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ABSTRACT
Pannexin-1 (Panx1) channels mediate the efflux of ATP and AMP
from cancer cells in response to induction of extrinsic apoptosis
by death receptors or intrinsic apoptosis by chemotherapeutic
agents. We previously described the accumulation of extracel-
lular ATP /AMP during chemotherapy-induced apoptosis in
Jurkat human leukemia cells. In this study, we compared how
different signaling pathways determine extracellular nucleotide
pools in control Jurkat cells versus Jurkat lines that lack the Fas-
associated death domain (FADD) or receptor-interacting protein
kinase 1 (RIP1) cell death regulatory proteins. Tumor necrosis
factor-a induced extrinsic apoptosis in control Jurkat cells and
necroptosis in FADD-deficient cells; treatment of both lines
with chemotherapeutic drugs elicited similar intrinsic apopto-
sis. Robust extracellular ATP/AMP accumulation was observed
in the FADD-deficient cells during necroptosis, but not during
apoptotic activation of Panx1 channels. Accumulation of extra-
cellular ATP/AMP was similarly absent in RIP1-deficient Jurkat

cells during apoptotic responses to chemotherapeutic agents.
Apoptotic activation triggered equivalent proteolytic gating of
Panx1 channels in all three Jurkat cell lines. The differences in
extracellular ATP/AMP accumulation correlated with cell-line–
specific expression of ectonucleotidases that metabolized the
released ATP/AMP. CD73 mRNA, and a.b-methylene-ADP-
inhibitable ecto-AMPase activity were elevated in the FADD-
deficient cells. In contrast, the RIP1-deficient cells were defined
by increased expression of tartrate-sensitive prostatic acid
phosphatase as a broadly acting ectonucleotidase. Thus, extra-
cellular nucleotide accumulation during regulated tumor cell death
involves interplay between ATP/AMP efflux pathways and differ-
ent cell-autonomous ectonucleotidases. Differential expression of
particular ectonucleotidases in tumor cell variants will determine
whether chemotherapy-induced activation of Panx1 channels
drives accumulation of immunostimulatory ATP versus immuno-
suppressive adenosine within the tumor microenvironment.

Introduction
The efficacy of cancer chemotherapy is enhanced by induction

of sustainable antitumor immune responses. This is deter-
mined in part by accumulation of immunogenic mediators

within the tumor microenvironment. These include bioactive
peptides, lipids, and nucleotides released from cancer cells
during chemotherapy- or receptor-induced activation of cell
death signaling responses (Gude et al., 2008; Peter et al., 2008,
2012; Truman et al., 2008; Zitvogel et al., 2008; Ghiringhelli
et al., 2009; Kepp et al., 2009; Vacchelli et al., 2015) . Given its
high intracellular concentration, ATP comprises a ubiquitous
tumor cell-derived immunogenic mediator. Extracellular ATP
acts as a “find-me” signal for G protein-coupled P2Y-family
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ABBREVIATIONS: APCP, a,b-methylene-adenosine 59-diphosphate; ARL-67156, [dibromo-[[[(2R,3S,4R,5R)-5-[6-(diethylamino)purin-9-yl]-3,4-
dihydroxyoxolan-2-yl]methoxy-hydroxyphosphoryl]oxy-hydroxyphosphoryl]methyl]phosphonic acid; BSA, bovine serum albumin; BSS, basal salt
solution; BV6, (2S)-1-[(2S)-2-cyclohexyl-2-[[(2S)-2-(methylamino)propanoyl]amino]acetyl]-N-[(2S)-1-[6-[[(2S)-2-[[(2S)-1-[(2S)-2-cyclohexyl-2-[[(2S)-2-
(methylamino)propanoyl]amino]acetyl]pyrrolidine-2-carbonyl]amino]-3,3-diphenylpropanoyl]amino]hexylamino]-1-oxo-3,3-diphenylpropan-
2-yl]pyrrolidine-2-carboxamide; cIAP, cytosolic inhibitor of apoptosis; DAPI, 4ʹ,6-diamidino-2-phenylindole; «-ADO, etheno-adenosine; «-AMP, 1,
N6-etheno-AMP; Etop, etoposide; FADD, Fas-associated death domain protein; FLAAB, firefly Luciferase ATP assay Buffer; FLAAM, lyophilized
firefly Luciferase ATP assay mix; HPLC, high-pressure liquid chromatography; LDH, lactate dehydrogenase; MLKL, mixed lineage kinase-like
protein; NSA, necrosulfonamide; Panx1, pannexin-1; PAP, prostatic acid phosphatase; PARP, poly(ADP-ribose) polymerase; PBS, phosphate-
buffered saline; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; RIP, receptor-interacting protein kinase; Smac, second
mitochondrial-derived activator of apoptosis; STS, staurosporine; Tetra, tetramisole; TM-PAP, prostatic acid phosphatase, transmembrane splice
variant; TNAP, tissue nonselective alkaline phosphatase; TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor; TRAIL, TNF-related
apoptosis-inducing ligand; Trova, trovafloxacin; WT, wild type; zVAD-fmk, benzyloxycarbonyl-Val-Ala-dl-Asp(O-methyl)-fluoromethylketone.

30

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

https://doi.org/10.1124/mol.116.104000
https://doi.org/10.1124/mol.116.104000
http://molpharm.aspetjournals.org/


receptors expressed on nearby macrophages and dendritic
cells (Elliott et al., 2009; Chekeni et al., 2010; Ma et al., 2013).
This amplifies chemotaxis of these phagocytic leukocytes to
the vicinity of dying cells and thereby facilitates the phagocy-
tosis of tumor cells required for processing and presentation of
tumor antigens to T lymphocytes.
Pannexin-1 (Panx1) channels comprise a major pathway for

the regulated release of ATP to extracellular compartments in
response to induction of either extrinsic apoptosis by death
receptors or intrinsic apoptosis by chemotherapeutic agents
(Chekeni et al., 2010; Boyd-Tressler et al., 2014). Apoptotic
induction of active caspase-3 results in proteolytic excision of
an autoinhibitory C-terminal segment to drive open gating
of the large-pore Panx1 channels and consequent efflux of
intracellular metabolites such as ATP (Chekeni et al., 2010;
Sandilos et al., 2012; Boyd-Tressler et al., 2014).
Several therapeutic agents, including agonists for tumor

necrosis factor (TNF)/TNF-related apoptosis-inducing ligand
(TRAIL) family death receptors and various chemotherapeu-
tic drugs, may induce regulated cancer cell death either by
apoptosis or by necroptosis (Martinou and Youle, 2011;
Humphries et al., 2015). The latter involves formation of
necrosome complexes between RIP1 and RIP3 (receptor
interacting protein kinases 1 and 3) to drive RIP3-mediated
phosphorylation of the mixed-lineage kinase like (MLKL)
pseudo-kinase. Phosphorylated mixed lineage kinase-like
(pMLKL) protein oligomerizes and inserts into the plasma
membrane as multimeric pores with significant permeability
to organic metabolites such as ATP (Sun et al., 2012; Su et al.,
2014; Wang et al., 2014, 2015; Humphries et al., 2015).
However, the relative kinetics and magnitudes of extracellu-
lar ATP accumulation as mediated by RIP3-activated MLKL
pores versus caspase-3–activated Panx1 channels in a given
tumor cell model have not been quantified and compared.
Intrinsic apoptosis, extrinsic apoptosis, and necroptosis

share several signaling nodes and regulatory proteins
(Fig. 1A). TNF-a binding to type 1 TNF receptors (TNFR1)
induces formation of “complex 1” containing the TNF receptor-
associated death domain protein adapter, RIP1, and cIAP1/2
(cytosolic inhibitor of apoptosis proteins 1 and 2). This elicits
nuclear factor kB signaling and cell survival. However, when
mitochondria release second mitochondrial-derived activator
of apoptosis (Smac) protein or when cells are treated with
Smac-mimetic drugs, the cIAPs are down-regulated to facili-
tate the assembly of “complex 2,” containing RIP1, FADD
(Fas-associated death domain) adapter, and caspase-8. Under
these conditions, caspase-8 is activated to both initiate
apoptosis and inactivate RIP1. However, if cells lacking FADD
are treated with TNF-a and Smac-mimetic, complex 2 cannot
assemble, leaving RIP1 free to drive the RIP3/MLKL necroptotic
cascade.
Riptosome signaling complexes, like “complex 2” platforms,

contain RIP1, FADD, and procaspase-8, but also cFLIP,
cellular FLICE-inhibitory protein (cFLIP), a protease-
inactive caspase-8–like modulator protein. Although FADD
is best characterized for its roles in extrinsic apoptosis, the
assembly of ripoptosomes can amplify death signaling by
chemotherapeutic drugs that induce intrinsic apoptosis due to
release of mitochondrial Smac and down-regulation of cIAPs
(Feoktistova et al., 2011; Tenev et al., 2011; Belz et al., 2014).
Although ATP directly released from dying tumor cells

supports immunogenic antitumor responses by stimulating

P2Y receptor signaling, it can also drive the generation of
adenosine, which activates immunosuppressive A2A/A2B recep-
tors expressed on immune cells (Stagg and Smyth, 2010;
Antonioli et al., 2013a). The balance between local ATP and
adenosineaccumulationwithin the tumormicroenvironment can
determine the net efficacy of anticancer immunogenic responses.
Multiple studies have linked the decreased efficacy of cancer
chemotherapies to increased levels of ectonucleotidases that
metabolize released adenine nucleotides to adenosine (Mikhailov
et al., 2008; Beavis et al., 2012; Loi et al., 2013). A wide range of
ectoenzymes may differentially contribute to interstitial adenine
nucleotide andadenosine levels in particular tumor environments
(Table 1).
In this study, we compared how alternative pathways of

nucleotide efflux and ectometabolism determine the composi-
tion of extracellular adenine nucleotide pools during death
receptor-induced apoptosis or necroptosis versus chemother-
apeutic drug-induced apoptosis in control Jurkat cells versus
Jurkat variants lacking the FADD adapter protein or RIP1
kinase that modulate apoptotic and necroptotic cell death
signaling responses.

Materials and Methods
Cell Models and Reagents. The FADD-deficient human Jurkat

T-cell acute leukemia cell line (I 2.1) and the wild-type (WT) human
Jurkat T-cell acute leukemia cells were obtained from the American
Type Culture Collection (Manassas VA). The RIP1-deficient human
Jurkat T-cell acute leukemia cell line was generously provided by
Zheng-gang Liu (National Cancer Institute, Bethesda MD) (Morgan
et al., 2009). BV6 [(2S)-1-[(2S)-2-cyclohexyl-2-[[(2S)-2-(methylamino)
propanoyl]amino]acetyl]-N-[(2S)-1-[6-[[(2S)-2-[[(2S)-1-[(2S)-2-cyclohexyl-
2-[[(2S)-2-(methylamino)propanoyl]amino]acetyl]pyrrolidine-2-
carbonyl]amino]-3,3-diphenylpropanoyl]amino]hexylamino]-1-oxo-3,3-
diphenylpropan-2-yl]pyrrolidine-2-carboxamide] was provided by
Genentech (South San Francisco, CA). Other key reagents were
purchased from commercial vendors. Human recombinant TNF-a was
obtained from PeproTech (Rocky Hill, NJ). Benzyloxycarbonyl-Val-Ala-
dl-Asp(O-methyl)-fluoromethylketone (zVAD-fmk) and pentostatin
(2-deoxycoformycin)were fromAPExBio (Houston,TX).Necrosulfonamide
(NSA) and ARL-67156 ([dibromo-[[[(2R,3S,4R,5R)-5-[6-(diethylamino)purin-
9-yl]-3,4-dihydroxyoxolan-2-yl]methoxy-hydroxyphosphoryl]oxy-
hydroxyphosphoryl]methyl]phosphonic acid) were obtained from Tocris
(Minneapolis, MN). Anti-human Fas (CH11 clone) was obtained from
Millipore (Billerica MA). Staurosporine was from LC Laboratories
(Woburn,MA). Lyophilized firefly luciferase ATP assaymix (FLAAM),
firefly luciferase ATP assay buffer (FLAAB), pyruvate kinase
(P-1506), myokinase (M-3003), ATP, 1,N6-etheno-AMP («-AMP),
phosphoenolpyruvate, etoposide, tetramisole, trovafloxacin, L-tartaric
acid (Na salt), TRIzol reagent, amphotericin B, and 4ʹ,6-diamidino-2-
phenylindole (DAPI) stain were obtained from Sigma-Adrich (St.
Louis, MO). Calcein-AM, YO-PRO (green fluorescent stain), and
MitoTracker Red CM-H2XRos were obtained from Invitrogen (Carlsbad,
CA). The cytotoxicity detection kit (lactate dehydrogenase [LDH]
release) was purchased from Roche Applied Science (Indianapolis,
IN). Anti-poly(ADP-ribose) polymerase (PARP) (9542) was purchased
from Cell Signaling Techonology (Danvers, MA). Anti-prostatic acid
phosphatase (PAP) was from R&D Systems (Minneapolis, MN). All-in-
OneFirstStrand cDNASynthesisKit, All-in-One qPCRMix,CD73 real-
time quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) primers, and GAPDH qRT-PCR primers were obtained
from GeneCopoeia (Rockville, MD). Anti-b actin (sc-1615) and all
horseradish peroxidase–coupled secondary antibodies were from Santa
Cruz Biotechnology (Dallas, TX). Pierce electrochemiluminescence
Western blotting substrate was obtained from ThermoFisher Scien-
tific (Waltham, MA). The ab-methylene-adenosine 59-diphosphate
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(APCP) was purchased from Jena Bioscience (Jena, Germany). The
specificity of the noncommercial rabbit anti-human pannexin-1 (Panx1)
antiserum has been described elsewhere (Penuela et al., 2007, 2009;
Chekeni et al., 2010; Boyd-Tressler et al., 2014).

Cell Culture and Induction of Apoptosis and Necroptosis.
WT, FADD-deficient, and RIP1-deficient Jurkat cells were main-
tained in RPMI-1640 medium supplemented with 10% newborn
bovine calf serum (Hyclone; GE Healthcare BioSciences, Pittsburgh,
PA), 100 units/ml penicillin, 100 mg/ml streptomycin (Invitrogen,
Carlsbad, CA), and 2 mM L-glutamine (Lonza, Basel, Switzerland) at

37°C in 5% CO2. RIP1-deficient cell culture medium also contained
2.5 mg/ml amphotericin B. For induction of apoptosis and analysis of
released adenine nucleotides, the WT Jurkat cells were resuspended
at 2 � 106 cells/ml (2 ml/well; 12-well plates) in RPMI-1640 as above
but with 10% bovine calf serum treated for 2 hours at 65°C to
inactivate serum nucleotidases. For TNF-a-induced apoptosis, the
resuspended cells were preincubated with 3 mM BV6 for 2 hours at
37°C in 5% CO2 before addition of 20 ng/ml TNF-a. Apoptosis in all
Jurkat cell types was induced by 3 mM staurosporine (STS), 20 mM
etoposide (Etop), or 250 ng/ml anti-Fas.

Fig. 1. TNFa-induction of necroptosis or extrinsic apoptosis induces release of adenine nucleotides from Jurkat cancer cells via mechanistically distinct
pathways. (A) A schematic of cell death signaling and adenine nucleotide release pathways regulated by Fas and TNF receptors. (B, D, E)WT Jurkat cells
were treated with either 250 ng/ml aFas for the indicated times or were pretreated with 3 mM of the Smac-mimetic BV6 for 2 hours followed by
stimulation with 20 ng/ml TNF-a for the indicated times. (C, F) FADD-deficient Jurkat cells were pretreated with 3 mM BV6 for 2 hours followed by
stimulation with 20 ng/ml TNF-a for the indicated times. Parallel samples were stimulated with death receptor ligands in the presence or absence of
20 mM zVAD or 1 mM NSA as indicated. (B, C) Samples of conditioned extracellular media were collected at 0, 2, 4, 8, and 12 hours after treatment and
assayed for LDH activity. LDH released from TNFa + Smac mimetic (TS)-treated cells was assayed, analyzed, and normalized to the LDH released from
detergent-lysed cells. Experiments with each agent were repeated 3–4 times with data indicating mean6 S.E. for n = 4 (WT) and n = 3 (FADD-deficient)
independent experiments. Analysis by two-way analysis of variance and Tukey post-test comparison; a: TS-stimulated +zVAD versus 2zVAD; b:
TS-stimulated +NSA versus 2NSA. (D–F) Cells were treated with either aFas (D) or TS (E, F), and conditioned extracellular media samples were
collected at 0, 2, 4, 8, and 12 hours after treatment and analyzed for summed ATP + ADP + AMP. Data indicate mean 6 S.E. of n = 3 independent
experiments. Analysis by two-way analysis of variance and Tukey post-test comparison; a: aFas- or TS-treated +zVAD versus2zVAD; b: TS-stimulated
+NSA versus2NSA. (G–I)Whole-cell lysates were prepared at the indicated times after treatment ofWestern blot analysis as described inMaterials and
Methods and probed for Panx1, PARP, and actin. Data are representative of three experiments for each condition. All panels: ns, not statistically
significant; **P , 0.01; ***P , 0.001; ****P , 0.0001.
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For induction of necroptosis, FADD-deficient Jurkat cells were
resuspended at 2 � 106cells/ml and preincubated with 3 mM BV6 for
2 hours at 37°C in 5% CO2 before addition of 20 ng/ml TNF-a. Where
indicated, 20 mM, 50 mM, or 100 mM zVAD, 1 mM NSA, or 30 mM
trovafloxacin (Trova) were added to the cell cultures 1 hour before
addition of TNF-a, anti-Fas, STS, or Etop. Where indicated, 50 mM
APCP was added 10 minutes before the addition of TNF-a, anti-Fas,
STS, or Etop.

Collection of Conditioned Medium and Measurement of
Released Adenine Nucleotides. Conditioned medium from con-
trol, apoptotic, or necroptotic Jurkat cells was collected and assayed
for accumulation of extracellular adenine nucleotides as described
elsewhere (Boyd-Tressler et al., 2014). Briefly, samples of the conditioned
medium supernatants were taken at indicated times (routinely 0, 2, 4, 8,
12 hours) after addition of TNF-a, anti-Fas, STS, or Etop and centrifuged
at 13,500 RPM for 15 seconds to pellet cells. The cell-free supernatants
were transferred to fresh tubes for analysis of either ATP only or total
adenine nucleotides (ATP 1 ADP 1 AMP).

For luciferase-based quantification of ATP only, a 50-ml aliquot of
conditioned medium supernatant was supplemented with 46 ml
of FLAAB and 4 ml 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 second integration of emitted light; BioTek Instruments,
Winooski, VT) and quantified by comparison with ATP standards
assayed under identical conditions.

For quantification of total adenine nucleotides, the samples were
subjected to a protocol modified from that described in Hampp (1985)
whereby AMP and ADP were rephosphorylated to ATP (in a cycling
reaction driven by excess phosphoenolpyruvate in the presence of
pyruvate kinase and myokinase) before the luciferase analysis de-
scribed earlier. We supplemented 50 ml of conditioned medium
supernatant with 8.3 ml of rephosphorylation cocktail (25 mM
K-HEPES, pH 8.0, 50 mM MgSO4, 8.3 mM phosphoenolpyruvate,
600 U/ml myokinase, 300 U/ml pyruvate kinase) and incubated the
medium for 90 minutes at 37°C. We then added 37.7 ml FLAAB and
4 ml concentrated FLAAM to each rephosphorylated sample and
measured the ATP-dependent bioluminescence.

Measurement of Cell Lysis by LDH Release. Cells were
treated with apoptotic or necroptotic stimuli as described earlier.
After brief centrifugation of the cell suspensions, the cell-free super-
natants were assayed for LDH enzyme activity using the cytotoxicity
detection kit according to the protocol of Roche Applied Science. The
released LDH was normalized to total LDH content measured in 1%
Triton X-100-permeabilized samples of untreated Jurkat T cells.

Western Blot Analyses. We centrifuged 1-ml aliquots of 2 � 106

Jurkat cells, and the cell pellets were washed in phosphate-buffered
saline (PBS). Whole-cell lysates were prepared by detergent-based
extractions before standard processing by SDS-PAGE (either 12% or
4–20% polyacrylamide), transfer to polyvinylidene fluoride mem-
branes, and Western blot analysis as described elsewhere (Boyd-
Tressler et al., 2014). Primary antibodies were used at the following
concentrations or dilutions: anti-human pannexin 1 (1:5000), anti-
PARP (1:1000), anti-b-actin (1 mg/ml), or anti-PAP (1 mg/ml). Horse-
radish peroxidase–conjugated secondary antibodies were used at a
final concentration of 0.13 mg/ml. The chemiluminescent images of the
blots were developed with electrochemiluminescence reagent, then
imaged and quantified using FluorChemE processor and AlphaView
SA imaging software (ProteinSimple, San Jose, CA).

YO-PRO Dye Influx. We treated 500-ml aliquots of Jurkat cell
suspension (106/ml) with apoptotic stimuli as described earlier for various
times; then we collected pellets by centrifugation and washed them once
withPBS.Thewashed cell pelletswere resuspended in500ml of basal salt
solution (BSS) containing 130mMNaCl, 5mMKCl, 1mMMgCl2, 1.5mM
CaCl2, 25mMNaHEPES, pH 7.5, 5mM glucose, and 0.1% bovine serum
albumin (BSA). We added 1 mM YO-PRO dye, and the cells were
incubated for 20 minutes. The cells were then pelleted by briefT
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centrifugation, washed once in PBS, and resuspended in 500 ml of
fresh BSS. We transferred 200-ml aliquots to wells in a 96-well plate.
The fluorescence (485 nm/540 nm) wasmeasured on the BioTek Synergy
HT plate reader. Phase-contrast and epifluorescence images of the cells
in each well were then recorded using a Zeiss Axiovert 25 Microscope
(Carl Zeiss, Thornwood, NY) equipped with a 485 nm/540 nm filter
set, QCam1394 digital camera, and QCapturePro imaging software
(QImaging, Surrey, BC, Canada).

Calcein Dye Efflux. Jurkat cells were suspended at 2 �
106cells/ml in RPMI1 10%heat-inactivated calf serum1 100 units/ml
penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine. The
suspensions were supplemented with 1 mM calcein-AM and 250 mM
probenecid and incubated for 45 minutes at 37°C. The cells were
washed in PBS, resuspended in the sameRPMI testmedium, and then
treated with 3 mM STS in the presence or absence of 100 mM zVAD or
30 mM Trova for 4 hours at 37°C and 5% CO2. After brief centrifuga-
tion, the cell pellets were washed and resuspended in BSS 1 5 mM
glucose 1 0.1% BSA, and the fluorescence (485 nm/528 nm) was
measured on the BioTek Synergy HT plate reader.

Imaging of Mitochondrial Localization. We incubated 1 � 106

Jurkat cells/ml for 4 hours with or without 3 mM STS. The cells were
pelleted, washed with PBS, and resuspended in prewarmed (37°C)
staining solution consisting of 500 nM MitoTracker Red CM-H2XRos
in BSS 1 5 mM glucose 1 0.1% BSA and incubated for 30 minutes at
37°C in the dark. The cells were pelleted, washed in PBS, resuspended
in BSS 1 5 mM glucose 1 0.1% BSA supplemented with a 1:100
dilution of DAPI (0.2 mg/ml working stock), and incubated in the dark
at room temperature for 5–10 minutes. The cells were pelleted,
washed in PBS, fixed in 200 ml of 4% paraformaldehyde in PBS for
15 minutes at 37°C. The fixed cells were repelleted, washed, and
resuspended in 50 ml 0.5% paraformaldehyde and stored at 4°C.
Images of the cells were acquired using anOlympus FluoViewFV1000
laser scanning confocal microscope coupled with an IX-81 inverted
microscope equippedwith a 60�/1.42NAoil immersion objective and a
computer running FluoView FV10-ASW version 3.1b software (Olym-
pus America, Center Valley, PA).

Extracellular ATP and AMP Hydrolysis Assays. WT, FADD-
deficient, or RIP1-deficient cells were resuspended at 2 � 106 cells/ml
in the RPMI assay medium for assay of extracellular AMP hydrolysis
or in BSS1 5 mM glucose1 0.1% BSA for assay of extracellular ATP
hydrolysis. After addition of 1 mM AMP or ATP, the cell suspensions
were incubated for 30 minutes at 37°C, and then centrifuged at 13,500
RPM for 15 seconds to pellet the cells. The cell-free supernatants were
collected and assayed for ATP orAMPby the luciferase-basedmethods
described earlier. Where indicated, 50 mM APCP, 5 mM tetramisole,
200 mM pentostatin, or 100 mM ARL-67156 was added to the cell
suspension 10 minutes before the addition of AMP or ATP.

High-Pressure Liquid Chromatography Assays of Extracellular
AMP Metabolism and Adenosine/Inosine Accumulation or
Extracellular Etheno-AMP Metabolism and Etheno-Adenosine
Accumulation. Wild-type, FADD-deficient, or RIP1-deficient cells
were suspended at 2 � 106 cells/ml in BSS 1 5 mM glucose 1 0.1%
BSA and preincubated for 15 minutes at 37°C. The cell suspensions
were supplemented with 10 mM 1,N6-etheno-AMP («-AMP) or 100 mM
AMP plus or minus various inhibitors, as indicated, then incubated
for 30 minutes at 37°C and centrifuged at 13,500 RPM for 15 seconds.
The cell-free supernatants were transferred to new tubes, boiled for
5 minutes at 100°C, then placed on ice. Extracellular «-AMP and etheno-
adenosine («-ADO) were resolved by and quantified by ion exchange
HPLC using a Bio-Rad Gradient Module high-pressure liquid chroma-
tography (HPLC) connected to a Linear Fluor LC305 fluorescence
detector (Bio-RadLaboratories,Hercules, CA). Sampleswere diluted 1:10
inwater, and50mlwas injectedontoaHamiltonPRP-X100anionexchange
column (Hamilton Robotics, Reno, NV), which was eluted at 1.0 or
1.6ml/minwith a gradient of NH4HCO3 in 30%methanol. The baseline
mobile phase was 0.25 M NH4HCO3 (pH 8.5) in 30% methanol.

After sample injection, the mobile phase was developed linearly
from 0.25 to 0.275 M NH4HCO3 for 8 minutes, remained isocratic at

0.275 M NH4HCO3 for the next 4 minutes, was washed for 3 minutes
at 0.425 M NH4HCO3, and then was re-equilibrated back to the
baseline mobile phase for 15 minutes. Extracellular AMP, IMP,
adenosine, and inosine were resolved by reverse HPLC using the
Bio-Rad Gradient Module HPLC connected to an absorbance detector.
Samples were diluted 1:10 in water, and 50 ml was injected onto a
Alltech C18 Nucleotide/Nucleoside reverse phase column (Alltech,
Woodridge, IL), which was eluted at 1.0 ml/min with a gradient of
methanol in 20 mM (NH4)3HPO4 (pH 6.0). The baseline mobile phase
was 20 mM (NH4)3HPO4 (pH 6.0) in 0% methanol.

After sample injection, the column was eluted with isocratic 0%
methanol for 4 minutes followed by an gradient increase to 8% methanol
from 4 to 6 minutes, a gradient increase to 20% methanol from 6 to
8 minutes, isocratic elution with 20% methanol from 8 to 18 minutes, a
gradient decrease to 0% methanol from 18 to 20 minutes, and then
isocratic elution with 0% methanol to re-equilibrate the column to the
baseline condition. Absorbance of eluate was continuously recorded at
260nm. Injectionwithstandardsolutionsof 100mMIMP,AMP, inosine, or
adenosinewere used to identify the retention time of those nucleotides and
nucleosides. Chromatogram peaks were obtained with Data Ally v2.06
software (LabAlliance, Scientific Systems, Inc., State College, PA).

Assay of Ecto-Nitrophenyl Phosphatase Activity in Jurkat
Cells. We plated 200-ml aliquots of WT, RIP1-deficient, and FADD-
deficient Jurkat cells (2 � 106/ml) in 96-well plates. The cells were
suspended in BSS (1 glucose 1 BSA) that was buffered to pH 7.5 or pH
6.5. The cell suspensions were supplemented with 500 mM p-nitrophenyl
phosphate in the absence or presence of 10mML-tartrate (sodium salt) or
50 mM APCP, and they were incubated for 18 hours at 25°C. Hydrolysis
of nitrophenyl phosphate to nitrophenyl was assayed by measuring
absorbance at 405 mm on the BioTek Synergy HT plate reader.

Quantitative RT-PCR Analysis of CD73 Expression. Total
RNA was extracted by TRIzol reagent from WT, FADD-deficient, or
RIP1-deficient Jurkat cells by standard methods. The All-in-One
First-Strand cDNA Synthesis kit (GeneCopoeia, Rockville, MD) was
used for synthesis of first-strand cDNA from purified RNA. Quanti-
tative RT-PCR analysis of CD73 or GAPDH mRNA was performed
using a StepOne-Plus Real-Time PCR System (Applied Biosystems,
Foster City, CA). The reactions were performed in 20-ml reaction
volumes containing All-in-One qPCR Mix with ROX reference dye,
0.2 mM PCR primers, and 1:100 dilution of the first strand cDNA
reaction, and they were run in triplicate. The relative expression was
calculated using the DDCt method using StepOne software v. 2.1
(Applied Biosystems) with values normalized to the reference gene
GAPDH; the relative differences in CD73 mRNA levels in FADD-
deficient or RIP1-deficient cells were normalized to the values in
measured in WT Jurkat cells.

Data Analysis. Experiments were repeated 3–6 times with sepa-
rate Jurkat cell culture preparations. Western blot results are from
representative experiments. Figures illustrating quantification of
extracellular adenine nucleotide accumulation, LDH release, extra-
cellular nucleotide hydrolysis, YO-PRO dye influx, and calcein dye
efflux represent the mean (6 S.E.) of data from three to six in-
dependent experiments each performed with two to four technical
replicates. Quantitative results were analyzed by t-test or two-way
analysis of variance with Tukey post-test comparison using Prism 6.0
software (GraphPad Software, San Diego, CA).

Results
TNFa-Induction of Necroptosis or Extrinsic Apoptosis

Induces Release of Adenine Nucleotides from Jurkat
Cells via Mechanistically Distinct Pathways. T-cell leuke-
mias or lymphomas have been widely used as tumor cell models
for examining the relationships between Panx1-mediated ATP
release, extracellular ATP/AMPmetabolism, adenosine accumu-
lation, and the modulation of anti-tumor immune responses
in vivo and in vitro (Elliott et al., 2009; Ghiringhelli et al., 2009;
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Martins et al., 2009; Chekeni et al., 2010; Poon et al., 2014). We
previously described roles for Panx1 channels in the release of
both ATP and AMP during chemotherapeutic drug-induced
apoptosis of Jurkat human leukemic T cells (Boyd-Tressler
et al., 2014). In WT Jurkat human leukemic T cells, TNF-a (T)
binding to type 1 TNF receptors (TNFR1) induces formation of
complex 1 signaling platforms. However, when these cells are
treated with Smac mimetic drugs such as BV6, the cIAPs are
down-regulated to facilitate the assembly of complex 2. Under
these conditions, caspase-8 is activated to both initiate apopto-
sis and inactivateRIP1. Conversely, whenJurkat cells deficient
in FADD (FADD-deficient) are treated with TNF-a plus
BV6, complex 2 cannot assemble, leaving RIP1 free to form
necrosome platforms that license RIP3-dependent MLKL
pore formation and necroptosis.
Fas receptor-induced apoptosis of WT Jurkat cells has been

previously shown to elicit ATP efflux via caspase-3-mediated
cleavage of the C terminus of Panx1 channels (Fig. 1A). The
kinetics and magnitude of this Fas-induced ATP release from
Jurkat cells have been defined (Chekeni et al., 2010), but it is
not known whether similar Panx1 cleavage and ATP efflux
parameters characterize TNFR1-induced apoptosis or how
MLKL pores may facilitate alternative ATP efflux parameters
during TNFR1-induced necroptosis.
Using WT and FADD-deficient Jurkat cells identically

cotreated with TNFa plus BV6 Smac mimetic, we compared
the kinetics of lytic plasma membrane disruption (as indicated
by release of the cytosolic macromolecule LDH) during apoptotic
versus necroptotic progression. TheWT cells treated with TNFa
plus BV6 for up to 12 hours did not release LDH (Fig. 1B), but
FADD-deficient cells began to release LDH within 4 hours, and
this progressively increased to ∼60% cell lysis by 12 hours (Fig.
1C). The TNFa plus BV6-induced lysis of FADD-deficient cells
was completely suppressed by NSA, an inhibitor of the phos-
phorylated MLKL oligomerization necessary for insertion of
MLKL pores into the plasma membrane (Sun et al., 2012). In
contrast, there was no attenuation of LDH release from FADD-
deficient cells treatedwith TNFa plusBV6 in the presence of the
pan-caspase inhibitor zVAD (Fig. 1C). These observations
confirm that TNF-a-induced necroptotic signaling is defined by
rapid plasma membrane disruption independently of apoptotic
caspases and that TNF-a induced apoptotic signaling over a
similar 12-hour test period does not result in secondary necrosis.
Despite thesemarked differences in lytic plasmamembrane

disruption, TNFa plus BV6 induced similar extracellular
adenine nucleotide accumulation (1–1.5 mM at 8–12 hours)
by the WT and FADD-deficient Jurkat cells cultured at 2 �
106/ml. We characterized the kinetics and underlying apopto-
tic mechanism of TNFa plus BV6-induced adenine nucleotide
release from theWT cells by using Fas receptor activation as a
positive control and measuring the summed accumulation of
extracellular ATP, ADP, and AMP (ATP 1 ADP 1 AMP).
Our previous study (Boyd-Tressler et al., 2014) determined

that analysis of ATP 1 ADP 1 AMP, rather than ATP alone,
provides a better readout of net Panx1 channel-mediated
adenine nucleotide efflux during apoptotic progression be-
cause the intracellular nucleotide pool shifts from initially
high [ATP] and low[ADP] 1 [AMP] to lower [ATP] and higher
[ADP] 1 [AMP] as a consequence of the increased ATP
utilization and decreased mitochondrial ATP synthesis that
characterizes apoptotic signaling (Ricci et al., 2004; Waterhouse
et al., 2001). TNFa plus BV6-induced apoptosis resulted in a

steady and significant increase inATP1ADP1AMPafter a∼4-
hour lag time, and this was suppressed in the presence of zVAD
but not NSA (Fig. 1E). These ATP1ADP1AMP accumulation
responses were similar to those observed in aFas-treated WT
Jurkat cells but with modestly slower kinetics (Fig. 1D). In both
TNFa plus BV6-treated and aFas-treated WT Jurkat cells, the
time course of the ATP1 ADP1 AMP accumulation correlated
with the activation of caspase-3 as indicated by cleavage of the
canonical substrate PARP (Fig. 1, G and H).
We also compared the proteolytic processing of Panx1

channels during the TNFa plus BV6 treatment versus aFas
treatment. Panx1 exists in three different glycosylation states:
unglycosylated Gly-0, monoglycosylated Gly-1, and Gly-2,
which is the fully glycosylated and most abundant form that
accumulates in the plasma membrane as a 48–50 kDa protein
(Penuela et al., 2007, 2013). All three forms are detected using
a previously characterized polyclonal antibody that recognizes
the extreme intracellular C terminus of Panx1 downstream
of the caspase-3 cleavage site (Chekeni et al., 2010; Boyd-
Tressler et al., 2014). Caspase-3–mediated cleavage of Panx1
during apoptotic progression results in a decreased anti-
Panx1 48–50 kDa band on Western blots of whole-cell lysates
due to loss of the antibody-binding site. Panx1 cleavage was
evident within 4 hours in aFas-treated WT cells and within
8 hours in the TNFa plus BV6-treated cells (Fig. 1, G and H).
These data, together with the observed lack of LDH release,

indicate that the ATP 1 ADP 1 AMP accumulation triggered
during TNF-receptor mediated apoptosis is mediated by efflux
through caspase-3–activated Panx1 channels before secondary
necrosis. This confirms that engagement of multiple death recep-
tors in Jurkat leukemia cells activates similar extrinsic apoptotic
signalingprograms, leading toproteolytic gating ofPanx1 channels
that mediate efflux of cytosolic ATP, ADP, and AMP pools.
In contrast to the WT cells, FADD-deficient Jurkat cells

responded to TNFa plus BV6 with robust ATP1 ADP1 AMP
accumulation that started at 2 hours and peaked at 8 hours.
This response was completely suppressed by NSA but in-
sensitive to zVAD (Fig. 1F), indicating that extracellular
adenine nucleotide accumulation was dependent on insertion
of nonselective MLKL pores into the plasma membrane. Also
consistent with this mechanism, no obvious cleavage of PARP
or Panx1 was evident in TNFa plus BV6-stimulated FADD-
deficient Jurkat cells at the 4- and 8-hour time points,
coinciding with significant nucleotide release (Fig. 1I). It
is important to note that the decrease in the Panx1 (and
uncleaved PARP1) Western blot signals occurring after
8 hours is due to loss of viable cell mass, as indicated by the
decreased actin signal.
Taken together, these data from FADD-deficient Jurkat

cells indicate that although TNFR1 signaling is redirected
from extrinsic apoptosis to necroptosis, this regulated cell
death results in extracellular accumulation of ATP, ADP, and
AMP released via MLKL pores concurrent with cell lysis.
Intrinsic Apoptotic Signaling and Panx1 Channel

Cleavage in FADD-Deficient Jurkat Cells Are
Uncoupled fromAccumulation of Extracellular Adenine
Nucleotides. Although FADD is a critical mediator of ex-
trinsic apoptosis by Fas or TNFR1, the assembly of RIP1/
FADD/caspase-8 ripoptosomes also amplifies intrinsic apo-
ptosis triggered by chemotherapeutic drugs due to release of
mitochondrial Smac and down-regulation of IAPs (Feoktistova
et al., 2011; Belz et al., 2014). We tested whether the absence of
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FADD modulated Panx1-mediated accumulation of extracel-
lular adenine nucleotides in Jurkat cells stimulated with
chemotherapeutic drugs. We previously reported that mul-
tiple chemotherapeutic or proapoptotic drugs, including STS
and Etop, trigger caspase-3–mediated activation of Panx1
channels and consequent adenine nucleotide efflux in WT
Jurkat T cells (Boyd-Tressler et al., 2014). Using these responses
in WT cells as positive controls, we similarly treated FADD-
deficient Jurkat cells with STS or Etop for up to12 hours and
assayed Panx1 and PARP cleavage (Fig. 2, A and B), secondary
necrosis (Fig. 2, C and D), and ATP 1 ADP 1 AMP accumu-
lation (Fig. 2, E and F).
Both STS and Etop induced robust intrinsic apoptosis in the

FADD-deficient cells as indicated by cleavage of PARP and
Panx1 with similar kinetics compared with the responses in

WT cells. We verified that the FADD-deficient Jurkat cells
were unable to undergo extrinsic apoptosis as indicated by the
absence of PARP and Panx1 cleavage in response to aFas (Fig.
2B). STS induced near-maximal apoptotic activation within
4 to 6 hours in both Jurkat lines whereas significant responses
to Etop required 6 to 8 hours of exposure. Secondary necrosis
was observed when either cell line was treated with STS (Fig.
2, C-i andD-i), but not Etop (Fig. 2, C-ii andD-ii), for.8 hours;
this lytic release of LDH was completely suppressed by zVAD.
Consistent with our previous findings (Boyd-Tressler et al.,

2014), STS (Fig. 2E-i) and Etop (Fig. 2E-ii) induced robust
ATP 1 ADP 1 AMP accumulation in WT Jurkat cells that
was: 1) temporally correlated with the kinetics of Panx1
proteolytic processing (Fig. 2A); 2) insensitive to NSA; and 3)
markedly suppressed by zVAD.

Fig. 2. Intrinsic apoptotic signaling and Panx1 channel cleavage in FADD-deficient Jurkat cancer cells is uncoupled from accumulation of extracellular
adenine nucleotides. WT and FADD-deficient cells were treated with 3 mMSTS, 20 mMEtop, or 250 ng/ml aFas in the presence of 100 mM zVAD or 1 mM
NSA as indicated. (A, B) Whole-cell lysates were prepared at the indicated times after treatment of Western blot analysis and probed for Panx1, PARP,
and actin. Data are representative of three experiments for each cell type and condition. (C, D) Conditioned extracellular media samples were collected
from STS-treatedWT cells (C-i), Etop-treatedWT cells (C-ii), STS-treated FADD-deficient (FADD-def) cells (D-i), or Etop-treated FADD-def cells (D-ii) at
0, 2, 4, 8, and 12 hours after treatment and assayed for release of LDH as described in Fig 1. Data indicatemean6 S.E. of three independent experiments.
Analysis by two-way analysis of variance and Tukey post-test comparison; a: STS-stimulated or Etop-stimulated +zVAD versus2zVAD; b: STS- or Etop-
stimulated +NSA versus 2NSA. (E, F) WT and FADD-def cells were treated with 3 mM STS or 20 mM Etop in the presence or absence of 100 mM zVAD
or 1 mM NSA where indicated. Conditioned extracellular media samples were collected from STS-treated WT cells (E-i), Etop-treated WT cells (E-ii),
STS-treated (FADD-def cells (F-i), or Etop-treated FADD-def cells (F-ii) at 0, 2, 4, 8, and 12 hours after treatment and assayed for total ATP +ADP +AMP
as described inMaterials andMethods.Data indicatemean6S.E. of three independent experiments. Analysis by two-way analysis of variance and Tukey
post-test comparison; a: STS- or Etop-stimulated +zVAD versus2zVAD; b: STS- or Etop-stimulated +NSA versus2NSA. All panels: ns, not statistically
significant; *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
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We previously demonstrated that the zVAD-insensitive
component of nucleotide release in STS-treated Jurkat cells
is insensitive to blockade of Panx1 channels but suppressed
by intracellular Ca21 buffering (Boyd-Tressler et al., 2014).
To our surprise, very little extracellular extracellular ATP 1
ADP 1 AMP accumulation was observed in the FADD-
deficient Jurkat cells treated with STS (Fig. 2F-i) or Etop
(Fig. 2F-ii) despite the robust proteolytic processing of Panx1
channels. These data indicate that FADD deficiency un-
couples accumulation of extracellular adenine nucleotides
from caspase-3–mediated cleavage and activation of Panx1
channels.
Caspase-3–Cleaved Panx1 Channels Are Functionally

Active in FADD-Deficient Jurkat Cells during Intrinsic
Apoptosis. The decreased extracellular accumulation of
ATP 1 ADP 1 AMP by apoptotic FADD-deficient Jurkat cells

might reflect: 1) lack of functional Panx1 channels; 2) altered
ion selectivity or rectification properties of active Panx 1 chan-
nels; 3) altered localization of ATP-producing mitochondria
within the local membrane environment of active Panx1
channels; or 4) increased ecto-nucleotidase activity. As
illustrated in Fig. 3A, caspase-3–mediated excision of the
C-terminal autoinhibitory domains of Panx1 channels gates
their permeability as ATP efflux conduits but also as influx/ef-
flux pathways for normally impermeant organic dyes. To test
whether caspase-3–processed Panx1 channels are functionally
blocked in apoptotic FADD-deficient Jurkat cells, we adapted
our assay previously described elsewhere (Boyd-Tressler et al.,
2014) for the influx of YO-PRO21, a 375-Da divalent cationic
dye that intercalates with DNA to produce green fluorescence.
WT or FADD-deficient cells (control and apoptotic) were

pulsed with extracellular YO-PRO21 at times corresponding

Fig. 3. Caspase-3–cleaved Panx1 channels are functionally active in FADD-deficient Jurkat cancer cells during intrinsic apoptosis. (A) Schematic
illustrates caspase-3–mediated proteolytic activation of Panx1 channel function as a pathway for ATP release or efflux/influx of charged organic dyes. (B,
D) WT or FADD-deficient Jurkat cells were treated with 3 mM STS for 4 hours or 20 mM Etop for 12 hours. The cells were then washed, resuspended in
BSS supplemented with 1 mM YO-PRO2+, and incubated for 20 minutes before quantification of YO-PRO2+ fluorescence per well or phase-
contrast/epifluorescence imaging. (B) Data indicate mean 6 S.E. from three independent experiments. Analysis by two-way analysis of variance and
Tukey post-test comparison; a: +STS versus2STS; b: FADD-def versusWT. (D) Images are representative of two to three independent experiments with
each stimulus. (C)WT or FADD-deficient Jurkat cells were loadedwith 1mMcalcein-AMand then treated with STS for 4 hours in the presence or absence
of 100 mM zVAD or 50 mMTrova. Cells were then washed and resuspended in BSS, and the calcein fluorescence was quantified. Data indicate mean6 S.E.
from three independent experiments. Analysis by two-way analysis of variance and Tukey post-test comparison; a: +STS versus2STS; b: FADD-def versus
WT; c: +STS with zVAD or Trova versus +STS alone. (E) WT or FADD-deficient Jurkat cells were treated with STS for 4 hours and then stained with
MitoTrackerRedandDAPI. Cells were imaged by confocalmicroscopy at originalmagnification 60�. Data are representative images ofn= 15–19 individual
cells. All panels: ns, not statistically significant; *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
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to maximal Panx1 cleavage by STS (4 hours) or Etop
(12 hours), and dye uptake was quantified by fluorescence
plate reader analysis (Fig. 3B) and visualized by fluorescence
microscopy (Fig. 3D). Significant increases in YO-PRO21 dye
uptake were observed in bothWT and FADD-deficient cells
treated with STS relative to untreated controls for each
cell line (Fig. 3B). Although the quantified magnitude of
YO-PRO21 accumulationwasmodestly lower in the apoptotic
FADD-def cells relative to apoptotic WT cells, these data
indicate that intrinsic apoptosis does induce accumulation
of functionally active Panx1 channels in the FADD-deficient
Jurkat cells.
However, this assay of Panx1 function measures the influx

of an organic cation whereas ATP/AMP are organic anions
that efflux from the cell. To test whether FADD deficiency
might alter the ion selectivity or rectification properties of
Panx1 channels, we loadedWT or FADD-deficient Jurkat cells
with the anionic calcein4- dye before the 4-hour treatment
with STS. Similar amounts of calcein4- were released from
the apoptotic WT and FADD-deficient cells (Fig. 3C). We
confirmed that this calcein42 efflux was mediated by caspase-
3–activated Panx1 channels by performing parallel measure-
ments in the presence of zVAD or the Panx1 channel blocker
Trova (Poon et al., 2014). Both inhibitors caused complete
retention of calcein42within theWT and FADD-deficient cells
during STS treatment. These results indicate that changes in
Panx1 channel ion selectivity, conductance, or rectification are
unlikely mechanisms for the marked suppression of extracel-
lular adenine nucleotide accumulation in FADD-deficient
Jurkat cells.
FADD Deficiency Does Not Alter Mitochondrial

Localization in Control or Apoptotic Jurkat Cells. Re-
cent studies have reported that during T-cell activation
mitochondria translocate to the plasma membrane subdo-
mains of the immune synapse, resulting in highly localized
increases in ATP concentration near to Panx1 channels and
T-cell receptor signaling complexes (Quintana et al., 2007;
Junker andHoth, 2011). Ledderose et al. (2014) demonstrated
that these local pools of ATP are necessary for optimal ATP
release via Panx1 channels in T cells and that inhibition of
mitochondrial translocation results in decreased ATP ef-
flux. Given the T-cell lineage of the Jurkat leukemia cells,
we considered the possibility that mitochondria might also
localize at the plasma membrane during apoptosis to sup-
port Panx1-mediated ATP efflux and that FADD deficiency
might disrupt this localization to decrease release of adenine
nucleotides.
We used MitoTracker Red to visualize mitochondrial local-

ization in WT and FADD-deficient Jurkat cells before and
after STS treatment of 4 hours (Fig. 3E). DAPI staining
verified that the nucleus occupies much of the cytoplasmic
volume in both cell lines before apoptotic induction and
that mitochondria are localized to the thin shell of cytosol
between the nucleus and plasma membrane. STS induced
equivalent nuclear fragmentation in the WT and FADD-
deficient cells, resulting in similar diffusion of mitochon-
dria into the expanded cytosolic volume. These data
neither rule out nor demonstrate a role for subcellular
mitochondrial localization in supporting Panx1-mediated
ATP efflux from apoptotic Jurkat cells, but there is no
indication that FADD deficiency significantly alters mito-
chondrial distribution.

CD73 Ecto-59-Nucleotidase Is Up-regulated in
FADD-Deficient Jurkat Cells to Rapidly Metabolize
AMP Released during Apoptosis or Necroptosis. We
next tested whether the decreased ATP 1 ADP 1 AMP
accumulation by apoptotic FADD-deficient Jurkat cells was
due to increased extracellular breakdown of adenine nucleo-
tides released via active Panx1 channels. The most widely
studied ectonucleotidases (Table1) are theCD39-familyproteins,
which break down ATP and ADP to AMP, and CD73, which
hydrolyzes AMP to adenosine (Resta et al., 1998; Picher et al.,
2003; Robson et al., 2006; Yegutkin, 2008; Stagg and Smyth,
2010). Although both CD39 and CD73 can be up-regulated in
certain types of cancers, CD73 in particular has been linked
to chemotherapy-resistant cancers, and high CD73 levels are
an indicator of poor prognosis (Dzhandzhugazyan et al.,
1998; Stagg and Smyth, 2010; Stagg et al., 2011; Antonioli
et al., 2013b; Loi et al., 2013; Young et al., 2014; Nevedomskaya
et al., 2016).
As noted previously, we routinely measured the summed

accumulation of extracellular ATP, ADP, and AMP by apo-
ptotic cells because the progressive decline in the intracellular
ATP/AMP ratio results in greatly increased efflux of AMP,
rather than ATP, via activated Panx1 channels as the cells
transition from early to later phases of the apoptotic cascade.
Indeed, comparison of the magnitudes of the summed extra-
cellular [ATP 1 ADP 1 AMP] (Fig. 4A-i; replotted data from
Fig. 2, E-i and F-i) versus [ATP] alone (Fig. 4A-ii) during STS
treatment of WT Jurkat cells demonstrates ATP constitutes
only aminor percentage of the total adenine nucleotide release.
However, a similar accumulation of extracellular ATP was
observed during the first 4 hours of STS in bothWT and FADD-
deficient cells, which contrasted with the ∼10-fold difference in
extracellular [ATP1 ADP1 AMP] at these time points. These
data suggest that Panx1-mediated ATP and AMP efflux are
similar in both cell lines but that the AMP is rapidly cleared
from the extracellular compartment.
Similar comparisons of ATP 1 ADP 1 AMP (Fig. 4B-i)

versus ATP (Fig. 4B-ii) accumulation in WT and FADD-
deficient cells during the slower apoptotic progression induced
byEtop revealed a different pattern of extracellular nucleotide
dynamics. Etop induced similar time courses of ATP and
ATP 1 ADP 1 AMP accumulation in the WT cells (near-
linear increases with time after an initial 4-hour lag period),
but almost no accumulation above basal levels of either ATP
or ATP 1 ADP 1 AMP in the FADD-deficient cells. This
suggests both ATP and AMP can be efficiently cleared from
the extracellular compartment of the FADD-deficient cells
due to the slower rates of Panx1-mediated ATP and AMP
efflux triggered by Etop-induced versus STS-induced apo-
ptotic execution.
T cells can dynamically up-regulate or down-regulate

expression of various ectonucleotidases, including CD73,
depending on their differentiation, polarization, or activation
state (Deaglio et al., 2007; Antonioli et al., 2013b; Bono et al.,
2015). Previous studies have shown that WT Jurkat T cells
express very low CD39 and CD73 activity (Yegutkin et al.,
2002) but that multidrug resistant clonal variants of Jurkat
cells, selected for suppressed Fas expression, have increased
CD73 expression (Mikhailov et al., 2008). Given that: 1) AMP
is the predominant nucleotide released via Panx1 channels
in apoptotic Jurkat cells (and other cell types; Yamaguchi
et al., 2014), and 2) CD73 can be dynamically up-regulated or
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Fig. 4. CD73 ecto-59-nucleotidase is up-regulated in FADD-deficient Jurkat cells to rapidly metabolize AMP released during apoptosis or
necroptosis. (A–C)WT and FADD-deficient cells were treated with 3 mMSTS (A-i and A-ii), 20 mMEtop (B-i and B-ii), or TNFa plus BV6 Smac-mimetic
(TS) (C-i and C-ii). Conditionedmedium samples were collected at 0, 2, 4, 8, and 12 hours and assayed for either summed ATP + ADP + AMP (A-i; B-i,
C-i) or ATP only (A-ii, B-ii, C-ii). Data indicate mean6 S.E. of three experiments and statistical analyses (two-way analysis of variance with Tukey
post-test comparison) of the values of FADD-def versus WT at each time point. (D) Schematic of interactions between Panx1 channel-mediated
adenine nucleotide efflux and metabolism of the released nucleotides by CD39 and CD73 ectonucleotidases (APCP) during extrinsic or intrinsic
apoptosis. (E) qRT-PCR analysis of CD73mRNA expression inWT and FADD-deficient cells. Signals in FADD-def were normalized to signals inWT
and represent values from three independent experiments; analysis by two-tailed t test. (F)We added 1mMexogenous AMP to suspensions (2� 106/ml)
of untreated WT or FADD-deficient Jurkat cells in the presence or absence of 50 mMAPCP. Cell-free supernatants were collected after 30 minutes
and analyzed for the concentration of remaining [AMP]. Data indicate mean 6S.E. of four independent experiments with WT cells and three
independent experiments with FADD-def cells. Analysis by two-way analysis of variance and Tukey post-test comparison; a: +APCP versus2APCP;
b: FADD-def versus WT. (G) WT or FADD-deficient Jurkat cells were treated with 3 mM STS for 4 hours in the absence or presence of 50 mM APCP.
Conditioned medium samples were collected and assayed for summed ATP + ADP + AMP. Data indicate mean6 S.E. of six independent experiments with
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down-regulated during polarization and activation of normal
T lymphocytes, wehypothesized that FADD-deficiency resulted
in an increased CD73 activity to efficiently hydrolyze released
AMP to adenosine (Fig. 4C).
Comparative qRT-PCR analysis revealed that CD73 mRNA

levels were ∼5-fold greater in the FADD-deficient cells
relative to WT Jurkat cells (Fig. 4E). We compared the
abilities of FADD-deficient versus WT Jurkat cells to hydro-
lyze a 1 mM pulse of exogenous AMP over a 30-minute test
period in the absence or presence of APCP. The latter is a well-
characterized inhibitor of CD73 activity (Resta et al., 1998;
Bhattarai et al., 2015). TheWT cells hydrolyzed less than 15%
of the added AMP in 30 minutes while the FADD-deficient
cells cleared 40% of the AMP, and this accelerated breakdown
was suppressed by APCP (Fig. 4F).
We then compared the magnitudes of ATP 1 ADP 1 AMP

accumulation by WT and FADD-deficient Jurkat cells during
4 hours of STS treatment in the absence or presence of APCP.
The presence of 50 mM APCP markedly increased (by 5-fold)
ATP 1 ADP 1 AMP accumulation in the STS-stimulated
FADD-deficient cells; this level of extracellular summed
adenine nucleotide was similar to that in STS-treatedWT cells
in the absence of APCP (Fig. 4G). Similar potentiation of
extracellular adenine nucleotide accumulation by APCP
was observed in FADD-deficient cells treated with Etop for
12 hours (data not shown). The ability of APCP to increase
[ATP 1 ADP 1 AMP] was not observed when the FADD-
deficient cells were cotreated with STS and zVAD (not shown);
this is consistent with AMP being released via caspase-3–gated
Panx1 channels.
Comparison of ATP 1 ADP 1 AMP (Fig. 4C-i) versus ATP

(Fig. 4C-ii) accumulation during TNFa plus BV6-induced apo-
ptosis in WT cells versus TNFa plus BV6-induced necroptosis
in FADD-deficient cells yielded additional extracellular
nucleotide kinetic profiles. The kinetics and magnitudes of
ATP 1 ADP 1 AMP accumulation during TNFa plus BV6-
induced extrinsic apoptosis (Fig. 4C-i) in WT cells were very
similar (4-hour lag phase followed by steady increase over the
next 8 hours) to those measured during Etop-induced intrin-
sic apoptosis of WT cells (Fig. 4B-i). Likewise, the kinetics of
ATP release from apoptotic WT cells in response to TNFa
plus BV6 (Fig. 4C-ii) or Etop (Fig. 4B-ii) were similar. In
contrast, necroptosis in the FADD-deficient cells rapidly trig-
gered a 15-fold inATP accumulation that peaked at 4 hours and
then declined (Fig. 4C-ii), while the ATP 1 ADP 1 AMP
accumulation continued to increase until 8 hours (Fig. 4C-i).
This robust accumulation of extracellular adenine nucleo-
tides (Fig. 4C-i and ii) during TNFa plus BV6-induced
necroptosis of the FADD-deficient cells contrasted with the
near-complete absence of adenine nucleotide accumulation
(Fig. 4B-i and ii) during Etop-induced apoptosis in the same
FADD-deficient background.
Thus, markedly different profiles of extracellular nucle-

otide accumulation can occur in a given cancer cell lineage
depending on the modes of regulated cell death. Notably,
APCP modestly increased the ATP 1 ADP 1 AMP accumu-
lated by TNF plus BV6-treated FADD-deficient Jurkat cells

(data not shown); this indicates that up-regulated CD73 also
enhances extracellular AMP→ adenosine conversion during
necroptosis.
Apoptotic Signaling and Panx1 Channel Activation

in RIP1-Deficient Jurkat Cancer Cells Are Also
Uncoupled from Accumulation of Extracellular
Adenine Nucleotides. RIP1 plays a central role in directing
TNF/TRAIL-family receptor signaling along the cell survival,
extrinsic apoptotic, or necroptotic pathways (Fig. 1A). How-
ever, RIP1/FADD/caspase-8 ripoptosome complexes can also
assemble during intrinsic apoptosis triggered by chemother-
apeutic drugs (Tenev et al., 2011). Given the striking pheno-
typic effects of FADD-deletion on modulating extracellular
adenine nucleotide accumulation driven by proapoptotic
chemotherapeutic drugs, we tested whether deficiency in
RIP1, as another ripoptosome component, results in a similar
phenotype.
We induced extrinsic or intrinsic apoptosis in RIP1-deficient

Jurkat cells (and WT cells as matched controls) with anti-Fas
for 4 hours, STS for 4 hours, or Etop for 12 hours, respectively.
RIP1-deficient Jurkat cells were characterized by the com-
plete absence of detectable ATP 1 ADP1 AMP accumulation
in the extracellular medium during apoptotic induction by
STS (Fig. 5A), Etop (Fig. 5B), or anti-Fas (Fig. 5C). Western
blot analysis indicated identical caspase-3–mediated process-
ing of both Panx1 and PARP in the WT and RIP1-deficient
cells treated with STS or Etop (Fig. 5D). Similar to the FADD-
deficient cells (Fig. 3E), there was no obvious alteration in
mitochondrial localization in RIP1-deficient Jurkat cells
before or after apoptotic induction with STS (Fig. 5E). Like-
wise, analysis of YO-PRO21 dye influx (Figs. 5F and 5G) or
calcein42 efflux (Fig. 5H) revealed similarly robust Panx1 channel
functional activity in both the WT and RIP1-deficient cells
during apoptotic progression.
Ecto-AMPase Activity, but Not CD73 Expression, Is

Increased in RIP1-Deficient Jurkat Cells. Given the
similar phenotypes of the RIP1-deficient and FADD-
deficient Jurkat cells, we tested whether the APCP inhibitor
of CD73 would also rescue the ability of STS to induce
accumulation of extracellular ATP 1 ADP 1 AMP in the
RIP1-deficient cells. Surprisingly, inclusion of 50 mM APCP
during the STS treatment did not facilitate increased ATP 1
ADP1 AMP accumulation in these Jurkat cells in contrast to
its effects in the FADD-deficient line (Fig. 6A). We then used
the same ecto-AMPase assay described for Fig. 4F to compare
the abilities of the WT and RIP1-deficient cells (at identical
cytocrits of 2 � 106 cells/ml) to metabolize an exogenous pulse
of 1 mM AMP in the absence or presence of 50 mM APCP
(Fig. 6B). The RIP1-deficient cells completely hydrolyzed this
exogenous AMP within 30 minutes even in the presence of
APCP; this contrasted with the respective 10%–20% AMP
clearance activities (inhibitable by APCP) of the WT cells.
Notably, qRT-PCR analysis revealed 10-fold lower levels of
CD73 mRNA in these cells relative to WT Jurkat cells (Fig.
6C). This contrasted with the 5-fold higher (relative to WT)
levels of CD73 mRNA in the FADD-deficient cells (Fig. 4E).
Taken together, these findings indicate that RIP1-deficient

WT cells and five independent experiments with FADD-def cells. Analysis by two-way analysis of variance and Tukey post-test comparison; a: +STS versus
2STS; b: FADD-def versus WT; c: +STS with APCP versus STS alone. All panels: ns, not statistically significant; *P , 0.05; **P , 0.01; ***P , 0.001;
****P , 0.0001.
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Fig. 5. Apoptotic signaling and Panx1 channel activation in RIP1-deficient Jurkat cancer cells is also uncoupled from accumulation of extracellular
adenine nucleotides. (A–C)WT andRIP1-deficient Jurkat cells were treatedwith 3mMSTS for 4 hours (A), 20mMEtop for 12 hours (B), or 250 ng/ml aFas
for 4 hours (C). Conditioned extracellularmedia sampleswere collected and assayed for total ATP +ADP+AMPaccumulation. Data indicatemean6S.E.
for three independent experiments. Analysis by two-way analysis of variance and Tukey post-test comparison; a: post-incubation ATP + ADP + AMP
versus background ATP + ADP +AMP at time 0; b:RIP1-def versusWT. (D)WT or RIP1-deficient cells were treated with STS or Etop as described before
preparation of whole-cell lysates for SDS-PAGE andWestern blot analysis of Panx1, PARP, and actin. Data are representative of three experiments. (E)
WT and RIP1-deficient Jurkat cells were treated with STS for 4 hours and then stained with MitoTracker Red and DAPI. Cells were imaged by confocal
microscopy at a 60�magnification. Data are representative images of n = 15–19 individual cells. (F) RIP1-deficient cells were treatedwith STS or Etop for
4 or 12 hours, respectively, and cell suspensions were analyzed for YO-PRO2+ accumulation. Representative phase-contrast and epifluorescence
microscopy images from three experiments. (G) WT and RIP1-deficient Jurkat cells were treated with 3 mM STS for 4 hours and then washed and
resuspended in BSS supplemented with 1 mM YO-PRO2+; the cell suspensions were incubated for 20 minutes before quantification of YO-PRO
fluorescence per well. Data indicate mean 6 S.E. from three independent experiments. Analysis by two-way analysis of variance and Tukey post-test
comparison; a: +STS versus2STS; b: RIP1-def versus WT. (H) WT and RIP1-deficient Jurkat cells were loaded with 1 mM calcein-AM and then treated
with STS for 4 hours in the presence or absence of 100 mM zVAD or 50 mM Trova. Cells were then washed and resuspended in BSS, and calcein4-

fluorescence was measured. Data indicate mean 6 S.E. from three independent experiments. Analysis by two-way analysis of variance and Tukey post-
test comparison; a: +STS versus2STS; b:RIP1-def versusWT; c: +STSwith zVAD or Trova versus +STS alone. All panels: ns, not statistically significant;
*P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
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Jurkat cells up-regulate ectoenzymes other than CD73 for
robust clearance of the extracellular AMP released during
intrinsic or extrinsic apoptosis.
Increased Ecto-AMPase Activity in RIP1-Deficient

Jurkat Cells Correlates with Up-regulation of PAP.
Three additional ectoenzymes that can metabolize extracellu-
lar AMP are AMP deaminase, tissue nonselective alkaline
phosphatase (TNAP) and PAP (Fig. 7A and Table 1). AMP deam-
inase, which has been described in extracellular neuromuscular
synaptic junctions (Magalhães-Cardoso et al., 2003), cata-
lyzes conversion of AMP to IMP, is distinct from adenosine deam-
inase, and can be inhibited by pentostatin/deoxycoformycin
(Matsumoto et al., 1979; Fishbein et al., 1981; Zabielska et al.,
2015). TNAP acts as a potent ecto-AMPase in some tissues and
can be inhibited by levamisole or tetramisole (Picher et al.,
2003; Millán, 2006). A transmembrane variant of prostatic acid
phosphatase can also function as an ectonucleotidase sensitive
to inhibition by L-tartrate (Quintero et al., 2007; Zylka et al.,
2008; Araujo and Vihko, 2013). Extracellular adenosine may be
further metabolized to inosine by adenosine deaminase, and
both adenosine and inosine may be transported into cells via
multiple nucleoside transporters.
We used reversed-phase HPLC to compare the metabolic

fate of exogenous AMP (100 mM) added to control WT versus
RIP-deficient Jurkat cells (Fig. 7B-i). Consistent with their
low ecto-AMPase activity (Figs. 4F and 6B), the control Jurkat
cells converted little of the addedAMP to adenosine during the
30-minute test incubation. Although the RIP1-deficient cells
catabolizedmost of the added AMP, no accumulation of IMP or
adenosine and only aminor increase in inosine were observed.
Inclusion of dipyridamole, which broadly inhibits most nucle-
oside transporters, did not increase accumulation of extracel-
lular adenosine by the AMP-treated control Jurkat cells but
slightly increased extracellular inosine (Fig. 7B-ii). In con-
trast, dipyridamole greatly increased accumulation of inosine
and modestly elevated adenosine during hydrolysis of the
added AMP by RIP1-deficient Jurkat cells.
This ability of the RIP1-deficient cells to rapidly metabolize

extracellular AMP to inosine might occur by either of two

coupled reactions: 1) hydrolysis of AMP to adenosine followed
by deamination of adenosine to inosine; or 2) deamination of
AMP to IMP followed by hydrolysis of IMP to inosine (Fig. 7A).
The absence of any intermediate IMP accumulation (Fig. 7B-i)
during AMP clearance by the RIP1-deficient cells argued
against primary AMP deamination. However, generated
IMP might also be rapidly hydrolyzed by a coexpressed
ectonucleotidase.
We attempted to test whether pentostatin would attenuate

AMP → inosine conversion via the AMP deamination path-
way, but elution of pentostatin (which is a nucleoside analog)
broadly overlappedwith IMP andAMP in the employedHPLC
protocol. However, using the enzyme-based AMP assay we
were unable to observe a suppressive effect of pentostatin on
the rapid clearance of exogenously added AMP by the RIP1-
deficient Jurkat cells (data not shown). Pentostatin also failed
to facilitate increased accumulation of extracellular ATP 1
ADP 1 AMP during STS-induced apoptosis of the RIP1-
deficient cells (Fig. 7C).
Taken together, these results argue against a major role for an

ecto-AMPdeaminase in thismutantJurkat cell line. Interestingly,
pentostatin modestly increased the extracellular ATP 1 ADP 1
AMP accumulation by STS-treatedWT Jurkat cells (Fig. 7C).
This may reflect increased availability of intracellular AMP,
for efflux via Panx1, due to suppression of intracellular AMP
deaminase by pentostatin that is readily accumulated via
nucleoside transporters.
The TNAP inhibitor tetramisole did not prevent the rapid

AMP clearance by RIP1-deficient Jurkat cells (data not
shown). Likewise, inclusion of tetramisole during STS-
induced apoptosis of these cells failed to rescue extracellular
accumulation of ATP 1 ADP 1 AMP (data not shown). Thus,
increased TNAP expression does not underlie the robust ecto-
AMPase activity of the RIP1-deficient cells.
To offset the complication of the three coupled reactions

(AMP hydrolysis, adenosine deamination, inosine uptake) in
the RIP1-deficient Jurkat line, we incubated these cells (and
WT Jurkat cells as a control) with 10 mM «-AMP and measured
both its decrease and the corresponding increase in «-ADO by

Fig. 6. Ecto-AMPase activity, but not CD73 expression, is increased in RIP1-deficient Jurkat cells. (A) WT or RIP1-deficient Jurkat cells were treated
without or with STS for 4 hours in the presence or absence of 50 mMAPCP. Extracellular media samples were collected and analyzed for total ATP + ADP +
AMP. Data indicate mean 6 S.E. of six independent experiments with WT cells and five independent experiments with RIP1-def cells. Analysis by two-way
analysis of variance and Tukey post-test comparison; a: +STS versus 2STS; b: RIP1-def versus WT; c: +STS with APCP versus STS alone. (B) WT or RIP1-
deficient cells were suspended at 2 � 106/ml. We added 1 mM exogenous AMP in the presence or absence of 50 mM APCP, and cell-free supernatants were
collected after 30minutes and analyzed for remaining [AMP]. Data indicatemean6S.E. of four independent experimentswithWT cells and three independent
experiments with RIP1-def cells. Analysis by two-way analysis of variance and Tukey post-test comparison; a: +APCP versus2APCP; b: RIP1-def versusWT.
(C) qRT-PCR analysis of CD73 mRNA expression inWT and RIP1-deficient cells. Signals in RIP1-def were normalized to signals in WT and represent values
from three independent experiments; analysis by two-tailed t test. All panels: ns, not statistically significant; ***P , 0.001; ****P , 0.0001.
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anion exchange HPLC and fluorescence detection (Fig. 8A).
Etheno-modification of the adeninemoiety onAMPor adenosine
prevents their use by deaminases but not by CD73 or other ecto-
AMPases (Jamal et al., 1988; Bonitati et al., 1993). Additionally,
«-ADO is a poor substrate for nucleoside transporters. Figure 8A
demonstrates that ecto-«-AMPase activity in RIP1-deficient
Jurkat cells is 8- to 10-fold higher than in the WT line; it is
also 4- to 5-fold greater than in theFADD-deficient line (data not
shown). Consistent with the enzyme-based assay of extracellu-
lar AMP clearance, tetramisole did not suppress the robust
«-AMP → «-ADO conversion by the RIP1-deficient cells while
APCP only modestly decreased this reaction (data not shown).
Prostatic acid phosphatase, encoded by the ACPP gene, is a

canonical marker of human prostate cancer (Araujo and
Vihko, 2013). Multiple ACPP splice variants yield a secreted
PAP isoform and another with a transmembrane anchor (TM-
PAP). Recent studies have indicated that TM-PAP mRNA and

enzyme activity is expressed in normal murine and human
lymphoid tissues and different T-cell subsets (Quintero et al.,
2007; Yegutkin et al., 2014). Notably, inclusion of 10 mM
L-tartrate, as a low affinity but high-efficacy inhibitor of PAP
isozymes, markedly (∼80%) attenuated the robust «-AMP →
«-ADO metabolism by the RIP1-deficient Jurkat cells (Fig. 8B).
Although short-term treatment of intact cells with L-tartrate

canbeused to assess the contribution of TM-PAP tohydrolysis of
exogenously added AMP or «-AMP, prolonged treatment is
cytotoxic. Thus, wewere unable to test whether L-tartratemight
rescue extracellular ATP 1 ADP 1 AMP accumulation dur-
ing STS-induced apoptosis of RIP1-deficient Jurkat cells. How-
ever, we assessed the ability of these cells, as well as the WT
and FADD-deficient Jurkat cells, to hydrolyze extracellular
p-nitrophenyl phosphate (as a non-nucleotide substrate of
PAP enzymes) under physiologic (pH 7.5) or acidotic (pH 6.5)
conditions (Fig. 8C).

Fig. 7. Increased ecto-AMPase activity of RIP-deficient Jurkat cells is not correlated with up-regulation of ecto-AMP deaminase. (A) Schematic of
extracellular pathways, ectoenzymes (green), and inhibitors (red) that can mediate the metabolism/clearance of released AMP. (B) We added 100 mM
AMPminus (B-i, upper traces) or plus (B-ii, lower traces) 50mMdipyridamole toWT or RIP1-deficient cells (2� 106 cells/ml in BSS + 5mMglucose + 0.1%
BSA). Cell-free supernatants were collected after 30 minutes and processed for separation and quantification of AMP, IMP, adenosine, and inosine by
reverse phase HPLC and absorbance detection. Arrows indicate elution times of AMP, IMP, adenosine, and inosine standards; ? indicates an unidentified
peak. Data are representative of four to six experiments. (C) WT or RIP1-deficient Jurkat cells were treated without or with STS for 4 hours in the
presence or absence of 50 mM APCP, 200 mM pentostatin, or combined APCP plus pentostatin. Data indicate mean 6S.E. of three independent
experiments. Analysis by two-way analysis of variance and Tukey post-test comparison; a: +STS versus 2STS; b:RIP1-def versus WT; c: +STS with
pentostatin or pentostatin plus APCP versus STS alone. All panels: ns, not statistically significant; *P, 0.05; **P, 0.01; ***P, 0.001; ****P, 0.0001.
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Hydrolysis of p-nitrophenyl phosphate by RIP1-deficient
Jurkat cells was ∼8-fold higher than in the WT or FADD-
deficient Jurkat cells at either pH 7.5 or 6.5. Importantly, this
phosphatase activity was markedly inhibited by L-tartrate
(Fig. 8C) but not the APCP inhibitor of CD73 (data not shown).
Interestingly, Western blot analysis with an antibody that
recognizes both the secreted and transmembrane forms of
PAP revealed an immunoreactive band (∼70 kDa) in whole-
cell lysates from both RIP1-deficient and WT Jurkat cells,
albeit with stronger intensity in the RIP1-deficient cells.
Because TM-PAP has a lysosomal sorting signal, it can

traffic to both the lysosomal and plasma membrane compart-
ments. The large difference in ecto-phosphatase activity
between the control and RIP1-deficient cells suggests that
TM-PAP may be retained in lysosomes of control Jurkat cells

while predominantly trafficking to the surface membrane of
the RIP1-deficient cells. Taken together, these observations
suggest that the membrane-anchored variant of PAP is
markedly up-regulated in RIP-deficient Jurkat cells to func-
tion as the robust ecto-AMPase activity that defines these
leukemic T cells.
As noted previously, the initial phases of STS-stimulated

extracellular ATP accumulation (Fig. 4A-ii) were similar in
the WT and FADD-deficient Jurkat cells despite marked
differences in total ATP 1 ADP 1 AMP accumulation (Fig.
4A-i). We compared STS-stimulated extracellular ATP accu-
mulation in WT, FADD-deficient, and RIP-deficient Jurkat
cells and observed markedly reduced extracellular ATP
accumulation in the RIP-deficient cells relative to the other
two Jurkat lines (Fig. 8D). This is consistent with the reported

Fig. 8. Increased ecto-AMPase activity in RIP1-deficient Jurkat cells correlates with up-regulation of PAP. (A) 10 mM «-AMP was added to WT or RIP1-
deficient cells (2 � 106 cells/ml). Cell-free supernatants were collected after 30 minutes and processed for separation and quantification of «-ADO and
«-AMP by anion exchange HPLC and fluorescence detection. Data are representative of three experiments. (B) We added 10 mM «-AMP to WT or RIP1-
deficient cells (2 � 106 cells/ml) in the absence or presence of 10 mM L-tartrate. Cell-free supernatants were collected after 30 minutes and processed for
separation and quantification of «-ADO and «-AMP by anion exchangeHPLC and fluorescence detection. Data are representative of four experiments. (C)
WT, RIP1-deficient, or FADD-deficient Jurkat cells (2� 106/ml) were plated in 96-well plates and suspended in BSS that was buffered to pH 7.5 or pH 6.5.
The cell suspensions were supplementedwith 500mM p-nitrophenyl phosphate in the absence or presence of 10mM L-tartrate and incubated for 18 hours
at 25°C. Hydrolysis of nitrophenyl phosphate to nitrophenyl was assayed by measuring absorbance at 405 mm. Data indicate mean 6S.E. of three
independent experiments. Analysis by two-way analysis of variance and Tukey post-test comparison; a: +tartrate versus2tartrate; b:RIP1-def or FADD-
def versusWT. (C, inset)Western blot analysis of PAP expression in whole-cell lysates fromWT or RIP1-deficient Jurkat cells that were resolved by SDS-
PAGE and transferred to polyvinylidene fluoride membranes; mobility of molecularmass markers is indicated on the right. (D)WT, FADD-deficient, and
RIP1-deficient Jurkat cells were treated with 3 mMSTS for 4 hours. Extracellular media samples were collected and assayed for extracellular ATP. Data
indicate mean 6 S.E. of three independent experiments. Analysis by two-way analysis of variance and Tukey post-test comparison. All panels: ns, not
statistically significant; *P , 0.05; **P , 0.01; ****P , 0.0001.
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ability of TM-PAP to directly metabolize ATP in addition to
AMP (Table 1). Because CD39 expression is very low in WT
Jurkat cells (Yegutkin et al., 2006; Chekeni et al., 2010; Boyd-
Tressler et al., 2014), we also compared ecto-ATPase activity
levels in WT versus RIP-deficient Jurkat cells incubated with
1mMexogenousATP for 30minutes in the absence or presence
of the CD39 inhibitor ARL-67156 (ARL). While WT cells
hydrolyzed only 5% of the ATP, the RIP1-deficient cells
cleared ∼45% of the ATP, and this was partially inhibited
(by ∼50%) by ARL (data not shown). Thus, increased TM-PAP
and CD39 activity in RIP1-deficient Jurkat cells likely
contributes to their decreased ability to accumulate extracel-
lular ATP during STS-induced apoptosis (Fig. 8D).

Discussion
This study provides new insights regarding mechanisms of

adenine nucleotide release and extracellular metabolism by
cancer cells (Jurkat human leukemic T cells) during different
modes of regulated cell death. First, we extended previous
findings (Chekeni et al., 2010; Boyd-Tressler et al., 2014)
verifying the critical role of caspase-3-activated Panx1 channels
as an ATP/AMP efflux pathway to cells undergoing extrinsic
apoptosis in response to the TNFR1 member of the Fas/TNFR/
TRAIL death receptor family. Second, we demonstrated that
redirection of TNFR1 signaling from apoptosis to necroptosis
results in redirection of the ATP efflux mechanism from open-
gating of Panx1 channels to insertion of RIP3-phosphorylated
MLKL pores into the plasma membrane. Third, we observed
that, due to its rapid intracellular production during both
apoptotic and necroptotic progression, AMP becomes a major
nucleotide substrate for both Panx1 channels and MLKL pores,
resulting in its robust extracellular accumulation during both
modes of regulated cell death. Finally, we found that genetic
ablation of FADD and RIP1, two critical adapter proteins for
TNFR/TRAIL death receptor signaling, uncouples caspase-3–
activated Panx 1 channels from extracellular adenine nucle-
otide accumulation due to up-regulated expression of diverse
ectonucleotidases. These included the CD73 ecto-AMPase in
FADD-deficient Jurkat cells versus a membrane-anchored pros-
tatic acid phosphatase (TM-PAP) ecto-AMPase in the RIP1-
deficient Jurkat cells. This provides insight into how regulation
of extracellular ATP, AMP, and adenosine levels may vary dur-
ing expansion of clonal variants of a given cancer cell type.
TNFR1 can signal through different pathways in cancer

cells (Fig. 1A). TNFR1 activation of BV6-treated WT Jurkat
cells induced an increase in extracellular adenine nucleo-
tides over 12 hours (after an initial 2-hour lag phase). This
accumulation was mediated by active Panx1 channels in the
absence of overt cell lysis. These responses to TNFa re-
capitulated those elicited by Fas activation but with slower
kinetics. Notably, adenine nucleotide release in response to
TNFa/BV6 was completely redirected from Panx1 channels
to MLKL pores in Jurkat cells lacking expression of FADD.
Other studies have described the release of ATP during

necroptotic progression in human THP-1 monocytic leukemia
cells (Wang et al., 2015) and a human bronchial epithelial cell
line (Pouwels et al., 2016). These reports noted that condi-
tioned media from the necroptotic cells stimulated the P2Y
receptor-mediated migration of phagocytic leukocytes similar
to earlier studies using conditioned medium from apoptotic
Jurkat cells (Elliott et al., 2009; Chekeni et al., 2010). Our

studies support amodel whereby released ATP acts as amajor
“find-me” signal for phagocytic leukocytes to migrate toward
either apoptotic or necroptotic tumor cells as a prelude to
tumor cell clearance and processing of tumor antigens for
presentation to T cells.
Most studies of nucleotide release from dying cancer cells

focus on extracellular accumulation of ATP, given its roles as a
find-me ligand for directed migration of phagocytes and a
proimmunogenic mediator (Elliott et al., 2009; Ghiringhelli
et al., 2009; Martins et al., 2009, 2014; Chekeni et al., 2010;
Michaud et al., 2011; Ma et al., 2013). However, both Panx1
channels (Chiu et al., 2014) and MLKL pores (Dondelinger
et al., 2014; Galluzzi et al., 2014; Su et al., 2014) are defined by
broad permeability to organic/inorganic anions and cations
with molecular masses in the 1000 Da range or smaller. These
will include nucleotides other than ATP, such as UTP, which
also acts as a find-me ligand (Chekeni et al., 2010; Lazarowski,
2012), and intracellular metabolites of ATP, such as AMP
(Boyd-Tressler et al., 2014; Yamaguchi et al., 2014).
Our study extends previous findings that AMP becomes the

predominant nucleotide released via Panx1 channels during
the progression of apoptotic execution. AMP, in addition to
ATP, was also increasingly released via MLKL pores during
necroptotic progression in TNFa/BV6-stimulated FADD-
deficient Jurkat cells. Earlier studies determined that the
intracellular nucleotide pool of apoptotic cells shifts from an
initially high [ATP] to progressively lower [ATP] as a conse-
quence of increased ATP utilization and decreased mitochon-
drial ATP synthesis (Waterhouse et al., 2001; Ricci et al.,
2004). This was linked to the caspase-3–mediated cleavage
and inactivation of the p75 subunit of complex I of the electron
transport chain (Ricci et al., 2004).
A decrease in the cytosolic [ATP]/[AMP] ratio likely also

occurs during necroptosis. Using TNFa/BV6 stimulated-FADD-
deficient Jurkat cells, Schenk and Fulda (2015) observed that
necroptotic progression is facilitated by a positive feedback loop
whereby activated MLKL promotes accumulation of mitochon-
drial reactive oxygen species, which in turn further stabilize
formation of RIP1/RIP3 necrosomes. Such diversion of mito-
chondrial function to reactive oxygen species production will
decrease ATP production, while insertion of MLKL pores into
the plasma will increase ATP breakdown to ADP and AMP as a
result of increased Na1, K1-ATPase, and Ca21-ATPase activity
secondary to enhanced Na1 influx (Chen et al., 2014) and Ca21

influx (Cai et al., 2014) mediated by MLKL pores.
An increasing accumulation of AMP in the in vivo extracel-

lular microenvironment of apoptotic or necroptotic tumor cells
is significant due to its modulatory effects on proimmunogenic
and proinflammatory signaling. In contrast to ATP, AMP is
not an agonistic ligand for the immunostimulatory P2 recep-
tors expressed on phagocytic leukocytes or tumor antigen-
reactive T cells. Rather, extracellular AMP is a potential
source for the production of adenosine, which activates the
immunosuppressive A2a/ A2b adenosine receptors expressed
on those leukocytes and T cells. This potential capacity of
extracellular AMP to drive local accumulation of immunosup-
pressive adenosine will be determined by the relative expres-
sion of various ecto-AMPases on the tumor cells per se,
adjacent stromal cells, and recruited leukocytes.
Altered expression or mutation of proapoptotic or prone-

croptotic signaling proteins contributes to tumor cell re-
sistance to chemotherapeutic agents. We verified efficient
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intrinsic apoptosis in FADD-deficient or RIP1-deficient Jurkat
cells treated with STS or Etop, two mechanistically distinct
proapoptotic drugs. Despite efficient gating of Panx1 chan-
nels in apoptotic FADD-deficient or RIP1-deficient Jurkat
cells, little or no extracellular adenine nucleotide accumulation
was observed. This uncoupling of Panx1 channel activity from
adenine nucleotide accumulation was linked to increased
expression of CD73 ecto-AMPase in the FADD-deficient Jurkat
line, but up-regulation of TM-PAP as a robust ecto-AMPase in
the RIP1-deficient Jurkat line.
Only a 2-fold increase in CD73 activity distinguished the

FADD-deficient cells from theWT cells, but this was sufficient
to markedly reduce AMP accumulation during apoptosis. The
modest increase in CD73 activity also suppressed extracellu-
lar ATP accumulation in response to Etop but not STS. This
suggests that increased clearance of extracellular AMP by
CD73 may relieve product inhibition of the upstream CD39
ecto-ATPase and thereby result in increased clearance of ATP if
the latter is delivered to the extracellular compartment at a
relatively slow rate. Indeed, the increased CD73 activity of
FADD-deficient Jurkat cells was insufficient to prevent accumu-
lation of AMP or ATP during TNFa/BV6-induced necroptosis.
This implies that the rate of efflux of ATP and AMP via
activatedMLKL pores exceeds the rate of AMP clearance by
up-regulated CD73. Importantly, the CD73 inhibitor APCP
rescued the apoptotic adenine nucleotide accumulation re-
sponses in the FADD-deficient cells and further enhanced
necroptotic adenine nucleotide accumulation.
The absence of RIP1 expression in Jurkat cells resulted in

an even more dramatic suppression of the adenine nucleotide
accumulation responses during intrinsic or extrinsic apopto-
sis. Although the RIP1-deficient Jurkat linewas characterized
by a ∼10-fold greater ecto-AMPase activity relative to the
parental control Jurkat cell line, this was not mediated by
CD73. Pharmacologic approaches and HPLC-based assays of
extracellular AMP metabolism ruled out contributions of
tissue nonselective alkaline phosphatase and extracellular
AMP deaminases. Rather, we determined that a remarkable
up-regulation of an L-tartrate-sensitive TM-PAP was respon-
sible for rapid clearance of released nucleotides.
Despite its canonical associationwith theprostate gland, recent

studies have indicated that TM-PAP and/or the secreted PAP
isoform function as significant ectonucleotidases in multiple
tissues and cell types, including saliva (Araujo et al., 2014), dorsal
root ganglion neurons that mediate nociception (Street et al.,
2011; Zylka et al., 2008), and normal T lymphocytes (Yegutkin
et al., 2014). Up-regulated PAP is also used as a biomarker of
prostate cancer (Hakalahti et al., 1993), and our observations
suggest the possibility that it may also be a marker for some
subtypes of leukemias. Because selective and well-defined phar-
macologic inhibitors of PAP ectonucleotidase activity are not
readily available (Larsen et al., 2009; McCoy et al., 2013), most
studies have used PAP-knockout mice to define physiologic roles
(Zylka et al., 2008; Street et al., 2011; Yegutkin et al., 2014).
Studiesusing siRNAwithJurkat cells andotherhuman leukemia
lines would be informative to define roles for TM-PAP in the
growth, survival, and immunogenicity of hematopoietic tumors.
In contrast to ATP, AMP is not an agonist for immunosti-

mulatory P2 nucleotide receptors but is a substrate for
production of immunosuppressive adenosine. Because WT
Jurkat cells are defined by low rates of ATP and AMP
hydrolysis, evenmodest increases in CD73 or TM-PAP altered

the extracellular balance of ATP versus adenosine and may
attenuate tumor immunogenicity. The mechanisms whereby
altered FADD or RIP expressionmodulate CD73 and TM-PAP
expression are unclear. However, differential expression of
CD73 or TM-PAP in clonal tumor variants may determine
whether chemotherapeutic drug-induced activation of Panx1
channels predominantly drive accumulation of immunostimu-
latory ATP versus immunosuppressive adenosine.
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