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Molecular mechanisms of ATP secretion during
immunogenic cell death

| Martins™23, Y Wang"#*, M Michaud'>3, Y Ma"%3, AQ Sukkurwala'*®, S Shen'3, O Kepp'%3, D Métivier'??, L Galluzzi>*®,
J-L Perfettini’-?*, L Zitvogel>*®” and G Kroemer*'*+589

The immunogenic demise of cancer cells can be induced by various chemotherapeutics, such as anthracyclines and oxaliplatin,
and provokes an immune response against tumor-associated antigens. Thus, immunogenic cell death (ICD)-inducing
antineoplastic agents stimulate a tumor-specific immune response that determines the long-term success of therapy.
The release of ATP from dying cells constitutes one of the three major hallmarks of ICD and occurs independently of the two
others, namely, the pre-apoptotic exposure of calreticulin on the cell surface and the postmortem release of high-mobility group
box 1 (HMBG1) into the extracellular space. Pre-mortem autophagy is known to be required for the ICD-associated secretion of
ATP, implying that autophagy-deficient cancer cells fail to elicit therapy-relevant immune responses in vivo. However, the
precise molecular mechanisms whereby ATP is actively secreted in the course of ICD remain elusive. Using a combination of
pharmacological screens, silencing experiments and techniques to monitor the subcellular localization of ATP, we show here
that, in response to ICD inducers, ATP redistributes from lysosomes to autolysosomes and is secreted by a mechanism that
requires the lysosomal protein LAMP1, which translocates to the plasma membrane in a strictly caspase-dependent manner.
The secretion of ATP additionally involves the caspase-dependent activation of Rho-associated, coiled-coil containing protein
kinase 1 (ROCK1)-mediated, myosin ll-dependent cellular blebbing, as well as the opening of pannexin 1 (PANX1) channels,
which is also triggered by caspases. Of note, although autophagy and LAMP1 fail to influence PANX1 channel opening, PANX1 is
required for the ICD-associated translocation of LAMP1 to the plasma membrane. Altogether, these findings suggest that
caspase- and PANX1-dependent lysosomal exocytosis has an essential role in ATP release as triggered by immunogenic
chemotherapy.
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The field of anticancer therapy has recently witnessed a immunity,™* either by potentiating the activity of immune

significant paradigm shift. For a long time, cytotoxic anti-
neoplastic agents were assumed to mediate therapeutic
effects owing to their capacity to directly kill malignant cells
or to induce their senescence. Accumulating evidence now
indicates that (at least some) anticancer agents actively
stimulate tumor-specific immune responses, which in many
cases account for long-term therapeutic successes.'™
Chemotherapy (as well as some forms of radiotherapy) can
exert immunostimulatory effects via two alternative, although
non-exclusive, mechanisms. First, some cytotoxic anticancer
agents, including anthracyclines and oxaliplatin (OXA), are
capable of triggering an immunogenic variant of apoptosis
known as immunogenic cell death (ICD),*>® de facto convert-
ing dying cancer cells into a therapeutic vaccine.”® Second,
multiple chemotherapeutics can directly stimulate antitumor

effectors (e.g., vinca alkaloids have been shown to promote
the maturation of dendritic cells (DCs)) or by antagonizing
immunosuppressive cells (e.g., cyclophosphamide reportedly
depletes/inhibits regulatory T cells).®'°

ICD has been operatively defined as a cell death modality
that elicits a protective immune response against dead-cell
antigens, implying that the immunogenicity of cell death
can be monitored in appropriate vaccination assays.?':12
Thus, the subcutaneous injection of cancer cells that are
succumbing to ICD, but not of cells undergoing conventional
apoptosis or necrosis, elicits a T-cell-mediated immune
response protecting histocompatible mice against a subse-
quent challenge with tumor cells of the same type.>®'3
Of note, most inducers of apoptosis and necrosis fail to
trigger ICD. However, a few chemotherapeutics, including
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anthracyclines,”® OXA,' cyclophosphamide,’® and — to
some extent — microtubular inhibitors,'® as well as cardiac
glycosides,'”'® potently do s0.2°2! Such chemicals appear
to be particularly efficient at inducing a pre-mortem endo-
plasmic reticulum (ER) stress response and autophagy. ER
stress culminates in the translocation of the ER chaperone
calreticulin (CRT) to the cell surface, thereby generating an
‘eat-me’ signal for DCs.>2? Autophagy facilitates the release
of ATP from dying cells,?® constituting both a ‘find-me’ signal
for the recruitment of DCs and their precursors®* and a pro-
inflammatory stimulus that — upon binding to the purinergic
receptor P2RX7 — elicits the activation of the NOD-like
receptor family, pyrin domain containing 3 (NLRP3) inflam-
masome within DCs and macrophages.?>2® In addition, ICD is
associated with the postmortem release of the non-histone
chromatin-binding protein high-mobility group box 1 (HMGB1)
into the extracellular space, allowing HMGB1 to bind
Toll-like receptor 4 on DCs and thus stimulate their antigen-
presenting functions.?%”

CRT exposure, ATP secretion and HMGB1 release are all
indispensable for ICD, meaning that the absence of one single
of these ICD hallmarks abolishes the efficacy of anthracy-
cline- or OXA-based chemotherapy in mouse models.? For
example, the transgene-driven overexpression of the ectonu-
cleotidase CD39, which converts extracellular ATP into ADP
and AMP, by tumor cells is sufficient to compromise the
therapeutic effects of ICD-inducing antineoplastic agents
in vivo2® Along similar lines, the stable knockdown of
essential autophagic factors such as ATG5 and ATG7, which
inhibits ATP secretion from dying tumor cells, allows for the
generation of neoplastic lesions that fail to respond to ICD
inducers.?®

The precise molecular mechanisms whereby ICD inducers
stimulate the active secretion of ATP by dying cells are
elusive. Malignant cells secrete ATP in response to a large
panel of cytotoxic therapeutics,?>2° and this phenomenon
obligatorily involves the pre-mortem activation of the autop-
hagic machinery.?® Although the induction of autophagy alone
(inthe absence of cell death) may result per sein the secretion
of ATP,* significantly higher extracellular ATP levels are
achieved when autophagy and cell death concur.?®2°
Pannexin 1 (PANX1) channels are known to have a prominent
role in the release of ATP from apoptotic cells. Indeed,
caspase 3, which is a major factor in the execution of apoptotic
cell death,®® cleaves PANX1 at its C-terminal auto-inhibitory
domain, thereby generating a truncated form of the protein
(tPANX1) that operates as a constitutively active channel.®' In
line with this notion, the pharmacological inhibition of
caspases, the knockout of Panx1, the depletion of PANX1
as well as the substitution of PANX1 by a non-cleavable
variant all abolish apoptosis-associated ATP release.?73
Moreover, caspase activation and PANX1 expression are
both required for the partial, apoptotic increase in the
permeability of the plasma membrane to small solutes that
precedes the complete, post-apoptotic (necrotic) plasma
membrane breakdown.®*=* In a cell death-unrelated setting,
astrocytes have been reported to secrete ATP by lysosomal
exocytosis, a process in which lysosomes fuse with
the plasma membrane to release their luminal content into
the extracellular space.®®
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Driven by these premises and incognita, we decided to
characterize the mechanisms through which cancer cells
extrude ATP in response to chemotherapeutic agents. Here,
we demonstrate that the secretion of ATP by dying cancer
cells obligatorily involves multiple signal transduction path-
ways that are articulated in a complex manner.

Results

Involvement of autophagy and caspases in ICD-
associated ATP secretion. Live human osteosarcoma
U20S cells maintained in control conditions and stained with
the ATP-sensitive fluorochrome quinacrine, which is usually
employed for the detection of intracellular ATP-containing
vesicles,®® exhibit a green fluorescence that can readily be
monitored by cytofluorometry. This signal is significantly
reduced when U20S cells are co-treated with 2-deoxyglucose
(an inhibitor of glycolysis) and antimycin A (which blocks
mitochondrial respiration at the level of complex IlI; Figure 1a),
reflecting a significant depletion of intracellular ATP stores.
Chemotherapeutics such as mitoxantrone (MTX) and OXA
induced a dose-dependent reduction in the amount of ATP that
was detectable with quinacrine in viable (4’,6-diaminidino-2-
phenylindole (DAPI) ~) U20S cells, even before they exposed
phosphatidylserine (PS) on their surface and thus became able
to bind phycoerythrin (PE)-conjugated AnnexinV (Figures 1a
and b). The co-staining of MTX-treated U20S cells with a
mitochondrial transmembrane potential (Ay,,)-sensitive probe
and PE-conjugated AnnexinV confirmed that intracellular ATP
levels drop along with the induction of apoptosis and that cells
that exhibit a reduced AV, but have not yet exposed PS, are
particularly prone to secrete ATP into the extracellular milieu
when re-placed in culture (Figures 1c and d). Of note, MTX-
induced ATP depletion was strongly inhibited by the broad-
spectrum caspase inhibitor Z-VAD-fmk (Figure 1b). In line with
previous reports,?>” autophagy inhibition also compromised
the ability of U20S cells to secrete ATP (Figure 1e), but not to
die (Supplementary Figure 1), in response to MTX. The
inhibition of autophagy blocked ATP secretion by MTX-treated
cells both in the absence and presence of the ecto-ATPase
inhibitor ARL67156, excluding the possibility that the over-
expression of ecto-ATPases by autophagy-deficient cells
would account for these observations (Figure 1e). Of note,
autophagy inhibition was not accompanied by a reduction of
intracellular ATP levels in baseline conditions (Supplementary
Figure 2). Moreover, rapamycin, spermidine and resveratrol,
which potently stimulate autophagy but fail to induce cell death
(Supplementary Figure 1 and data not shown), were all unable
to induce significant ATP secretion (Figure 1e and data not
shown).

Taken together, these results indicate that autophagy is
required — but not sufficient — for the ICD-associated release
of ATP. Rather, it appears that only the combination of
autophagy and apoptosis-related processes (such as cas-
pase activation) allows for ATP secretion in the course of ICD.

Involvement of Rho-associated, coiled-coil containing
protein kinase 1 (ROCK1) and PANX1 channels in
ICD-associated ATP release. To gain further insights
into the mechanisms whereby some (but not all) chemo-
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Figure 1 Intra- and extracellular ATP levels in the course of immunogenic cell death. (a and b) Human osteosarcoma U20S cells were maintained in control conditions
(Co) or treated with 30 mM 2-deoxyglucose (2-DG), 2 ug/ml antimycin A (AA), 150, 300 or 600 1M oxaliplatin (OXA) or 1, 2 or 4 uM mitoxantrone (MTX, 4 uM when not
otherwise indicated), alone or combined with 50 M Z-VAD-fmk (Z-VAD) for 24 h, and then co-stained for the cytofluorometric detection of intracellular ATP (with quinacrine,
green fluorescence) and phosphatidylserine exposure (with PE-conjugated AnnexinV, red fluorescence). Representative dot plots and quantitative data (means £ S.E.M.,
n=3)are reported. *P<0.05, **P<0.001 (Student's ttest), as compared with cells maintained in Co conditions; **P<0.01 (Student’s ttest), as compared with cells treated
with 4 uM MTX only. (¢ and d) U20S cells were maintained in Co conditions or treated with 4 /M MTX for 18 h, and then co-stained for the cytofluorometric detection of plasma
membrane integrity (with DAPI, blue fluorescence), mitochondrial transmembrane potential (with TMRM, red fluorescence) and phosphatidylserine exposure (with FITC-
conjugated AnnexinV, green fluorescence). DAPI ™~ cells were then sorted according to TMRM and FITC signals, as indicated (c) and either immediately lysed for the
assessment of intracellular ATP levels or re-placed in culture for 1 h, followed by the quantification of ATP secretion in culture supernatants (d). Representative dot plots and
quantitative data (means £ S.E.M., n= 3) are reported. *P<0.05 (Student’s t-test) as compared with cells in gate @. (e) Murine fibrosarcoma MCA205 cells stably transfected
with either a scrambled (SCR) or an Atg5-targeting shRNA (Atg5XP) were maintained in Co conditions or treated with 4 uM MTX alone or in combination with 3 M ARL67156
(ARL) for the indicated time, followed by the assessment of ATP secretion into culture supernatants. Quantitative data (means + S.E.M., n=3) are reported. *P<0.05
(Student's t-test) as compared with cells maintained in Co conditions or treated with ARL only for 48 h

therapeutics induce the release of ATP by cancer cells as
they kill them, we performed a chemical screen. Thus, U20S
cells were treated with 1530 distinct chemicals from the ICCB
Known Bioactives Library or the US-Drug Collection (encom-
passing most US Food and Drug Administration-approved
and some experimental drugs), alone or in combination with
MTX, for 18 h, stained with quinacrine and then analyzed by
automated, quantitative epifluorescence  microscopy
(Figure 2a). This screen led to the identification of several
compounds that are capable of preventing the MTX-triggered
loss of quinacrine-dependent fluorescence (Figure 2b):
monensin, which blocks intracellular trafficking and exocy-
tosis;*® blebbistatin, which inhibits myosin I, thereby
blocking the apoptosis-associated blebbing of the plasma
membrane;® Y-27632, which inhibits ROCK1,*° a protein
that — upon cleavage by caspase-3 — participates in apoptotic
blebbing;*'*?> and mefloquine, which inhibits PANX1 chan-
nels.*® Subsequent validation experiments confirmed that
monensin, blebbistatin and several chemically-unrelated

inhibitors of ROCK1 (i.e., Y-27632, bearing with a central
aminoethyl group, and H-1152, characterized by a central
sulfonyl junction) and PANX1 (i.e., the synthetic quinine
analogue mefloquine and the disulfonic stilbene deriva-
tives 4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS)
and 4-acetamido-4-isothiocyano-stilbene-2,2-disulfonic acid
(SITS)) blunt the loss of quinacrine fluorescence as triggered
in U20S cells by MTX (Figure 2c). Similar results were
obtained when intracellular ATP levels were measured by
means of a commercial, luciferase-based kit (Figure 2d) as
well as by an alternative ATP-sensitive fluorochrome,
Bodipy-ATP®® (Supplementary Figure 3). In addition, the
ICD-associated release of ATP was inhibited by a panel of
distinct pannexin (and connexin) inhibitors (Supplementary
Figure 4). Finally, the small-interfering RNA (siRNA)-
mediated depletion of ROCK1 or PANX1 as well as that of
SLC17A9, a protein involved in the exocytosis of ATP-
containing vesicles (also known as vesicular nucleotide
transporter, VNUT),** inhibited ATP secretion by U20S cells

Cell Death and Differentiation
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responding to MTX (Figure 2e, Supplementary Figure 5),
confirming the results obtained with pharmacological
inhibitors.

Although pharmacological inhibitors of ROCK1, PANX1 or
myosin Il interfered with ATP release as induced by OXA, they
failed to prevent OXA-triggered apoptosis and were unable to
interfere with the pre-apoptotic exposure of CRT on the cell
surface and the post-apoptotic release of HGMB1 associated
with ICD (Supplementary Figure 6). Moreover, ROCK1,
PANX1 and myosin Il inhibitors failed to alter autophagy,
both in baseline conditions and following the administration of
OXA (Supplementary Figure 6), suggesting that these factors
act downstream of autophagy to mediate the ICD-associated
release of ATP. Importantly, the inhibition of ROCK1, PANX1
or myosin |l suppressed the capacity of MTX to elicit ICD, as
evaluated in vaccination experiments. Thus, the subcuta-
neous administration of CT26 colon carcinoma and MCA205
fibrosarcoma cells treated with MTX alone did protect
haplocompatible BALB/c and C57BI/6 mice, respectively,
against a subsequent challenge with live tumor cells of the
same type (Supplementary Figure 7). However, CT26 and
MCA205 cells succumbing to MTX in the presence of ROCK1,
PANX1 or myosin Il inhibitors became unable to successfully
vaccinate mice against cancer (Supplementary Figure 7).

Collectively, these data point to an essential role for both
apoptotic blebbing (which depends on ROCK1 and myosin Il)
and PANX1 channels in ICD-associated ATP release.

PANX1 channels operate independently from autophagy.
A panel of distinct chemotherapeutic agents provoked the
translocation of PANX1 to the outer leaflet of the plasma
membrane, rendering it detectable by immunofluorescence
microscopy upon cell surface staining. Thus, although untreated
U20S cells failed to stain positively for cell surface PANX1,
chemotherapy-treated cells exhibited a punctuate PANX1-
specific staining, a phenomenon that was completely sup-
pressed by Z-VAD-fmk (Figures 3a and b). Next, we generated
MCA205 cells that express tPANX1 under the control of the

<

Figure 2 Chemical library screen for the identification of ATP release inhibitors.
(a and b) Human osteosarcoma U20S cells were treated with 1530 compounds
from the ICCB Known Bioactives Library (final concentration 30 M) or the US-Drug
collection (final concentration 1 M), alone or combined with 4 M mitoxantrone
(MTX), for 18h, and then stained for the fluorescence microscopy-assisted
detection of nuclei (with Hoechst 33342, blue fluorescence) and ATP-containing
vesicles (with quinacrine, green fluorescence). Representative images (scale
bar=10um) and quantitative data are reported. Each dot represents the
normalized mean quinacrine fluorescence associated with one compound alone
(x axis) and combined with MTX (y axis). (¢ and d) U20S cells were maintained in
control (Co) conditions or treated with 60 uM Y-27632, 2 uM H-1152, 25 uM
blebbistatin  (Bleb), 5uM monensin (Mon), 10uM 4,4'-diisothiocyano-2,2"-
stilbenedisulfonic acid (DIDS), 10 uM 4-acetamido-4-isothiocyano-stilbene-2,2-
disulfonic acid (SITS) and 10 uM mefloquine (Meflo), alone or combined with 4 uM
MTX, for 18h, and then stained for the cytofluorometric (c) or luminometric (d)
quantification of ATP levels. Quantitative data (means*S.E.M., n=3) are
reported. *P<0.05 (Student’s t-test) as compared with cells treated with MTX only.
(e) U20S cells were transfected with a non-targeting siRNA (siUNR) or with the
indicated siRNAs for 48 h, and then maintained in Co conditions or treated with 4 uM
MTX for additional 18 h. Eventually, ATP release in culture supematants was
monitored by a luciferase-based test. *P<0.05, #*P<0.01 (Student's ttest) as
compared with siUNR-transfected cells treated with MTX only




Mechanistic study of ICD-associated ATP release
| Martins et a/

a b 120 - Co Z-VAD
< 3 dots mm
= 100 2 3 dots
X
% 80
©
+
Z-VAD MTX+Z-VAD >Z< 40
<
a
20
# # 4
0 o QL O Q
[N (@) N
S & é)Q S O 6)0
Cc Vector tPANX1
1 1
o 3 3 3
S 1 T X
] ] ]
5 1 T TRy T TTTmy T TTTey T T
YO-PRO®-1
d
g 40 Co Cumate
o Il Vector _
8 50 CItPANXI
%
g 20+ #
°
_ ##
g ﬂ A
o
S o AN .
> 00““‘00““‘
A P W ol P & P WO
PSR PP G U N
e
06 Co Cumate
= N Vector
£ [ tPANX1
o
l<—( 0.4
=
=
‘g 0.2
g
b
0.0

42 0 N © L 0 N )
g8 oF W o P o W O

W

v %

<

83

Figure 3 ATP release through PANX1 channels. (a and b) Human osteosarcoma U20S cells were maintained in control conditions (Co) or treated with 2 M mitoxantrone
(MTX), 300 uM oxaliplatin (OXA) and 75 uM cisplatin (CDDP), alone or in combination with 50 uM Z-VAD-fmk (Z-VAD-fmk), for 18 h, and stained for the fluorescence
microscopy-assisted detection of nuclei (with Hoechst 33342, blue fluorescence) and PANX1 at the cell surface (green fluorescence). Representative images (scale
bar =10 um) and the % of cells exhibiting <3 or >3 PANX1 dots are reported (means + S.E.M., n>>100 cells). *P<0.05 (Student’s ttest) as compared with cells treated
with MTX, OXA or CDDP only. (c-e) Murine fibrosarcoma MCA205 cells stably transfected with a construct coding for truncated PANX1 (tPANX1) under the control of a
cumate-inducible promoter or with the corresponding empty vector were maintained in Co conditions or treated with 15 or 30 M Y-27632, 5 or 10 «M blebbistatin (Bleb), 2.5 or
5 1M monensin (Mon), 5 or 10 M 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS) or 25 or 50 1M Z-VAD-fmk (Z-VAD) for 4 h, and then exposed or not to cumate for
additional 48 h. Finally, cells were processed for the cytofluorometric detection of YO-PRO-1 and DAPI uptake (¢ and d) and ATP concentration in supernatants was assayed
by a luciferase-based assay (e). Representative dot plots and quantitative data (means + S.E.M., n=23) are reported. *P<0.05, #P<0.01 (Student's +test) as compared

with cells treated with cumate only

Cell Death and Differentiation
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Figure 4 Autophagy-independent ATP release through PANX1 channels. (a) Human osteosarcoma U20S cells were transfected with a non-targeting siRNA (siUNR) or
with a siRNA specific for ATG5 for 48 h, then maintained in control (Co) conditions or treated with 300 1M oxaliplatin (OXA) for additional 18 h. Finally, cells were processed for
the immunofluorescence microscopy-assisted detection of PANX1 at the cell surface. The percentage of cells exhibiting >3 PANX1 dots are reported (means = S.E.M.,
n>100 cells). ns, non-significant (Student's t-test) as compared with siUNR-transfected, OXA-treated cells. (b) Murine fibrosarcoma MCA205 cells stably transfected with
either a scrambled (SCR) shRNA or shRNAs targeting Atg5 (Atg5<P) or Atg7 (Atg7*P) were maintained in Co conditions or treated with 75, 150 or 300 M OXA for 18,
followed by the cytofluorometric detection of YO-PRO-1 and DAPI uptake. Quantitative data are reported (means + S.E.M., n=3). ns, non-significant (Student’s t test) as
compared with equally treated SCR cells. (€) Murine fibrosarcoma MCA205 cells stably transfected with a construct coding for truncated PANX1 (tPANX1) under the control of
a cumate-inducible promoter or with the corresponding empty vector were treated or not with cumate (Cu) for 48 h, followed by the immunoblotting-assisted detection of
the indicated autophagic markers. f3-actin levels were monitored to ensure equal lane loading. (d and €) MCA205 cells stably transfected with a plasmid-encoding tPANX1 or
the corresponding empty vector were left untransfected (UNT) or transiently transfected with a non-targeting siRNA (siUNR) or with the indicated autophagy-modulatory
siRNAs for 48 h, and then exposed or not to cumate for additional 48 h. Eventually, cells were subjected to the cytofluorometric detection of YO-PRO-1 and DAPI uptake,
whereas ATP levels in culture supernatants were quantified by means of a luciferase-based assay. Quantitative data (means + S.E.M., n = 3) are reported. ns, non-significant

(Student’s t-test) as compared with UNT cells treated with cumate only

cumate-inducible promoter.*® The administration of cumate to
tPANX1-transfected, but not to control, MCA205 cells rendered
them permeable to the small fluorescent dye YO-PRO-1, but not
to the vital dye DAPI (Figure 3c), in line with the previously
reported capacity of tPANX1 to promote a selective permeabi-
lization of the plasma membrane.*>* The expression of
tPANX1 drove a YO-PRO-1 influx coupled to an ATP efflux
that could be inhibited in a dose-dependent manner by
monensin and DIDS but not by Y-27632, blebbistatin and
Z-VAD-fmk (Figures 3d and e), confirming the specificity of this
panel of inhibitors.

The depletion of the essential autophagic factor ATG5
failed to affect the translocation of endogenous PANX1 to the
surface of chemotherapy-treated U20S cells (Figure 4a).
Along with similar lines, CT26 cells stably depleted of Atg5 or
Atg7 normally accumulated YO-PRO-1 upon exposure to
OXA in vitro (Figure 4b). The expression of tPANX1
as triggered by cumate did not stimulate autophagy, as
evaluated by the electrophoretic mobility of the autophagic
factor LC3*¢ (Figure 4c) and by assessing the redistribution of
a green fluorescent protein (GFP)-LC3 chimera into cytoplas-
mic dots (data not shown). Moreover, the depletion of ATG5,
ATG7 and Beclin 1 (BCN1, another protein with a prominent
role in autophagy) failed to affect YO-PRO-1 influx into
and ATP efflux from MCA205 cells expressing tPANX1 in
response to cumate (Figures 4d and e). Similarly,
genetic inhibition of autophagy did not prevent the influx of
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YO-PRO-1 and the secretion of ATP as triggered in
U20S cells by the constitutive overexpression of tPANX1
(Supplementary Figure 8). Thus, there is no direct cause-
effect relationship between the opening of PANX1 channels
and autophagy.

Altogether, these results indicate that PANX1 channels,
which are required for ICD, mediate ATP secretion in an
autophagy-independent manner.

Essential role for LAMP1 in ICD-associated ATP release.
To gain further insights into the autophagy-dependent mechan-
isms accounting for the ICD-associated secretion of ATP, we
monitored the subcellular localization of ATP. To this aim,
U20S cells were co-stained with the ATP-sensitive dye
quinacrine and organelle-specific fluorochromes, then analyzed
by confocal fluorescence microscopy in baseline conditions or
upon exposure to OXA. Only a minority of quinacrine-stained
vesicles co-localized with mitochondrion- or ER-specific mar-
kers, both in untreated and in chemotherapy-treated U20S
cells. Conversely, in control conditions, most quinacrine-labeled
vesicles were co-stained by a lysosome-specific acidophilic dye
(LysoTracker Red). After the administration of OXA, the co-
localization between quinacrine and either LysoTracker Red or
DQ Red BSA (a marker of degradative cell compartments) was
significantly reduced (Figures 5a and b and Supplementary
Figure 9). Moreover, the destruction of lysosomes by means of
glycyl-L.-phenylalanine 2-naphthylamide, a lysosome-disrupting
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Figure 5 Co-localization between ATP-containing vesicles and lysosomes. (a-d) Human osteosarcoma U20S cells were maintained in control conditions (Co), incubated
with 600 M oxaliplatin (OXA) for 18 h (a and b) or with 300 1M glycyl-L-phenylalanine 2-naphthylamide (GPN) for 15 min (¢ and d), and then co-stained for the fluorescence
microscopy-assisted visualization of nuclei (with Hoechst 33342, blue fluorescence), ATP-containing vesicles (with quinacrine, green fluorescence) and mitochondria
(with MitoTracker Red), lysosomes (with LysoTracker Red) or the endoplasmic reticulum (with ERTracker Red). Representative images (scale bar = 10 um), representative
fluorescent signals along randomly assigned o —  axes and quantitative data (means + S.E.M., n= 3) are reported. *P<0.05, ***P<0.001 (Student's t-test) as compared

with cells maintained in Co conditions

cathepsin C substrate,*” drastically reduced the intensity of
quinacrine fluorescence, while leaving the ER and mitochondria
morphologically intact (Figures 5¢ and d). Further supporting
the preference of quinacrine for lysosomes, untreated U20S
cells exhibited a preponderant co-localization between quina-
crine and an LAMP1-red fluorescent protein (RFP) fusion
protein,48 which is specifically found in lysosomes, and such co-
localization was reduced upon exposure to MTX and OXA but
not to rapamycin (Figures 6a and b). Concomitantly, OXA, MTX
and rapamycin all promoted the co-localization of quinacrine
with a RFP-LC3 chimera® that marks autophagosomes and
autolysosomes (Figures 6c and d). Of note, the fraction of ATP-
repleted (that is quinacrine™) LAMP1-RFP " vesicles
decreased upon the administration of OXA (Figures 6e and
f). This phenomenon was exacerbated by the siRNA-mediated
depletion of ATG5, indicating that lysosomes require autophagy
for preserving luminal ATP levels.

Taken together, these findings suggest that lysosomes and
autophago(lyso)somes directly participate in the trafficking
and/or maintenance of the intracellular ATP pool. Further
substantiating this possibility, we found that the depletion
of LAMP1, a lysosomal protein that is dispensable for
autophagy,®® abolishes ATP secretion by U20S cells
exposed to MTX or OXA (Figures 7a—c). The knockdown of
vesicle-associated membrane protein 1 (VAMP1, also known
as synaptobrevin 1), which is known to have a non-redundant
role in exocytosis,51 also inhibited ATP release in this system,
similar to the depletion of ATG5 and BCN1 (Figure 7b).
Importantly, MTX or OXA induced the translocation of LAMP1
to the cell surface, as determined by immunofluorescence
microscopy upon the staining of non-permeabilized cells with
a specific antibody. The translocation of LAMP1 to the
surface of MTX- or OXA-treated, yet viable (DAPI ), U20S
cells, which could be detected either as a standalone

Cell Death and Differentiation
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Figure 6 Chemotherapy-induced ATP redistribution into autophago(lyso)somes. (a-d) Human osteosarcoma U20S cells stably transfected with a plasmid coding for a
LAMP1-RFP (a and b) ora RFP-LC3 (c and d) chimera were maintained in control conditions (Co) or treated with 600 M oxaliplatin (OXA), 4 uM mitoxantrone (MTX) or 1 uM
rapamycin (RAPA) for 18 h, and then processed for the fluorescence microscopy-assisted visualization of nuclei (with Hoechst 33342, blue fluorescence), ATP-containing
vesicles (with quinacrine, green fluorescence) and LAMP1-RFP (a and b) or RFP-LC3 (¢ and d; both emitting in red). Representative images (scale bar =10 um),
representative fluorescent signals along randomly assigned o« — @ axes and quantitative data (means = S.E.M., n=3) are reported. *P<0.05, **P<0.01 (Student’s t-test)
as compared with cells maintained in Co conditions. (e and f) U20S cells stably expressing LAMP1-RFP were transfected with a non-targeting siRNA (siUNR) or with a siRNA
targeting ATG5 for 48 h, and then were either maintained in Co conditions or treated with 300 or 600 M OXA for additional 18 h. Finally, cells were processed for the
fluorescence microscopy-assisted visualization of nuclei (with Hoechst 33342, blue fluorescence), ATP-containing vesicles (with quinacrine, green fluorescence) and LAMP1-
RFP (emitting in red). Representative images (scale bar =10 um) and quantitative data on the % of the LAMP1-RFP ™ intracellular surface not stained with quinacrine
(means = S.E.M., n=3) are reported. *P<0.05 (Student's t-test) as compared with siUNR-transfected cells maintained in Co conditions; *P<0.05 (Student's t-test) as
compared with siUNR-transfected cells treated with the same dose of OXA

phenomenon or combined with the exposure of PS, was suggest that the lysosomal protein LAMP1 has an essential
inhibited by Z-VAD-fmk but neither by ROCK1 inhibitors such role in ICD-associated ATP secretion, correlating with its
as Y-27632 and H1152 nor by blebbistatin (Figures 7d and e caspase- and PANX1-dependent translocation to the cell
and Supplementary Figure 10). Accordingly, the knockdown surface.
of PANX1 (but not that of ROCK1, ATG5, ATG7 or BCN1)
significantly reduced the LAMP1 exposure on the surface of
U20S cells responding to OXA (Figure 7f). Similarly, the
depletion of LAMP1 inhibited the OXA-induced translocation The findings presented in this paper reveal an unexpected
of PANX1 to the outer leaflet of the plasma membrane complexity in the mechanisms that underpin the secretion of
(Figure 7g), pointing to an unexpected link between PANX1 ATP by cancer cells undergoing ICD.
activation and lysosomal traffic. Our results are compatible with the widely accepted model
Altogether, these results indicate that a pool of intracellular suggesting that the cleavage of PANX1 by caspases is
ATP distributes between lysosomes and autolysosomes and required for its activation.®*=>* Surprisingly, however, the

Discussion
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Figure 7 Lysosomes and autophago(lyso)somes participate in the trafficking and/or in the maintenance of the intracellular ATP pool. (a-¢) Human osteosarcoma U20S
cells were transfected with a non-targeting SiRNA (siUNR) or with the indicated siRNAs for 48 h, and then maintained in control conditions (Co) or treated with 4 xM
mitoxantrone (MTX) or 300 M oxaliplatin (OXA) for additional 18 h. Finally, cells were processed for the fluorescence microscopy-assisted visualization of nuclei (with Hoechst
33342, blue fluorescence), ATP-containing vesicles (with quinacrine, green fluorescence) or LAMP1 (revealed with an secondary antibody emitting in red)
(aand b), and ATP levels in culture supernatants assessed by a luciferase-based test (c). Representative images (scale bar = 10 um) and quantitative data (means + S.E.M.,
n=23)are reported. P < 0.05 (Student's t-test), as compared with siUNR-transfected cells treated with MTX or OXA, as appropriate. (d and e) U20S cells were maintained in
Co conditions or treated with 1 M rapamycin (RAPA), 150 or 300 M OXA, or 2 or 4 uM MTX; alone or in combination with 50 «M Z-VAD-fmk (Z-VAD), for 18 h. Thereafter,
LAMP1 exposure (with a LAMP1-specific antibody revealed in red), phosphatidylserine externalization (with FITC-conjugated AnnexinV, green fluorescence) and cell death-
associated plasma membrane permeabilization (with DAPI, blue fluorescence) were monitored by flow cytometry. Quantitative data (means + S.E.M., n=3) are reported.
#P<0.05 (Student’s ttest), as compared with cells treated with an equivalent concentration of OXA or MTX in the absence of Z-VAD. (f and g) U20S cells were transfected
with siUNR or with the indicated siRNAs for 48 h, and then either left untreated (Co) or exposed to 300 uM OXA for 18 h. Finally, either LAMP1 exposure (with a LAMP1-
specific antibody revealed in red), and cell death-associated plasma membrane permeabilization (with DAPI, blue fluorescence) was assessed by cytofluorometry (f), or
PANX1 exposure was determined by immunofluorescence microscopy (g). Quantitative data (means + S.E.M., n= 3) are reported. *P<0.05 (Students +test), as compared
with siUNR-transfected cells treated with OXA
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Figure 8 Mechanism of ATP secretion during immunogenic cell death (ICD).
ICD inducers such as mitoxantrone and oxaliplatin simultaneously activate various
cytoprotective and cytotoxic signaling pathways, including the endoplasmic
reticulum (ER) stress response, which is responsible for the exposure of calreticulin
(CRT) on the cell surface; the caspase cascade, which — among various pro-
apoptotic functions — mediates cell blebbing as well as the activation of pannexin 1
(PANX1); and autophagy, which is required for the trafficking/maintenance of
vesicular ATP pools. A complex crosstalk among all these signaling modules
appears to be required for the ICD-associated release of ATP

broad-spectrum caspase inhibitor Z-VAD-fmk not only did
reduce the channel activity of PANX1, but also affected its
subcellular localization. The amount of immunofluorescence-
detectable PANX1 increased at the surface of cells exposed
to ICD inducers, and this effect was strictly caspase
dependent. Nonetheless, the knockdown of either ATG5 or
ATG7, an autophagy-inhibitory manipulation that strongly
inhibits ICD-associated ATP secretion, failed to influence the
surface exposure and activation state of PANX1. This held
true in two distinct models, that is, the caspase-dependent
activation of PANX1 as triggered by ICD inducers and the
inducible expression of an artificially truncated variant of
PANX1 (tPANX1), de facto mimicking the effect of caspase
activation. In both these models, the inhibition of autophagy
failed to prevent the selective increase in the permeability of
the plasma membrane to the small fluorophore YO-PRO-1.

It is generally assumed that ATP freely distributes in the
cytosol at a concentration of 1-10 mM®2 and that the opening
of channels across the plasma membrane would allow for its
passive diffusion into the extracellular space.®® Our observa-
tions are at odds with this view. Indeed, the caspase-induced
formation as well as the transfection-enforced expression of
tPANX1 increased the permeability of the plasma membrane
to YO-PRO-1 in both wild-type and autophagy-deficient cells,
yet ATP was efficiently released only by the former. As the
total amount of intracellular ATP is not reduced in autophagy-
deficient cells, neither in baseline conditions nor upon
exposure to chemotherapy,®® these results imply that the
sole presence of open PANX1 channels is not sufficient for
ATP release.

Cell Death and Differentiation

In line with this notion, we found that a substantial fraction of
intracellular ATP is present in cytoplasmic vesicles rather than
in the cytosol, explaining why it cannot diffuse freely across
open PANX1 channels. ATP-containing vesicles turned
out to stain positively for lysosomal markers including
LAMP1, especially in baseline conditions, an observation that
has previously been reported for several cell types.35%*
In response to chemotherapy, approximately half of
ATP-containing cytoplasmic vesicles maintained their co-
localization with LAMP1, yet most of them became positive for
RFP-LC3, indicating that in these conditions ATP redistributes
to autophagosomes and autolysosomes.

The depletion of LAMP1 as well as that of the lysosomal
SNAP receptor (SNARE) VAMP1 and other SNAREs involved
in exocytosis (such as VAMP7)% inhibited ICD-associated
ATP release in vitro, supporting the notion that lysosomal
exocytosis would provide a major contribution to this process.
Indeed, a substantial fraction of cells responding to
chemotherapy in vitro exposed LAMP1 on the cell surface
as it externalized PS residues, in line with the hypothesis that
lysosomes fuse with the plasma membrane during the
apoptotic process.®® In this setting, the depletion of essential
autophagic factors including AT5, ATG7 and BCN1 failed to
affect the translocation of LAMP1 to the outer leaflet of the
plasma membrane, meaning that autophagy is not required
for lysosomal exocytosis. In sharp contrast, the knockdown of
PANX1 prevented LAMP1 from translocating to the plasma
membrane, and vice versa LAMP1 depletion interfered with
the externalization of PANX1. Moreover, both PANX1 and
LAMP1 were unable to translocate to the plasma membrane
in the presence of the broad-spectrum caspase inhibitor
Z-VAD-fmk. Altogether, these results suggest that lysosomal
exocytosis is essential for the ICD-associated secretion of
ATP and that PANX1 contributes to this process through yet-
to-be determined mechanisms.

Interestingly, the inhibition or depletion of ROCK1 and
myosin Il reduced the release of ATP from cells exposed to
ICD inducers. Thus, the apoptotic blebbing of the plasma
membrane appears to be required for ICD-associated ATP
secretion, yet could not be connected to any other mechan-
istic module involved in this process. Indeed, blebbing
inhibitors failed to interfere with PANX1 translocation/activa-
tion, autophagy and lysosomal exocytosis. Vice versa, the
inhibition of PANX1, autophagy and lysosomal exocytosis did
not affect blebbing. Hence, blebbing may constitute the very
last step in the cascade of events that mediate the ICD-related
secretion of ATP, operating downstream of PANX1 channel
opening, autophagy and LAMP1 translocation. Formal
evidence in support of this hypothesis is still missing.

An important question that remains to be addressed in
further detail concerns the contribution of autophagy to
ATP release. The suppression of autophagy indeed did
not affect PANX1 channel function and the relocalization of
LAMP1 to the cell surface. Nonetheless, ATP redistributes to
bona fide autophago(lyso)somes in response to ICD inducers,
at least in vitro. As a possibility, such an autophagy-
dependent redistribution of ATP may favor the transport of
ATP-containing vesicles to the cell periphery, yet is not
required for the exocytosis of LAMP1 ™ vesicles that do not
contain ATP.



Altogether, our findings reveal a surprisingly complex
pathway that mediates the ICD-associated secretion of
ATP (Figure 8), involving molecules that are essential for
apparently distinct processes such as autophagy (i.e., ATG5,
ATG7 and BCNT1), lysosomal exocytosis (i.e., LAMP1,
VAMP1), apoptosis (i.e., caspases), membrane blebbing
(i.e., ROCK1, myosin Il) and plasma membrane permeabili-
zation (i.e., PANX1). Molecular defects in any of these
systems are sufficient to abolish the in of ATP from cells
exposed to ICD inducers, meaning that alterations in
autophagy, lysosomal function, caspase activation, mem-
brane blebbing and plasma membrane permeabilization
might all contribute to the development of therapy-resistant
neoplasms.

Materials and Methods

Chemical, cell lines and culture conditions. Unless otherwise
indicated, media, antibiotics and supplements for cell culture were purchased
from Gibco-Life Technologies (Carlsbad, CA, USA), plasticware from Corning B.V.
Life Sciences (Schiphol-Rijk, the Netherlands) and chemicals from Sigma-Aldrich
(St. Louis, MO, USA). H-1152 was purchased from Alexis Biochemicals
(San Diego, CA, USA), benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone
(Z-VAD-fmk) from Bachem (Bubendorf, Switzerland), G418 sulfate from
Calbiochem (San Diego, CA, USA), and puromycin and zeocin from Invivogen
(San Diego, CA, USA). Murine colon carcinoma CT26 cells (MHC Class |
haplotype H-2¢, syngenic to BALB/c mice), murine fibrosarcoma MCA205 cells
(MHC Class | haplotype H-2°, syngenic to C57BI/6 mice) and their derivatives
were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, 10mM HEPES buffers, 10 U/ml penicillin sodium and 10 ug/ml
streptomycin sulfate, whereas human osteocarcoma U20S cells and their
derivatives were maintained in DMEM supplemented as above. U20S cells stably
co-expressing GFP-LC3 or HMGB1-GFP*® were maintained under 200 ug/ml
G418 selective pressure. U20S cells engineered for the stable expression of a
CRT-GFP fusion'” were cultured in the continuous presence of 100 ug/ml zeocin.
Control (SCR), Atg5*® and Atg7"® MCA205 celis®® were maintained under
5 ug/ml puromycin selection. To obtain cells stably expressing GFP-LC3, RFP-
LC3, H2B-RFP or LAMP1-RFP chimeras, the corresponding constructs (Addgene,
Cambridge, MA, USA) were transfected into U20S cells using the Lipofectamine
2000 transfection reagent (Life Technologies, Carlsbad, CA, USA), following the
manufacturer’s recommendations. Transfected cells were then maintained under
500 ug/ml G418 selection, and GFP- or RFP-expressing cells were cloned by
cytofluorometry and amplified.

RNA interference and transfections. siRNAs specific for murine Atgb
(sense 5'-CAUCAACCGGAAACUCAUATAT-3'), murine Atg7 (sense 5'-AGUUUC
CAGUCCGUUGAAdTAT-3'), human ATG5 (sense 5'-CCUUUGGCCUAAGAAGA
AAdTdT-3), human ATG7 (sense 5-CGACUUGUUCCUUACGGAAQTAT-3')
human BCN1 (sense 5'-CAGUGGAUCUAAAUCUCAAATAT-3'), human LAMP1
(siLAMP1a sense 5'-CGAGAAAUGCAACACGUUAATAT-3'; siLAMP1b sense,
5'-GGAAUCCAGUUGAAUACAAATAT-3'), human ROCK1 (siROCK1a sense
5-GCCGCCGGGACCCAACUAUATAT-3'; siROCK1b sense 5-CAGCCAUCACU
AUCAAGAUdTAT-3’; siROCK1c sense 5'-GACUAUACAAAACUAUUUUATAT-3')
and human VAMP1 (sense 5'-GGACAUCAUGCGUGUGAAUATAT-3'), as well
as a siRNA unrelated to the murine and human genome (siUNR, sense 5'-GCC
GGUAUGCCGGUUAAGUATAT-3')>" were purchased from Sigma-Proligo (Wood-
lands, TX, USA). In addition, pre-designed commercial siRNAs specific for murine
Bent (sc-29798) and human SLC17A9 (best known as VNUT; sc-72740)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cells
(at 30-40% confluence) were transfected with siRNAs by means of the HiPerFect
transfection reagent (Qiagen, Hilden, Germany) as instructed per manufacturer's
instructions, and were used in experimental determinations no earlier than 48 h
after transfection, when target downregulation was monitored by immunoblotting
(see below). Transient plasmid transfections were carried out by means of the
Lipofectamine 2000 transfection reagent.

Inducible expression of tPANX1. The sequence coding for PANX1
residues 1-371 coupled to a Flag tag (DYKDDDDK) was amplified from a
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pEBB-Flag vector encoding the PANX1 site B mutant (kindly provided by Dr. Kodi
S Ravichandran, Carter Inmunology Center, University of Virginia, Charlottesville,
VA, USA) by means of the following primers: 5’-ATGCTAGCATGGCCATCGCTC
AACTG-3' and 5'-CAATTTCGAAGTCGGTACCTCACTTGTCATCG-3'. The PCR
product was digested with BstBl and Nhel-HF (New England Biolabs, Ipswich, MA,
USA) and inserted into the pCDH-CuO-MCS-EF1-CymR-T2A-Puro All-in-one
inducible lentiviral vector (System Biosciences, Mountain View, CA, USA), fused to
a hemagglutinin tag. Pseudotyped lentiviral particles coding for tPANX1 were
produced with the ViraPower Lentiviral Packaging Mix (Life Technologies),
following standard protocols. MCA205 cells were infected with lentiviral vectors at
a multiplicity of infection of five in complete culture medium supplemented with
5 ug/ml polybrene overnight. The lentivirus-containing medium was removed and
infected cells were allowed to recover in fresh medium for 24 h before the addition
of 5 ug/ml puromycin as a selection antibiotic. One week later, single-cell clones
were isolated on a FACSVantage cytofluorometer (Becton Dickinson, San José,
CA, USA), amplified and screened for constitutive Flag or hemagglutinin (tPANX1)
expression.

Immunoblotting. For immunoblotting, approximately 1x10° cells were
washed with cold PBS and lysed following standard procedures.>® To this aim,
50 ug of proteins were separated according to molecular weight on NuPAGE
Novex Bis-Tris 4-12% pre-cast gels (Life Technologies) and electrotransferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Unspecific binding sites
were blocked by incubating membranes for 1 h in 0.05% Tween-20 (v/v in TBS)
supplemented with 5% non-fat powdered milk or bovine serum albumin, followed
by overnight incubation at 4°C with primary antibodies specific for: ATG5
(Sigma-Aldrich), ATG7 (Sigma-Aldrich), BCN1 (Santa-Cruz Biotechnology),
GAPDH (Millipore, Billerica, MA, USA), LC3B (Cell Signaling Technology,
Danvers, MA, USA), p62 (Abnova, Taipei, Taiwan), ROCK1 (Biosciences, San
Diego, CA, USA) or VNUT (Santa-Cruz Biotechnology). Equal lane loading was
monitored by probing membranes with antibodies specific for f-actin (Millipore-
Chemicon International, Temecula, CA, USA) or GAPDH (Millipore-Chemicon
International). Primary antibodies were detected with appropriate horseradish
peroxidase-labeled secondary antibodies (Southemn Biotechnologies Associates,
Birmingham, UK) and were revealed on a ImageQuant LAS 4000 software-
assisted imager (GE Healthcare, Piscataway, NJ, USA) upon incubation with the
SuperSignal West Pico reagent (Thermo Fisher Scientific, Rockford, IL, USA) or
the ECL Plus Western Blotting Detection System (GE Healthcare).

Cell death and membrane permeability assays. Apoptotic cell death
was monitored by virtue of PS exposure and the uptake of the vital dye DAPI.5%°
To this aim, cells were washed twice with PBS and resuspended in 1 x binding
buffer supplemented with PE- or fluorescein isothiocyanate (FITC)-conjugated
AnnexinV (BD Biosciences, Franklin Lakes, NJ, USA) and DAPI, as per
manufacturer's instructions. For the assessment of plasma membrane perme-
ability, cells were incubated in culture medium supplemented with 1 uM YO-PRO-1
(Molecular Probes-Life Technologies, Eugene, CA, USA) for 30min at 37 °C.
Cytofluorometric determinations were carried out on a Gallios cytofluorometer
(Beckman Coulter, Brea, CA, USA) and data were analyzed by means of the
Kaluza software v. 1.1 (Beckman Coulter) upon gating on events displaying
normal forward scatter and side scatter parameters.

Labeling of vesicular ATP. Vesicular ATP was detected by fluorescence
microscopy or cytofluorometry, as previously described.® For fluorescence
microscopy studies, cells were loaded with 5uM quinacrine in Krebs-Ringer
solution (125 mM NaCl, 5mM KCI, 1 mM MgSQ,, 0,7 mM KH,PO,, 2mM CaCls,
6 mM glucose and 25 mM HEPES buffer, pH 7.4) for 30 min at 37 °C. Thereafter,
cells were co-stained for 10 min with 1 ug/ml propidium iodide (PI) and 10 uM
Hoechst 33342 (both from Molecular Probes-Life Technologies), rinsed with
Krebs-Ringer solution and examined on a confocal SPE microscope equipped with
Apochromat 63 x 1.3 NA and 40 x 1.15 NA oil immersion objectives (Leica,
Wetzlar, Germany). The open-source software Image J (freely available at
http://rsbweb.nih.gov/ij/) was used to determine co-localization profiles for
quantitative studies. The percentage of co-localization between LAMP1-RFP or
RFP-LC3 and quinacrine was calculated by means of the Metamorph software v.
6.2r4 (Universal Imaging Corp., Detroit, MI, USA). For cytofluorometric
determinations, cells were loaded with 1 uM quinacrine as described above,
rinsed and resuspended in 1 ug/ml Pl or, alternatively, loaded with 30 M Bodipy-
ATP (Life Technologies), following the manufacturer's recommendations.
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In both cases, fluorescence was acquired on a FACSVantage cytofluorometer and
first-line statistical analyses were performed by means of the CellQuest software
(Becton Dickinson) upon gating on events displaying normal forward scatter and
side scatter parameters.

Cells sorting. One million five hundred thousand U20S cells were stained
with 150 nM tetramethylrhodamine methyl ester (TMRM, from Molecular Probes-
Life Technologies) for 30min at 37 °C, washed twice with cold PBS and
resuspended in 1 x binding buffer supplemented with FITC-conjugated Annexin V
(BD Biosciences) and 10 «M DAPI, as per manufacturer’s instructions. Cells were
sorted in three sub-populations (DAPI~PS~TMRM®"; DAPI~PS~ TMRM""
DAPI~PS*TMRM®") on a FACSVantage cytofluorometer and then either
collected for the assessment of intracellular ATP or maintained in culture for
additional 60 min for the quantification of extracellular ATP (see below).

ATP release assays. Extracellular and intracellular ATP levels were
measured by the luciferin-based ENLITEN ATP Assay (Promega, Madison, WI,
USA) and ATP assay (Calbiochem) kits, respectively. ATP-driven chemolumines-
cence was recorded on a FLUOstar OPTIMA FL Plate Reader (BMG Labtech,
Offenburg, Germany).

Cell trackers. Cells were grown in Lab-Tek chambered coverglasses
(NUNC, Roskilde, Denmark). Upon the removal of the culture medium, cells
were incubated with pre-warmed medium containing 500 nM MitoTracker, 500 nM
ER-Tracker, 500nM Lysotracker or 10 ug/ml DQ Red BSA (all from Molecular
Probes-Life Technologies) for 1h at 37 °C. Thereafter, cells were rinsed twice with
pre-warmed medium, labeled with quinacrine and Hoechst 33342 and processed
for fluorescence microscopy, as described above.

Analysis of cell-surface-exposed LAMP1. Cells were washed twice
with cold PBS, incubated for 45 min with a PE-conjugated LAMP1-specific antibody
(Biolegend, San Diego, CA, USA) or isotype-matched control antibodies (Biolegend)
in cold blocking buffer (3% fetal bovine serum in PBS). Upon washing in cold PBS,
samples were stained with DAPI and analyzed for the presence of LAMP1 at the
surface of viable (DAPI ™) cells on a Gallios cytofluorometer. First-line statistical
analyses were performed by means of the Kaluza software v. 1.1.

Study of cell-surface-exposed PANX1. PANX1 exposure was
assessed by surface immunostaining coupled to fluorescence microscopy.
To this aim, cells grown on Lab-Tek chambered coverglasses were washed in
PBS, incubated with blocking buffer containing an anti-PANX1 antibody (Abcam,
Cambridge, UK) for 30 min on ice, washed again and incubated for 30 min with an
anti-rabbit Alexa Fluor 488 conjugate (Life Technologies). Finally, samples were
fixed with 3.7% paraformaldehyde and 1 ug/ml Hoechst 33342 (w/v in PBS)
and analyzed on a confocal SPE microscope equipped with Apochromat x 63 1.3
NA and x 40 1.15 NA oil immersion objectives.

Automated high-content videomicroscopy. Eighty thousand CRT-
GFP-, HMGB1-GFP-, GFP-LC3-expressing or wild-type U20S cells seeded in
poly--lysine-coated 96-well Black/Clear Imaging Plates (BD Biosciences) were
pre-treated with compounds from the ICCB Known Bioactives Library (Enzo Life
Sciences, Farmingdale, NY, USA) or the US-Drug collection (Microsource
Discovery Systems, Gaylordsville, CT, USA) at a final concentration of 30 and
2 uM, respectively, for 2h, followed by the administration of 4 uM MTX or an
equivalent volume of PBS. Twenty-four hours later, four to nine viewfields per well
were acquired by means of a BD Pathway 855 imaging station (BD Biosciences)
and images were analyzed for GFP-LC3 dots, CRT-GFP granularity,
ATP secretion or HMGB1-GFP release by using the AttoVision software v. 1.6
(BD Biosciences).

Animal experiments. Animals were maintained in appropriate pathogen-free
conditions and all experiments were conducted in lines with the Federation of
European Laboratory Animal Science Association guidelines, were approved by
the local Ethics Committee (CEEA IRCIV/ IGR n°26, registered with the French
Ministry of Research) and were in compliance with the EU 63/2010 directive.
BALB/c (MHC Class | haplotype H-2%) and C57BI/6 (MHC Class | haplotype H-2°)
mice were obtained from Janvier (Le Genest-Saint-Isle, France) or Harlan
(Gannat, France), used between 6 and 20 weeks of age and euthanatized when
tumors exceeded 20-25% of the total body mass.
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Anti-tumor vaccination experiments. CT26 cells were treated by 2 uM
MTX, either alone or upon exposure to 10 M DIDS, 10 uM SITS, 30 uM Y-27632,
2 uM H-1115 or 50 uM blebbistatin, and inoculated 24 h later (3 x 10° in 200 ul
PBS, pH 7.4) s.c. in the lower flank of 6-week-old female BALB/c mice. Seven
days later, 5 x 10° living CT26 cells (in 200 ul PBS, pH 7.4) were inoculated into
the contralateral flank, as previously described.”® Similarly, MCA205 cells were
incubated with 1 uM MTX (alone or upon exposure to additional chemicals, as
detailed above) for 24 h and then subcutaneously inoculated (3 x 10° in 200 ul
PBS, pH 7.4) into the lower flank of 6-week-old C57BI/6 female mice. Seven days
later, 3 x 10* untreated MCA205 cells (in 200 ul PBS, pH 7.4) were inoculated
into the contralateral flank. In both cases, mice were monitored for the appearance
of tumors three times a week for 60 days.

Statistical analyses. Each experiment has been repeated at least three
times, yielding comparable results. Unless otherwise indicated, figures illustrate
quantitative data from one representative experiment (means+S.E.M., n=3
replicate samples). Data were analyzed by means of Prism v. 5.03 (GraphPad
Software, La Jolla, CA, USA) and Excel 2007 (Microsoft, Rockville, MD, USA).
Statistical significance was assessed by two-tailed Student’s ttests or log-rank
tests, as appropriate. In all experiments, P-values<0.05 were considered as
statistically significant.
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