goat anti-rabbit IgG (H + L)-HRP Conjugate
was purchased to Bio-Rad (Hercules, CA).The human recombinant
FasL were obtained from Apotech SA (Geneva, Switzerland). The
kits Cell Titer Glo and CytoTox-ONE were purchased from
Promega (Madison, WI). Ebselen were obtained from AppliChem
(Darmstadt, Germany), carbenoxolone, probenecid, LaCls,
heptanol, and oATP purchased from Sigma (St. Louis, MO) and
brillant blue G (BBG) from American Bioanalytical (Natick, MA).

Cell culture

Jurkat human leukemia T cells, as well as Ramos and Raji human
lymphoma B cell lines were cultured in RPMI (1.8 g glucose/L)
supplemented with 10% fetal calf serum and antibiotics

(10,000 U/ml penicillin, 10 pg/ml streptomycin) at 37°C and

5% CO,. A20 and A20R mouse B lymphoma cells were cultured in
DMEM (4.5 g glucose/L) supplemented with 10% fetal calf serum,
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antibiotics (10,000 U/ml penicillin, 10 pg/ml streptomycin) and
50 M ethanol-2-thiol at 37°C and 5% CO,.

Viability assays

Cell viability was analyzed by FACS as previously described (Hetz
et al., 2002; Villena et al., 2008). In this assay, cells impermeable to
propidium iodide (Pl negative) are considered as viable. After
setting the baseline to exclude cell debris, two populations of
Pl-permeable (Pl positive) dead cells are distinguished based on
fluorescence intensity, corresponding to either hypodiploid
apoptotic cells or necrotic cells with intact DNA. Here, Jurkat,
Ramos, and Raji cells were incubated with increasing
concentrations of FasL (0—80 ng/ml) for 16 hat 37°C. For inhibition
experiments, cells were preincubated for | h with either oATP
(600 M) or BBG (50 .M). Alternatively, cells were preincubated
for |5 min with apyrase (10 U) or simultaneously treated with one
of the caspase inhibitors zZVAD (20 wM), zIETD (20 or 50 uM),
zLEHD (20 or 50 wM) or zDEVD (20 or 50 wM), and FasL

(0-80 ng/ml). Cells were harvested and stained with 10 pug/ml of
propidium iodide to determine cell viability. Samples containing
roughly | x 10* cells were analyzed by flow cytometry
(FACScanto; Becton Dickinson, Mountain View, CA) using the
software program FCS Express.

P2X;R expression

Total RNA from human Jurkat and mouse A20 cell was
extracted using Trizol® and the P2X;R mRNA levels were
evaluated using primers specific for human P2X;R sequence
(sense 5'-TCCGAGAAACAGGCGATAA-3/, antisense
5-ACTCGCACTTCTTCCTGTA-3'). As a control, actin mRNA
levels were evaluated in a parallel reaction using appropriate
primers (sense 5-GCATTGTAACCAACTGGGACG-3/,
antisense 5-CATGAGGTAGTCTGT CAG GTC-3') After 25-30
cycles (I min at 94°C, 56°C (T,,) and 72°C) RT-PCR amplified
products specific for P2X;R (456 bp) and (-actin (380 bp) were
analyzed in a 2% agarose gel containing ethidium bromide (EtBr).
For Western blots, whole Jurkat cell lysates were prepared in
ice-cold lysis buffer (20 mM Tris, pH 7.6, 1% Triton X-100, 300 mM
NaCl) and protein extracts (50 pg/lane) were separated by
SDS-PAGE in 10% gels and transferred to PYDF membranes.
Membranes were blocked with TBS-5% gelatin and incubated with
either goat anti-P2X;R or rabbit anti-actin antibody followed by an
HRP-coupled secondary antibody. The peroxidase activity was
detected by enhanced chemiluminescence EZ-ECL.

Measurement of ATP

ATP in cell supernatants was measured using a commercially
available luminescence assay (Cell-Titer Glo Kit; Promega). Briefly,
Jurkat, Ramos, and Raji cells were pre-incubated 10 min with
ebselen (30 M) and stimulated 0-5 h with FasL (80 ng/ml). For
inhibition experiments, Jurkat cells were incubated with caspase
inhibitors zZVAD (20 wM), zIETD (20 wM), zDEVD (20 wM), added
at the same time as FasL or pre-incubated for 10 min with
carbenoxolone (10 wM), probenecid (I mM), or heptanol

(500 M). Final luminescence was measured in a TopCount NXT
microplate luminescence counter (Perkin-Elmer, Waltham, MA)
and expressed in nM of ATP determined using a standard curve.

Lactate dehydrogenase release assay

Supernatant lactate dehydrogenase (LDH) concentrations were
determined using the CytoTox-One'" kit (Promega) following
instructions provided by the manufacturer. Jurkat cells were
incubated with FasL (80 ng/ml) for 0-5 h at 37°C. After the
indicated time of incubation, a volume of CytoTox-ONE™ reagent
(Promega) was added to the equivalent volume of cell culture
medium present in each well. To determine maximum LDH release
possible, lysis solution (0.9% weight/volume solution of Triton®
X-100 in water) was added to the cells. LDH release was
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standardized to total LDH content and results were expressed in
percent (%).

Confocal microscopy

Jurkat cells cultured on glass cover slips were fixed in 4%
formaldehyde at room temperature for 30 min. PBS solution,
containing 1% IgG free BSA, 50 mM NH,CI, 0.05% Triton X-100
(blocking solution), was used to permeabilize and block non-
specific binding sites. To block Fc receptors, samples were
incubated for 45 min in a solution containing Fc-Block (1:100;
Becton Dickinson) at room temperature. Then, samples were
washed twice in PBS and incubated with anti-Panx| F(ab’),
fragments for 12 h in blocking solution at 4°C. Finally, samples were
washed three times with blocking solution, incubated with Cy2
conjugated goat anti-rabbit IgG F(ab’), fragments (1:300) for 30 min
at room temperature and mounted with fluoromount G (Electron
Microscopy Sciences, Washington, PA). Also, Jurkat cells were
stained with the monoclonal anti-human Fas-FITC antibody
(eBioscience). Images were examined with a confocal
laser-scanning microscope (Olympus, Fluoview FV 1000, Tokio,
Japan). Co-localization was analyzed using Image] (NIMH,
Bethesda, MD) and the Image] JACoP plugin (Bolte and
Cordelieres, 2006). Cytofluorograms were generated by plotting
the gray values of pixels in the red and green channel of images
against each other, in order to obtain Person’s and Manders
coefficients in segmented images. Manders coefficients for Panx|
overlap with Fas were obtained by analyzing 30 cells in each
condition using segmented images from at least four independent
experiments. The cross-correlation function method was also used
to evaluate the overall co-localization between red and green
channel signals (van Steensel et al., 1996).

Time-lapse fluorescence imaging

For time-lapse imaging experiments, Jurkat cells were plated on
No. | glass poly-L-lysine (0.01%) coated coverslips for | h and then
washed twice with recording solution (HANKS-HEPES solution:
140 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, | mM MgCl,, 5mM
D-glucose and 10 mM HEPES, pH 7.4). Cells were then incubated in
recording solution containing 5 wM EtBr. Jurkat cells were
pretreated 10 min with LaCl; (500 M) or probenecid (I M) and
subsequently stimulated with FasL (80 ng/ml) up to 180 min. As
controls, cells were treated with PBS. Fluorescence was recorded
in regions of interest of different cells with a water immersion
Olympus BX5 I WI upright microscope (Melville, NY). Images were
captured with a Q Imaging model Retiga 13001 fast cooled
monochromatic digital camera (12-bit; Qimaging, BC, Canada)
every 5min (exposure time =30 ms, gain =0.5). Metafluor
software (version 6.2R5; Universal Imaging, Downingtown, PA)
was used for image analysis and fluorescence quantification. Three
independent background fluorescence intensity values were
obtained at each time point (BF, expressed as arbitrary units, AU),
averaged and then subtracted from the fluorescence intensity
determined for each cell at the same time point interval (CF).
Results of this calculation (CF—BF) at each time point for each of 40
cells were averaged and plotted against time (expressed in minutes)
over a period of 20 min. EtBr uptake rates were calculated using
Microsoft Excel software (Redmond, WA) and expressed as
AU/min. Cells with high fluorescence intensities before stimulation
were excluded from the analysis.

Determination of active caspase-9

Jurkat cells were incubated with FasL (80 ng/ml) for 16 h at 37°C.
For inhibition experiments, cells were preincubated for | h with
BBG (50 wM) or |5 min with apyrase (10 U). Then the inhibitors of
caspase-8- (zIETD, 50 wM), caspase-3- (zDEVD, 50 uM) or
caspase-9-like activity (zLEHD, 50 wM) were added to cells
together with FasL. Cells were harvested as indicated and the
specific activity of caspase-9 was assessed by staining cells with
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LEHD-FMK conjugated to FITC (Abcam, Cambridge, UK) for | h.
Samples were analyzed by flow cytometry (FACScanto; Becton
Dickinson) using the software program FCS Express.

Data analysis

Data sets were generally compared using Student’s t-test.
Comparisons yielding P < 0.05 or less were considered indicative
of statistically significant differences. For group statistical analysis,
each treatment was compared with its respective control and
significance was determined using a one-way ANOVA followed by
a Kruskall-Wallis post hoc test. Differences were considered
significant at P < 0.05. Statistics were performed using Microsoft
Excel and Graph Pad Prism 4 software (2007 and 2003 versions,
respectively).

Results
Sensitivity of different cell lines to FasL

To evaluate sensitivity to FasL, Jurkat, Raji, and Ramos cells
were treated with different concentrations of FasL (0—-80 ng/ml)
for 16 h. Raji and Ramos cells were completely resistant to
the effect of FasL at the different concentrations used.
Alternatively, in Jurkat cells, FasL induced a dose-dependent
decrease in viability (Fig. | A) and the prevalent type of cell death
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Fig. 1. Viability in lymphoid cells treated with FasL. Cells were
stimulated for 16 h with increasing concentrations of FasL (0-80 ng/
ml). The cells were then stained with propidium iodide (PI; 20 pg/ml)
and cell viability was evaluated by flow cytometry in Jurkat (@),
Ramos (O), and Raji cells (ll) (A). Time dependence of FasL-induced
apoptosis. Jurkat cells were treated with FasL (80 ng/ml) and
apoptosis was evaluated at 4 h intervals after stimulation (B). The
results represent averages from three independent experiments

(n = 3). Statistically significant differences are indicated
***p<o.001).
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was apoptosis (Fig. | B). Interestingly, surface expression of the
Fas receptor was comparable in Jurkat and Ramos cells, and
even significantly higher in Raji cells (Supplementary Fig. 1),
suggesting that the observed differences in susceptibility to
FasL-induced death reflected a problem in signaling
downstream of the receptor. For Jurkat cells, FasL-induced cell
death became detectable within about 8—10 h following FasL
(80 ng/ml) addition and reached maximum levels after 14—16h

(Fig. 1B).

P2X;R antagonists and ATP hydrolysis inhibited
FasL-induced cell death in Jurkat cells

Since P2X;Rs have been implicated in events leading to cell
death, we hypothesized that FasL-induced ATP release might
activate P2X7Rs and thereby promote cell death in Jurkat cells.
Indeed, for Jurkat cells pre-incubated with the

P2X;R antagonists BBG (50 wM) or oATP (600 M) and then
stimulated with FasL (0-80 ng/ml) for 16 h, the decrease in cell
viability was less pronounced (Fig. 2A). Since ATP is considered
the physiological P2X;R ligand, we also treated cells with
apyrase, an enzyme that degrades ATP. As anticipated,
presence of the enzyme reduced cell death observed following
FasL stimulation (Fig. 2B). Consistent with these
pharmacological observations, the presence of P2X;R mRNA
and protein was confirmed in Jurkat cells (Fig. 2C).

Extracellular ATP accumulation in response to FasL

Recent evidence indicates that ATP is released from
lymphocytes upon triggering cell death (Elliott et al., 2009; Yip
etal., 2009). To evaluate this possibility in our system, a highly
sensitive luminescence assay was employed to quantify
accumulation of ATP in the cell medium. Following FasL
stimulation, ATP levels increased in the medium of Jurkat cells
and significant differences compared to cells treated with PBS
(control) were detectable after 3, 4, and 5 h (Fig. 3A). In
contrast, for Raji (Fig. 3B) and Ramos (Fig. 3C) cells no
differences between FasL- and PBS-treated cells were
observed. This increase in ATP was not attributable to reduced
Jurkat viability, since no loss of plasma membrane integrity was
detectable during the same period of time, as assessed using the
LDH release assay (Fig. 3D). These results suggested that ATP
was liberated in a FasL-dependent manner from Jurkat, but not
Ramos and Raji cells.

Effect of Cx HC and Panx| HC inhibitors on ATP release

To evaluate more specifically the mechanism of FasL-induced
ATP release, the effects of different pharmacological inhibitors
were tested. Prior to FasL (80 ng/ml) addition, a 10 min
pretreatment of Jurkat cells with a low concentration of
carbenoxolone (10 wM) that inhibits Panx| HCs but not Cx
HCs, was sufficient to significantly reduce ATP accumulation in
culture supernatants almost to levels detected for PBS-treated
cells (Fig. 4A). In the second set of experiments, another Panx |
HC inhibitor, probenecid (I mM), was compared with the Cx
HC inhibitor heptanol (500 wM). For Jurkat cells pretreated
10 min with probenecid, ATP accumulation in culture
supernatants was significantly reduced compared to levels
observed for cells treated with FasL alone. On the other hand,
pretreatment with heptanol had essentially no effect (Fig. 4B).
These experiments directly implicated Panx| HCs in
FasL-induced ATP release from Jurkat cells. Consistent with
this interpretation, we detected Panx|, but not Cx43
expression in Jurkat cells (Supplementary Fig. 2).

Expression and localization of Panx| and Fas following
FasL stimulation

As a next step, we asked whether FasL induced changes in the
expression and/or distribution of Fas and Panx| occurred. To
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Fig. 2. Effects of P2X;R-antagonists on cell viability and apyrase on
cell death. Jurkat cells were pretreated | hwith oATP (600 uM) (@) or
BBG (50 M) (A) before adding FasL (0-80 ng/ml) for 16 h. Then cells
were stained with propidium iodide (PI) and cell viability was
evaluated by flow cytometry (A). Jurkat cells were pretreated 15 min
with apyrase (10 U) before adding FasL (80 ng/ml) for 16 h. Then, cells
were stained with propidium iodide (Pl) and dead cells were identified
by flow cytometry (B). The results shown were averaged from three
independent experiments (n = 3). Statistically significant differences
areindicated (*P <0.05,**P<0.01 and ***P <0.001). The expression of
P2X;R in Jurkat cells was corroborated by RT-PCR and Western blot
analysis. Actin expression is shown as a loading control. A20 mouse
cells were used as negative control for RT-PCR (C).

this end, Jurkat cells were stimulated with 80 ng/ml FasL for up
to 5h and changes in fluorescence were visualized by confocal
microscopy (Fig. 5A). For Panxl, a significant increase was
detected within 3 h of stimulation with FasL as compared to
untreated cells (control; Fig. 5B). This was corroborated by
western blot analysis where FasL exposure was also found to
augment Panx| protein levels (Supplementary Fig. 3). By
contrast, no statistically significant changes were observed for
Fas at the different time points (Fig. 5C). Interestingly, also
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Fig. 3. ATP release induced by stimulation of lymphoid cells. ATP

release to the medium was measured using a luminescence assay for
Jurkat (A), Raji (B), and Ramos (C) cells treated with FasL (80 ng/ml)
(M) or PBS ([J) for different periods of time (0-5 h). All cells were
pretreated with ebselen (30 uM) to block ectonucleotidase activity
and then stimulated 10 min later. For Jurkat cells, integrity of the
plasma membrane was monitored up to 5 h using the lactate
dehydrogenase (LDH) release assay (D). The results shown were
averaged from three independent experiments (n = 3). Statistically
significant differences in (A) are indicated (*P<0.05).

co-localization between Panx| and Fas increased up to 3 h
post-stimulation (Fig. 5D).

Time-lapse fluorescence imaging of EtBr uptake of
Jurkat cells stimulated with FasL

Results obtained previously in the ATP release assays using
inhibitors (Fig. 4) implicated Panx| HCs in the sequence of
events downstream of Fas. To corroborate these findings, we
measured the incorporation of EtBr in response to FasL (Fig. 6).
This compound is known to enter cells via Panx | channels once
they open and this event can be registered as an increase in
intracellular fluorescence (Pelegrin and Surprenant, 2009).
Thus, Jurkat cells were seeded on coverslips pretreated with
poly-L-lysine in the presence of HANK’S solution with 5 uM
EtBr. Fluorescence intensity of cells associated with EtBr uptake
was recorded for up to 3 h (see Fig. 6A). Jurkat cells were
pretreated or not either with | mM probenecid or 200 uM
LaCls (an inhibitor of Cx HCs) 10 min before the addition of
FasL (80 ng/ml). In Jurkat cells, the basal uptake rate was similar
for cells that were pretreated or not with inhibitors before
adding FasL (data not shown). In cells stimulated with FasL alone
or following pretreatment with LaCl; (Fig. 6B), fluorescence
intensity increased steadily in a similar manner. However,
pretreatment with probenecid reduced significantly the
increase in fluorescence triggered by FasL. These results link
FasL-induced ATP release to the opening of Panx| HCs.

Caspase inhibitors blocked FasL-stimulated ATP release
from Jurkat cells and treatment with Apyrase or the
P2X;R antagonist BBG reduced caspase-9 activity in
FasL-stimulated Jurkat cells

We then asked whether caspases might be involved in triggering
ATP release in response to stimulation with FasL. Thus, ATP
release from Jurkat cells was measured in the presence of a
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Fig. 4. Effect of Cx HC and Panx| HC inhibitors on ATP
accumulation in medium. ATP release from Jurkat cells treated with
FasL (80 ng/ml) alone for up to 5 h (H) or following pretreatment with
carbenoxolone (10 wM) ((J) (A), probenecid (I mM) ('¥) or heptanol
(500 uM) (@) (B) was measured. As a control, cells were treated with
PBS ([J) for the same periods of time. The results shown were
averaged from three independent exferiments (n=3). Statistically
significant differences are indicated ("P <0.05).

general caspase inhibitor (zZVAD, 20 uM), an inhibitor of
caspase-8- (zIETD, 20 M), or caspase-3-like activity (zDEVD,
20 wM), for up to 5h (Fig. 7A). For cells treated with either
zVAD or zIETD FasL-induced ATP release was similar to that
observed for PBS-treated cells, while zDEVD had no significant
effect on ATP release even at 50 wM (data not shown). In
parallel, cell viability was evaluated by flow cytometry. For cells
treated with zZVAD (20 M), viability was essentially maintained
even in the presence of FasL. When cells were treated with
zIETD, zLEHD (an inhibitor of caspase-9-like activity), and
zDEVD (20 M), viability was partially maintained at low FasL
concentrations (Fig. 7B). However, when the inhibitors zDEVD,
zLEHD, or zIETD were used at a higher concentrations

(50 wM), FasL-induced loss of viability was largely prevented
(Fig. 7C).

In our model, ATP-dependentactivation of P2X;R plays a key
role in FasL-induced death of Jurkat cells (see Fig. 2), which
is known to be caspase-9 dependent. In order to implicate
more directly caspase-9 downstream of P2X;R, the kinetics of
FasL-dependent caspase-9 activation was evaluated in the
absence or presence of the P2X;R inhibitor BBG or the
inhibitor of casapase-9-like activity zLEHD. Indeed, caspase-9
activation after stimulation with FasL was substantially delayed
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in the presence of the P2X;R inhibitor BBG, as was also
observed in the presence of zZLEHD (Fig. 7D). Furthermore,
treatment of Jurkat cells for | h with either BBG (50 wM) or
apyrase (10 U) prior to FasL (80 ng/ml) stimulation for 16 h
significantly reduced caspase-9 activation (Fig. 7E). This
decrease was more pronounced with the inhibitors of
caspase-like activity zIETD, zDEVD, or zLEHD (50 wM).
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Discussion

Fas—FasL interaction is known to activate caspase-8 followed by
caspase-3 induced apoptotic cell death (Peter and Krammer,
2003; Strasser et al., 2009). In type |l cells, successful execution
of this program requires intermediate participation of a
mitochodria-dependent pathway that leads to caspase-9 and
subsequently caspase-3 activation (Scaffidi et al., 1998; Samraj
et al,, 2006). Alternatively, activation of the purinergic
P2X;R via ATP triggers necrotic or apoptotic cell death (Di
Virgilio etal., 1998). Moreover, ATP-induced caspase activation
via the P2X;R was also previously reported (for review see
Adinolfi etal., 2002). Whether a connection exists between Fas
and P2X;R was, however, not known. In this study, we
demonstrate, for the first time, that cross-talk observed
between the two cell death receptors, Fas and P2X5, is required
to trigger cell death. Specifically, FasL-induced activation of
caspase-8 leads to ATP release mediated by Panx| HCs.
Extracellular ATP then activates the P2X;R and promotes cell
death in a caspase-9-dependent manner.

Previously, we observed that sensitivity of lymphoid cells to
stimulation with FasL or ceramide analogs lead to execution of
variable death programs (Hetz et al., 2002; Villena et al., 2008).
Here, we evaluated the sensitivity to FasL in different lymphoid
cell lines and observed striking differences. For instance, Raji,
and Ramos cell lines were highly resistant to FasL-induced
death, although surface Fas expression was highest in Raji cells
and somewhat lower but similar levels were detected in Jurkat
and Ramos cells (Supplementary Fig. 1). This observation is in
agreement with previous studies showing that cell
“sensitization” (Kim et al., 2007) or addition of substantially
higher FasL concentrations (Irmler et al., 1997) are required to
induce cell death by Fas activation in Burkitt’s lymphoma cell
lines. On the other hand, Jurkat cells were highly sensitive to
FasL-induced death (Fig. 1).

ATP can activate P2X;R and stimulate a variety of responses
including Ca*" and Na™ influx, K" efflux, activation of mitogen-
activated protein kinases (MAPKs) ERK /2, p38, and JNKs, the
NADPH oxidase complex, phospholipase D, and several
caspases. Additionally, formation of reactive oxygen species
(ROS), a non-specific pore permeable to small molecules
(<900 Da), as well as ATP dependent cell death have been
reported (Burnstock, 2006; Lenertz etal., 2009; Hill etal., 2010;
Lenertz et al., 201 I). ATP-induced effects in cells are often
linked to P2X;R, activation. Recent studies in thymocytes and
Jurkat cells have shown that ATP is released by cells undergoing
apoptosis and that the molecule serves as a chemoattractant for
macrophages, which then eliminate the cell debris (Elliott et al.,
2009; Chekeni et al., 2010). We suspected however, that ATP
release might also serve other purposes and, for instance, help
to connect the two death receptors, Fas and P2X;. In
agreement with this possibility, ATP release was only observed

Fig. 7. Effect of different inhibitors on ATP release, viability and
caspase-9 activation in Jurkat cells stimulated with FasL. ATP
presence in supernatants from Jurkat cells treated with FasL (80 ng/
ml) for up to 5 h either alone or together with caspase inhibitors zZVAD
(20 nM), zIETD (20 uM), or zDEVD (20 M) were measured using the
luminescence assay. As controls, cells were treated with PBS (A). In
parallel, cell viability was evaluated by flow cytometry after 16 h of
treatment with FasL either alone or together with zZVAD, zIETD,
zDEVD, or zLEHD (20 M) (B) or at higher concentrations (50 nM)
(C). Time course of FasL-dependent caspase-9 activation in Jurkat
cells was measured either in the absence or presence of BBG (50 nM)
or zLEHD (50 nM) (D). Cells were pretreated with BBG (50 uM),
zLEHD (50 uM), zIETD (50 nM), zDEVD (50 M), and apyrase (10 U)
before adding FasL (80 ng/ml) for 16 h (E). The results shown were
averaged from three independent exreriments (n=3). Statistically
significant differences are indicated (*P<0.05; **P<0.01 and
**p<0.001).
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for Jurkat cells upon FasL stimulation. Neither for Raji nor
Ramos cells was ATP release detectable, despite the use of an
inhibitor (Fig. 3) to avoid ATP hydrolysis via CD39
ectonucleotidase abundantly expressed in B cells (Pulte et al.,
2007). Moreover, ATP release from Jurkat cells occurred prior
to initiation of cell death and was not attributable to loss of
membrane integrity (Fig. 3). Thus, overall these results suggest
that ATP release in the early phase of FasL-induced apoptosis
may contribute to death observed in Jurkat cells.

ATP release mechanisms are highly variable and depending
on the cell type, Cx43 based HCs, the volume-regulated anion
channel (VRAC) and the purinergic P2X;R, have been
implicated (Maroto and Hamill, 2001; Bal-Price et al., 2002;
Parpura etal., 2004; Anselmi et al., 2008). Recent evidence also
suggests that Panx | HCs participate in the release of ATP from
activated T cells. In this model, the ATP released through Panx|
HCs is an essential autocrine signal that acts on P2XRs (Schenk
etal., 2008). Consistent with the possibility that Panx | might be
involved, Western blot analysis revealed substantial expression
of Panx|, while Cx43 was not detected (Supplementary Fig. 2).
Panx| HCs are relatively insensitive to LaCl; and heptanol,
while Cx HCs are effectively blocked by these agents (Bruzzone
et al.,, 2005; Pelegrin and Surprenant, 2006). Probenecid, a
compound used clinically for the treatment of gout, is
reportedly a non-specific inhibitor (at 7 mM) of membrane
resistant protein (MRP) family transporters (Hammond et al.,
2007). However, more recently probenecid was shown also to
block Panx| HC currents at | mM (IC50 of 150 wM) (Silverman
etal., 2008). In our experiments in Jurkat cells, probenecid, also
at ImM, decreased cellular EtBr uptake induced by FasL to
background levels, while LaCl; had no effect (Fig. 6). Similarly,
carbenoxolone at the low concentrations, like those employed
here, inhibits Panx| (IC50 of 5 xM) and not Cx HCs (Bruzzone
etal,, 2005; Locovei et al., 2007). Also, carbenoxolone reduced
FasL-induced ATP release in Jurkat cells, but heptanol had no
effect (Fig. 4). Importantly Cx43 was essentially undetectable in
Jurkat cells (Supplementary Fig. 2B). Taken together, the data
strongly suggest that Panx | HCs, but not Cx HCs are activated
in Jurkat cells stimulated with FasL.

The kinetics of FasL-induced ATP release via Panx| HCs
favor the notion that caspase activation is required in Jurkat
cells. Indeed, FasL-induced ATP release decreased in the
presence of the generic caspase inhibitor zZVAD and upon
inhibition of caspase-8- (zIETD), but not caspase-3-like activity
(Fig. 7), indicating that ATP release occurs upstream of
caspase-3. Interestingly, elimination of extracellular ATP by
apyrase effectively reduced cell death induced by FasL (Fig. 2).
Consistent with our observations, caspase-dependent
nucleotide release from apoptotic cells has been observed in
primary thymocytes, Jurkat and epithelial cells (Elliott et al.,
2009).

All caspase inhibitors employed in this study (zVAD, zDEVD,
zIETD, and zLEHD) were expected to protect the cells against
FasL-induced death to varying extents. However, caspase
inhibitors are also known not to be entirely selective (Berger
et al.,, 2006). Thus, while there was partial and differential
inhibition at the lower concentrations of caspase inhibitors
(Fig. 7B), the strong essentially complete inhibition observed
using caspase inhibitors at higher concentrations, probably
reflects the consequence of caspase cross-inhibition. Together
these observations suggest that Jurkat cells require an
additional ATP-dependent amplification mechanism to execute
the apoptotic process downstream of Fas.

With this in mind, we hypothesized that ATP released from
apoptotic Jurkat cells is an additional extracellular signal to
P2X;R that amplifies the apoptotic response via caspase-9
activation. Indeed, we observed that inhibiting the P2X;R using
the specific BBG inhibitor delayed rather than blocked
caspase-9 activation upon stimulation with FasL (Fig. 7D).
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Moreover, ATP hydrolysis by apyrase treatment reduced
caspase-9 activity to an extent similar to what was observed
with the P2X;R specific inhibitor BBG (Fig. 7E) and both
treatments partially protected against FasL-induced death
(Fig. 2). This is in agreement with the interpretation that
P2X7R-dependent caspase-9 activation is part of an
amplification process that parallels the existing t-Bid pathway
in Jurkat type Il cells.

Panx| HCs have been suggested to be responsible for ATP
release in human T lymphocytes (Schenk et al., 2008). Also,
Panx| HC participation in ATP release from apoptotic cells was
corroborated by experiments using specific siRNA for Panx|
and patch-clamp techniques. These experiments revealed that
Panx| HC are basally inactive and that the induction of Panx|
HC-dependent currents only occurs during apoptosis (Chekeni
et al., 2010). These observations are consistent with our
results, in that only for Jurkat cells treated with FasL was ATP
release and EtBr uptake observed (Figs. 3, 4 and 6).

Results from several laboratories suggest that ATP release
via Panx| HC is observed in a variety of cell types and occurs by
different mechanisms that do not invoke irreversible Panx|
truncation (Qiu et al., 201 1). Additionally, however, specific
cleavage by caspase-3 has been implicated in the activation of
Panx| HC using anti-hFas antibodies in Jurkat cells, where
Panx| COOH-terminal degradation was detected 2 h after
stimulation (Chekeni et al., 2010). Moreover, a recent
publication specifically identified a COOH-terminal
auto-inhibitory region of Panx| that is cleaved by caspases to
activate the channel and permit ATP release (Sandilos et al.,
2012). We observed that stimulation of Jurkat cells with FasL
lead to an increase in levels of Panx| by both confocal
microscopy (Fig. 5) and western blot analysis (Supplementary
Fig. 3). Since, multiple bands were detected by western blotting
for Panx|, caspase-mediated cleavage may also be relevant here
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Fig. 8. A schematic summary of current findings. For details
concerning this scheme, see discussion.
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to Panx| activation downstream of Fas. However, further
experiments are required to evaluate this possibility.

Finally, we demonstrated a role for the P2X7R in
FasL-induced cell death by P2X;R inhibition assays (Fig. 2). We
observed an increase in cell viability and a clear inhibition of
apoptosis in Jurkat cells when P2X;Rs were inhibited with
oATP. To confirm these results we employed a more specific
inhibitor for P2X;R, BBG, which has been used as an antagonist
of P2X7R in animal models of spinal cord trauma (Peng et al.,
2009). Robust inhibition of FasL-induced caspase-9 activation
and apoptosis was observed for Jurkat cells pretreated with
BBG (see Figs. 2 and 7).

The events triggered downstream of P2X;R remain unclear.
Activation of the P2X;R not only opens a typical ion channel,
but also another independent channel permeable to large
molecules up to 900 Da is recruited. Fluorescence imaging,
electrophysiological recordings and Western blot analysis
provided evidence suggesting that Panx| HCs are likely to be
the pore forming units activated by ATP stimulation of
P2X;R. This interpretation is sustained by experiments
showing co-immunoprecipitation and colocalization of
P2X7R subunit and Panx| (North, 2002; Pelegrin and
Surprenant, 2006; Locovei et al., 2007; Pelegrin, 201 1).
Together with our immunolocalization results showing
enhanced colocalization between Fas and Panx| (Fig. 5), it is
tempting to speculate that Fas, Panx|, and P2X;R become
functionally coupled in a complex after FasL stimulation.

Model to explain Fas and P2X;R coupling

In summary, FasL stimulation of Jurkat cells via Fas leads to the
activation of caspase-8 and subsequently caspase-3. In addition,
caspase-8 induces ATP release through Panx| HCs, a process
that coincides temporarily with enhanced colocalization
between Fas and Panx|. Whether these two events are
functionally linked remains to be established. Extracellular
released ATP activates P2X;R and thereby favors caspase-9
activation, presumably via a mitochondria-dependent process.
Thus, in addition to the classic mechanism described for type Il
cells connecting caspase-8 to caspase-9 activation and death via
tBid, we identified here Panx| HC-dependent ATP liberation
and P2X;R activation as a further amplification loop to
efficiently execute FasL-induced death in Jurkat cells (Fig. 8).
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