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Summary

Mitochondria are important cell-death checkpoints anitochondrial C& overload is con-
sidered as a potent apoptotic intrinsic pathwayded. Here, we report that this Capopto-
sis link is largely ineffective in inducing cell-dln just by itself and required a concomitant
inhibition of autophagy to counteract its pro-sualiaction. In such condition, an acute mito-
chondrial stress revealed by a DRP1 mediated notadiial dynamic remodeling is observed
concomitantly with mitochondrial depolarizationle&se of cytochrome and efficient apop-
tosis induction. We also uncover that mitochond@af* status modulates the function of
autophagy as a sensitizer for chemotherapies. ffiising mediated by mitochondrial €a
overload and inhibition of autophagy sensitizes yneancer cells types to different chemo-
therapies with independent mechanisms of actiorle@wely, our results redefine an im-
portant cell signaling pathway, uncovering new corat therapies for the treatment of dis-

eases associated with mitochondriaf Gemeostasis disorders such as cancer.



Introduction
Calcium (C&") is a critical intracellular second messenger,ciwhiontrols key cell fate deci-
sions, such as metabolism, proliferation or apagt@ossi et al., 2019). Specific Eaignal-
ing pathways have long been known to play an ingmbrtole in apoptosis induction and/or
regulation, which occurs through endoplasmic réticu(ER) C&" stress, cytosolic and mito-
chondrial C&" overload (Berridge et al., 2000; Orrenius et2003; Pinton et al., 2008). Each
of these pathways has been associated alone ambication with apoptosis induction or
resistance, both in physiological and physiopathick conditions. Indeed, the ER lumen is
the major storage of intracellular €aallowing the proper folding of proteins by Ta
binding chaperones (Wang and Kaufman, 2014). Diepleff ER C&" stores is considered to
be a robust stress condition that triggers celtidé&iorgi et al., 2010; Prevarskaya et al.,
2004). Other studies have also demonstrated tlaagja and sustained elevation of cytosolic
C&* concentration ([C&].) is another key process for triggering apoptosiainly induced
by store-operated Eaentry (SOCE) (Vanden Abeele et al., 2002; Preayalet al., 2010).
Finally, mitochondrial C& overload resulting from sustained elevation of{%as consid-
ered to be one of the ways to induce mitochondni@tlated intrinsic apoptotic pathway
(Berridge et al., 2000; Orrenius et al., 2003; &inét al., 2008; Zhivotovsky and Orrenius,
2011). The crucial factor is the magnitude of tf#*@ignal received by the mitochondria. A
high C&" load will lead to the mitochondrial permeabilitarsition pore (MPTP) (Lemasters
et al.,, 2009) and eventually to the permeabilizatid the outer mitochondrial membrane
(OMM). As a consequence, targeting mitochondria inparticular mitochondrial G4 ho-
meostasis to sensitize cancer cells to apoptosiganvercome drug resistance, represents a
major aim in anti-cancer therapy (Wen et al., 2@&&ng et al., 2016).

However, the expected role of C@ould be less clear than it has first been praghose

Indeed, we have identified in a previous studyt thgotent C& homeostasis disruption
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characterized by a sustained increase of cyto&sit and endoplasmic-reticulum (ER) €a
stress is not sufficient enough to induce apopt@3igois et al., 2013). However, the role of
mitochondria was not investigated and more impdlgahe molecular mechanisms underly-
ing this atypical mode to escape from cell-deathewwt identified. Moreover, an increasing
number of studies have demonstrated that @kso plays an important role in the regulation
of more recent hallmark of cancer, such as autoplagplved in tumor development and
cancer therapy (Degenhardt et al., 2006; HanahdnWginberg, 2011; Yang et al., 2011).
Autophagy is a catabolic degradation process irclwizellular proteins and organelles are
enveloped by double-membrane autophagosomes anddeegin lysosomes (Chen and
Klionsky, 2011; Ravikumar et al., 2010). The autagit process attempts to restore metabol-
ic homeostasis and the current consensus is thapleagy has a dual role in cancer (Jiang et
al., 2015; Kroemer, 2015; White, 2015). During teely steps of cancer development, au-
tophagy functions as a tumor suppressor mechanysprdventing the accumulation of dam-
aged organelles and aggregated proteins. In contatophagy is considered as a pro-
survival mechanism for established tumors in respdo metabolic stresses such as nutrient
deprivation, hypoxia, and absence of growth factAtgophagy has also emerged as a crucial
player in drug resistance in response to chemaqtiesgKroemer, 2015)importantly, au-
tophagy is shown to precede or to act in parallth apoptosis process but the precise molec-
ular mechanisms involved are still not fully undecsl (Sui et al., 2013) and in particular the
role of autophagy in cell-death mediated byC'omeostasis disruption is not fully under-
stood. Finally, it has been also reported that s6afé signaling pathways and Eamodula-
tors used to depict apoptotic pathways have algoifgiant implications in other signaling
pathways such as autophagy, highlighting the nédetter tools (Bootman et al., 2018; Du-

bois et al., 2016).



Here, we dissect the interplay between survivahpways such as autophagy and mito-
chondrial dynamics to establish their precise s)l&{ cell death mediated by €aomeosta-
sis disruption. Collectively, our results challeragerucial paradigm in cell death and provide
new concepts for more rational approaches in caneatments. Indeed, we propose an effec-
tive combined strategy based on concomitant mitodtial C&" overload and autophagy
inhibition with drugs in clinical evaluation to ireasechemotherapies sensitivityny most

common cancer types.



Results

Ca”" homeostasis perturbationger se are not sufficient to induce apoptotic cell death

To investigate the role of €&ahomeostasis perturbations in apoptosis inductios,
performed an in-depth study by using several séasoic endoplasmic reticulum Ea
ATPase (SERCA) inhibitors (Thapsigargin (TG), TGalagues and cyclopiazonic acid
(CPA)). SERCA resides in the endoplasmic reticul(leR) and plays a crucial role in
maintaining cellular C4 homeostasis (Berridge et al., 2000; Orrenius .e2803; Pinton et
al., 2008). We used concentrations of SERCA inbibiknown to induce a robust disruption
of C&" homeostasis (Quynh Doan and Christensen, 201%). T analogues tested were
ASP-8ADT (also known as 12-ADT-ASP), EPO-8ADT arteU-8ADT, and all of them have
been characterized in cell free system for thegcsg activity on SERCA pumps and
functionally on several cell types (Jakobsen et2001). As we have already demonstrated
(Dubois et al., 2013), all analogues were ablenttuce an influx of Cd across the plasma
membrane due to the activation of SOC (Store Oper&hannel) in response to ER*Ca
store depletion triggered by SERCA inhibition (FigdA). Here, we therefore evaluated their
ability to maintain high cytosolic Gaconcentration ([Cd]c) over a longer period of time
which has been also associated with apoptosis frmu@=igure 1B) (Berridge et al., 2003;
Clapham, 2007). We observed that only TG, ASP-84A4Dd LEU-8ADT (1 uM/ 18 hr) were
able to induce a sustained f(Ja increase compared to EPO-8ADT or CPA (1 pM/ 18 hr)
(Figure 1B). In accordance, these discrepancies hmae significant consequences on
mitochondria C& contents, as it is largely accepted that susta@etientry is also a major
factor in the process of mitochondrial Caverload (Berridge et al., 2000; Orrenius et al.,
2003; Pinton et al., 2008; Zhivotovsky and OrrenR@&11). Thus, we evaluated the extent of

mitochondrial C&" overload following the same setting of treatmé&ki& observed that, only



TG, ASP-8ADT and LEU-8ADT induced mitochondrialCaverload in prostate cancer cell
lines (Figures 1C, D) and 5 additional cancer loedls (Supplementary Figure 1). In parallel,
we correlated the ability of these compounds taiéedC4" mediated apoptosis in prostate
(Figures 1E, F, G, H), breast (Figure 1I) and peatic cancer cells (Figure 1J)
(Supplementary Figure 1A-O). Surprisingly, only 86d LEU-8ADT were potent apoptosis
inducers in all cell lines. Both compounds havéngilar ability to induce mitochondrial Ga
overload and to maintain high [€& over a longer period (Figure 1B). However, LEU-8RAD
induced a slower initial Gainflux rate compared to TG (Figure 1A). Conversehe initial
C&” influx rate was higher for ASP-8ADT compared toU-BADT despite its low efficiency
in inducing cell death. This implies that the iitC&" influx was not correlated with the
induction of apoptosis. Concerning TG and ASP-8ADWile the remodeling on €&
homeostasis was quite similar, compared to TG, @sapinduced by ASP-8ADT was very
modest and particularly in the LNCaP or PC-3 pitestancer cell lines. These results were
unexpected as they are not in line with the commestablished key role of mitochondrial
C&* overload in the process of apoptosis inductiorusThve decided to confirm that ASP-
8ADT was able to induce mitochondrial Taoverload by using two other independent
approaches that allow a direct assessment 6f kzmndling by mitochondriaBy measuring
steady-state G& concentration in mitochondria with the 4mtD3cpwdgnsor or with the
ratiometric genetically encoded €arobe mito-GEM-GECO1, we confirmed that TG and
ASP-8ADT induced similar mitochondrial €aoverload (Figure 1K) (Supplementary Figures
1P-R and methods section)

Importantly, at the micro-molar concentration (1 uhded in the present study, both TG and
ASP-8ADT totally inhibit SERCA activity (Winther etl., 2010). Thus, differences observed
in apoptosis induction were not correlated to défgial action or affinity on SERCA activity.

Moreover, in a previous study (Dubois et al., 2018) already observed that ASP-8ADT did



not cause as much cell death during chronic expomsod we attributed this effect to a weaker
ability of the ASP-8ADT compound to keep the ERasodepleted. However, this conclusion
is ruled out in the present study, as we were @ntibdetect differences in the hallmarks of
Cd* changes induced by TG or ASP-8ADT over a longeiodecovering the whole duration
of apoptosis induction phasgle also checked that the uncoupling betweefi Bameostasis
disruption and apoptosis induction did not resubinf impairments in ER stress response
(Supplementary Figures 1S-Y) or Reactive OxygercteggROS) accumulation in response
to mitochondrial C& overload mediated by ASP-8ADT (Figure 1L). Thisdiepth study
suggests the involvement of an undefined stepffacteded for an efficient cell death
induction in response to &ahomeostasis disruption and following mitochondrét*

overload.

Mitochondrial Ca?* overload induces a partial MPTP opening, ineffectig to induce
mitochondrial membrane depolarization and cytc release

It is generally considered that mitochondrial°Caverload induces continuous MPTP
openings during cell death leading to loss of W&#i" and proton gradients across the inner
mitochondrial membrane (Baumgartner et al., 200@rdb et al., 2012). We used the gold
standard calcein/G&quenching technique, which allows a quantificat@MPTP opening
(Bonora et al., 2016). We showed that a 18 hr gaétnent with either TG (known to promote
MPTP opening (Korge and Weiss, 1999)) or ASP-8AWEre associated with a similar
cobalt-mediated quenching of calcein fluoresceriigufes 2A, B) suggesting that MPTP
was opened to an equivalent extent. This MPTP ogewias abolished by a 1hr-pretreament
with cyclosporine A (CsA; 0,5 uM), an inhibitor MPTP opening which binds cyclophilin D.
We also tested ionomycin (IM; 1 pM), aCé@nophore known to trigger mitochondrial Ca

overload and activation of MPTP in different celbdels (Chaudhuri et al., 2016; Ying et al.,



2018). We observed with IM a potent activation dPMP compared to TG and ASP-8ADT
(Figure 2C). In accordance, CsA pre-treatment (lidfiore TG or ASP-8ADT treatments; 0,5
M) induced an increase of mitochondrial?Caontent in response to TG or ASP-8ADT
(Figure 2D). We concluded from these experimends tioth ASP-8ADT and TG were able
to induce similar but not maximal MPTP opening gaserved with IM). These experiments
challenge the role of MPTP openings and mitoch@hd@&" overload implying that another
process impaired cell death induction with ASP-8ABE a readout of cell death and MPTP
openings, we evaluated the release ofccffigures 2E, F) (Figures S2A, B) and the loss of
mitochondrial membrane potential (Figures 2G, Hileled, cyt release from mitochondria
and loss of mitochondrial membrane potenttalin) are considered to occur subsequently to
continuous pore activation. Our results clearlyved that ASP-8ADT failed to induce these
features compared to TG and this, despite itstatdiinduce both similar mitochondrial €a
overload and MPTP openiniVe also clearly demonstrated that TG induced onpasial
mitochondrial depolarization in comparison to th@oechondria uncoupler FCCP (1 uM)
(Figures S2C, D). Our results also demonstratetlids a more potent inducer of MPTP
opening compared to either ASP-8ADT or TG (Figu@®.ZThus, this partial MPTP opening
induced by ASP-8ADT may explain that mitochondrre@mbrane potential is preserved with
ASP-8ADT. Indeed, MPTP opening is intrinsically d&pizing, but we clearly showed that
only partial MPTP opening occurs. Moreover, a giara with no mitochondrial Ca
overload occurred only when mitochondrial potenigatotally collapsed by using FCCP as
pretreatment (Figure 2D). Taken together, thesalteesuggest that partial MPTP opening
resulting from mitochondrial G& overload and ROS accumulation is not enough tadad

loss of mitochondrial membrane potential and reledsytc.

Autophagy inhibition is a pre-requisite for mitochondrial depolarization leading to

10



apoptosis mediated by C& homeostasis disruption

TG-treated cells exhibited mitochondrial membrampalarization and efficient apoptosis
induction, suggesting a direct link with its apdptopotency. Interestingly, it has been
reported that TG has significant implications imet C&*-mediated and C&independent
signaling pathways such as autophagy (Bootman.ef@18; Decuypere et al., 2011). We
hypothesized that apoptosis mediated by TG couldelsed to the inhibition of survival
pathways such as autophagy. We used, an establsingi@gy, a tandem-tagged GFP-
mCherry-LC3 probe that can determine whether aropdatgosome has fused with a
lysosome, based on the distinct chemical propenie$sFP and mCherry fluorophores
(Kimura et al., 2007). Under non-lysosomal and seartral pH conditions, both GFP and
mCherry fluoresce. However, the low pH in the luntdérthe lysosomes quenches the GFP
signal, but not the mCherry. Using this approach,faund that upon TG treatment (2 hr, 1
KM) in LNCaP cells, multiple autophagosomes arélgswithout GFP quenching, thereby
suggesting that fusion with lysosomes did not o¢Eigures 3A, B). In contrast, upon ASP-
8ADT treatment (2 hr, 1 uM), only mCherry-positigéructures have accumulated. The
addition of chloroquine (CQ) (prevents endosomadliication leading to an inhibition of
lysosome-endosome fusion) in association with ABP-B mimics the autophagic signature
observed with TG. Indeed, by quantifying the siteaaddic vesicles formed after treatment
with TG, ASP-8ADT alone or in combination with C@e observed an increase in size upon
ASP-8ADT when combined with CQ to the same extenfT& (Figure 3C). In a second
attempt, we evaluated the action of ASP-8ADT on dh&phagic flux in LNCaP cells by
using Western Blot analysis of LC3 | and Il (formoat of autophagosome) and P62
(autophagic flux) (Figures 3D, E, F). These resatisfirmed previous studies that reported a
block of autophagy by TG, as revealed by both actanon of P62 and LC3 II. These effects

were drastically reduced with ASP-8ADT, thus reireglits inability to interfere with the
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autophagic process (Figures 3D, E, F) (see alsor&i§3). We also confirmed the action of
ASP-8ADT and TG on autophagic flux in PC-3 prostzd@acer cells and we also evaluated
their action on autophagic flux in conditions oft@ahagy induction induced by starvation
(HBSS, 2 hr) (Figures S3A, B, C, D). These resaliefirmed that TG is able to block
autophagy, as revealed by both accumulation of &®RLC3 Il. These effects were greatly
reduced with the ASP-8ADT compound. We also cordalrby real-time PCR of P62 mRNA
levels that P62 protein level in ASP-8ADT treatesllsc did not depend on variation of
transcription (Figure S3D). We also checked theliBéstatus (Figure S3E). We have further
investigated the activity of TG on the autophagrocess by using a more qualitative
approach. By electron microscopy, we showed thdy ®& prevented the closure of the
autophagosome and induced an accumulation of immnautophagosome that we never
observed following ASP-8ADT treatment (Figure 3G).

We took advantage of the fact that ASP-8ADT did exrt an inhibitory effect on autophagy
in LNCaP cells in order to study its implication apoptosis induced by &ahomeostasis
disruption. We used a combined treatment with anR stressor (TG or ASP-8ADT) and
established autophagic inhibitors such as Chloreg¢CQ), Wortmanin (WT), Bafilomycin
Al (Baf Al) and a Rab7 inhibitory peptide. Hoechtsining experiments shown, using au-
tophagy inhibitors, a 6-fold increase of ASP-8ADdtgncy to induce cell death (from 5% to
30%), without additional effect on TG potency a#& hr of treatment (Figure 4A). By west-
ern blot we confirmed the cleavage of PARP (Figb#é€) as a marker of caspase-dependent
apoptosis. We also performed immunostaining ofacgih LNCaP cells treated with ASP-
8ADT (1 uM, 18 hr) alone or in combination with thatophagic inhibitor Rab7 (100 nM).
Confocal images showed that ASP-8ADT induced thease of cytc only upon autophagy
inhibition (Figures S4A, B). We confirmed the regunent of autophagy inhibition with a

genomic strategy by using siRNA against ATG5, whpeltticipates in the formation of au-
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tophagosome (Ganley et al., 2011). Thereby, we sHatwat an early inhibition of the au-
tophagic process by the down regulation of ATGSi$ei@ an increase in apoptosis induced by
ASP-8ADT (Figure 4B). However, the percentage ajgptic cells was not as high as with
other inhibitors of autophagy (Figure 4A) or TGchase siRNA mediated knockdown of the
autophagic regulatory gene ATG5 was only partigdfFe 4B, upper panel). By flow cytome-
try using the fluorescent mitochondrial membranebpr DIOC6(3), we demonstrated that
Rab7 inhibitory peptide restored the ability of ABRDT to induce mitochondrial membrane
depolarization (Figure 4C). These results were iomed using the JC-1 dye. We observed
the progressive loss of red JC-1-aggregate flueresc (polarized mitochondria) and a cyto-
plasmic diffusion of green monomer fluorescenceirized mitochondria) following ex-
posure to ASP-8ADT in combination with Rab7 inhabi{Figure 4D).We confirmed this
specific point in prostate LNCaP, PC-3 and breaSF\WF cancer cell lines (Figure 4D). Thus,
these data clearly demonstrated that inhibitioraaophagy is required for efficient mito-
chondrial membrane depolarization upon mitochohd@@&" overload leading to the release
of cyt c and apoptosis induction. Finally, we investigateel potential role of BAX and BCL-

2 proteins, two crucial actors involved in the roitondrial apoptotic pathway, by studying
their expression and subcellular distribution atoehiondria in LNCaP cells. Using subcellu-
lar fractionation technique, we observed that BAXdl was nearly the same at mitochondria
following treatments with TG or ASP-8ADT alone ord¢ombination with autophagy inhibi-
tion. In contrast, BCL-2 expression was higherlirttee conditions compared to control (Fig-
ure 4E). These findings suggest that OMM permezdiitin driven by BAX and BCL-2 inter-
actions is not a critical event in apoptosis indubg TG or ASP-8ADT (in combination with
autophagy inhibition). Thus, the weaker ability AP-8ADT to kill the cells could not be

explained by the promotion of the BCL-2 survivatipaay.
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Concomitant inhibition of autophagy and mitochondrial Ca?* overload is required for
inducing an acute mitochondrial stress revealed by DRP1 mediated mitochondrial

dynamic remodeling

We further explored the consequences of mitochahdti€* overload and autophagy
inhibition in the control of cell fate. It is welinown that mitochondrial dynamics (fusion and
fission) and autophagy, work together as a quabtytrol mechanism in the life cycle of the
mitochondrion (Twig et al., 2008). During the apupt process, mitochondrial networks are
dramatically reorganized from long filamentous intanected tubules into small punctate
spheres. Whether remodeling of mitochondrial net&ds necessary for apoptosis-associated
cyt c release, or is merely an accompanying processillia subject of debate (Sheridan and
Martin, 2010). 3D reconstruction from confocal inmgexperiments clearly showed that the
filamentous interconnected tubules of the mitoch@hshetworks were preserved with ASP-
8ADT alone but disrupted when combined with autgghanhibitor as observed with TG
(Figures 4F, G). These results clearly showed rtfitichondrial C&" overload alone did not
induce significant changes in mitochondrial dynansuggesting that cell fate was not
compromised when autophagy can play its pro-survivie@. On the contrary, concomitant
inhibition of autophagy forced the cell to use #&meotpro-survival pathway mediated by
mitochondrial dynamics. Indeed, recent studies ltimonstrated that under sustained stress
conditions, a DRP1-dependent mitochondrial fissgtriggered and is involved in cellular
survival at the early stage of injury (Ikeda et @8D14; Zuo et al., 2014). In this context, we
showed that siRNA-mediated knockdown of DRP1 restdhe apoptotic potential of ASP-
8ADT (Figure 4H) confirming the crucial role of mm¢hondrial dynamics. siDRP1 treatments
were functionally validated by confocal microscopging MitoTracker Red CMXRos
staining (via the observation of the characteristitochondrial hyperfusion) and western blot

(Figure S4C, D, E). These results showed that aamdndrial dynamic remodeling mediated

14



by DRP1 is triggered and is involved in cell survivaly when cells were exposed to
concomitant C& homeostasis disruption and autophagy inhibitiomweler, this pro-
survival mechanism is not sufficient to prevent @psis induction induced by TG or ASP-
8ADT in combination with autophagic inhibitors. Hee results also pointed out that
autophagy and fission/fusion mitochondrial dynanaigs two processes that could be used by
the cell to counteract the mitochondrial stressiated by C4" overload. These pro-survival
pathways prevent mitochondrial collapse by inhilgiti mitochondrial membrane
depolarization. In fact, mitochondrial membrane alapzation seems to be the last and
decisive event preceding apoptosis in responsdtazhondrial C&* overload. We confirmed
this feature by using FCCP (0,5 pM, 48 hr) to ireluatochondrial membrane depolarization
and indeed, FCCP restored the ability of ASP-8ADTntuce cell death, whereas used alone

it failed to do this significantly (Figures 41, J).

Dual targeting of C&* homeostasis and autophagy improves chemotherapyfiefency

invitroandin vivo

Targeting mitochondria or autophagy to sensitizecea cells to apoptosis is a major aim in
anti-cancer therapy (Jiang et al., 2015; Kroem@t52 Wen et al., 2013; White, 2015; Zhang
et al., 2016) and the medical and scientific comityumas also come to accept that monother-
apy is unlikely to be the answer to completely agstancer cells (Hanahan, 2014). Our re-
sults confirm that targeting mitochondrial‘Caomeostasis alone displays only poor efficien-
cy. The molecular basis underlying this lack ofaééihcy is that apoptosis mediated by mito-
chondria C&" overload requires inhibition of autophagy. Thisvriaterplay challenges a cru-

cial paradigm in cell death and our results remealel combinatorial therapeutic strategies to

improve clinical outcomes.
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ASP-8ADT is the active compound of the Mipsagargimily, a promising new anticancer
treatment approved by the Food and Drug AdminisinaFDA) and used in several clinical
trials (NCT01056029 and NCT01734681)) (Denmeadelaadcs, 2005; Mahalingam et al.,
2016). Unfortunately, results are below expectatias published in a recent report (Mahalin-
gam et al., 2016). Based on our fundamental firglimg have evaluated using xenograft
mouse models, cell line-based functional studi@sl ex-vivo tumor models from clinical
specimens, the relevance of our combined strategil) increase the efficiency of ASP-
8ADT in vivo (2) sensitize cancer cells to chemotherapies usiog-targeting strategy. Can-
cer-specific conventional chemotherapeutic ageats tbeen used in combination with ER
stressor agents and autophagy inhibition for sixde® of cancer: PC-3 (Figure 5A) and
LNCaP (Figure 5B), primary human stromal prostaecer cells (Figure 5F), MCF-7 and
MDA-MB-231 breast cancer cells (Figures 5C, D) anbA-PaCa2 pancreatic cancer cells
(Figure 5E). Interestingly, in almost all conditgrihe different autophagic inhibitors failed to
significantly increase the chemotherapeutics agmpitadex. In contrast, ASP-8ADT used in
combination with an autophagic inhibitor frequentigreased chemotherapeutics cytotoxicity,
regardless of their action mechanism, thus sugggestiunique way of priming cancer cells
for several conventional cancer therapies. In thgecof stromal prostate cancer cells and
mammary cancer cells MCF-7, ASP-8ADT with autophadybition induced high levels of
apoptosis even in the absence of chemotherapyr@adC, F). Most of our combined thera-
pies were due to a synergic effect of the treatnfexeample of the analysis can be found in
Figures 5G, H and S5A-C). Only few conditions wsiraply additive effects (pancreatic cell
lines for cisplatin and 5-FU, cisplatin, docetagerIMDA-MB-231).

We also conducted a series of combined therapyrexeets on nude mice using prostate and
breast tumor xenografts. The proof of principle @aming G-202 is well-established vivo

(Denmeade et al., 2012) and in clinical trials, @-2s injected intravenously. However, G-
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202 efficiency is also associated with an antiaggiic effect that may biased ours results
when used inn vivo experiments with chemotherapeutic agents suchxaddre (docetaxel).
Thus, in our experiments, to achieve ER'Garess, tumors were injected intratumorally (i.t.)
on a basis of six injections over two weeks withPASADT alone (1 uM/PBS), or in combi-
nation with CQ (50 uM/PBS). The results of thespegiments revealed that animals treated
with a combined therapy displayed significantlyslésmor growth than animals treated with
ASP-8ADT alone (Figure 6A) associated with increbsell death, as revealed by TUNEL
staining (Figure 6B) and PARP cleavage (Figure 8@ .also assessed the ability of the com-
bined therapy in priming cancer cells to a classtbemotherapeutic agent such as docetaxel
or 5-Fluoro-Uracile (5-FU) on respectively prostated breast xenografts. To reduce the
number of mice used, accordingly to our strict&hrules, we have focused our experiment
on proving the efficiency of the combined therapg @aonsequently did not assess docetaxel
or 5-FU alone (based on the literature and stiongtro data). The combined therapy (ASP-
8ADT/CQ) again significantly increased the capaoitylocetaxel and 5-FU to reduce tumor
growth and increase apoptosis index when comparedbtetaxel or 5-FU and CQ alone
(Figures 6D-H). Concerning breast xenografts, tingbition of tumor growth in mice treated
with a combined therapy is correlated with a dcastcrease in the proportion of cells that
underwent apoptosis, as revealed by TUNEL staiffingure S6). We have used fresh human
tumor samples from prostate in eavivo slices tumor assay to confirm the efficiency of au
tophagy inhibition on ASP-8ADT anti-tumor activisjone or combined with conventional
chemotherapy. Thiex vivo tumor assay is an excellent tool as it keeps tumeterogeneity
and allows the clinical response to anticancer slitogoe predicted (Majumder et al., 2015).
In these experiments, human prostate tumors weededl with a complete panel of treat-
ments. First, we confirmed the efficiency of autag¥ inhibition on ASP-8ADT anti-tumor

activity with an important increase in the proponmtiof cells undergoing apoptosis, as re-
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vealed by TUNEL staining (Figure 61). Second, teenbined therapy (ASP-8ADT/CQ) sig-

nificantly increased the capacity of docetaxel/@Q@ntduce apoptosis (Figure 6l1). Altogether,
these assays clearly showed that inhibition of ghagy rescues the anti-cancer activity of
ASP-8ADT and that a combined therapy based on?A €&ess and inhibition of autophagy

increases chemosensitivity to docetaxel and 5-Fpfadtate and breast cancer, respectively.
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Discussion

In a previous work, we uncovered an atypical madedcape from cell-death in response to
Cd* homeostasis perturbations (Dubois et al., 20163P6ut the precise molecular mecha-
nisms were not investigated. Here we identifiecbplidgy and mitochondrial fission as gate-
keepers in the paradigm referred as thé' @poptosis link (Berridge et al., 2000). This de-
pendency has never been identified before as areelgstep. Our most important finding is
also that C&-induced MPTP opening cannot be longer consideseal gotent apoptosis acti-
vator just by itself. Indeed, one of our most stgkresults is that while TG and its analogue
ASP-8ADT induce similar ER, cytosolic and mitochdadC&" dynamics leading to MPTP
opening, apoptosis induced by ASP-8ADT is very nsdvdEigures 1, 2). We show that this
“loss of function” is linked to its inability tolbck autophagy as it has been described for TG
(Engedal et al., 2013; Ganley et al., 2011; Sadted. £2015), thereby revealing a direct and
crucial role of autophagy in the €apoptosis link (Figure 3). This feature may bepsufed

by the fact that TG and ASP-8ADT, have similar bat identical chemical structure (Dubois
et al., 2013). Originally it has been suggestetl tthainhibitory effect of TG on the autophag-
ic flux, was independent of a functional ER stnesponse, but could be related to the activity
of TG to inhibit SERCA and thus to influence doweam C4&" signaling pathways involved
in the regulation of autophagy (Ganley et al., 20Qur results are not in accordance with
this possibility since ASP-8ADT induces both simileR stress response and remodeling of
Cd* homeostasis compared to TG (Figure 1). This imspli@t TG targets an unidentified
molecular mechanism preferentially implicated ie tlosure of autophagosomes as it has
been suggested in a previous study (Engedal e2@13). Nonetheless, we were able to re-
store the pro-apoptotic potency of ASP-8ADT by ggamarmacological or genetic inhibition

of autophagy.
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We also demonstrated that both TG and ASP-8ADTdadpotent mitochondrial E5over-
load that causes MPTP opening. However, we obsdhetidmitochondria are still able to
retain large amounts of &aand surprisingly, that the mitochondrial membraoential
could be preserved. These findings seem to bentramiction with the fact that when MPTP
is open, both C& and proton gradients across the inner mitochoharénbrane are dissipat-
ed. In fact, we identified that a situation withaily depleted mitochondria from €acan
occur only when mitochondrial potential is totatlyllapsed by using a protonophore such as
FCCP (Figure 4). Indeed, we observed that TG indlwecdy partial mitochondrial depolariza-
tion compared to FCCP and we suggest that thisreabuld explain the retention of €aln
fact, our results are in accordance with some stunh that the process of MPTP opening at
the cellular level does not obey to all-or-none kasvit has been suggested in other models
(Dumas et al., 2009). Concerning ASP-8ADT, the ohtmndrial membrane potential was
virtually not affected despite the opening of MP3i#ggesting that other mechanisms can
potentially play a crucial role for maintaining wehondrial membrane potential. In particu-
lar, we identified autophagy and mitochondrial dyinzs as two crucial steps involved in the
maintain of mitochondrial potential (Figures 3, #terestingly, we demonstrated that the
pro-survival action of autophagy or mitochondrighdmics could be used sequentially by the
cells to try to overcome the stress mediated bychitndrial C&" overload (Figures 4). In-
deed, in the case of autophagy impairment, cellscbwirom the pro-survival autophagy
pathway to a DRP-1 mediated mitochondrial dynartodsy to overcome the stress mediated
by mitochondrial C& overload, highlighting the role of DRP1 for mainiag mitochondrial
potential as observed in other study (Choi et24l13). In this context, our results clearly in-
dicated that the pharmacological or genetic impairof DRP-1 could be used to restore the

cd" apoptosis link.
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Thus, our study highlights the central role of aiagy and mitochondrial dynamics as sur-
vival mechanisms ensuring the integrity of mitocthaal membrane potential during mito-
chondrial C&" overload stress. For this reason, the targetingutdphagy or mitochondrial
dynamics could be used to promote apoptosis inezarells subjected to mitochondrial Ca
overload.

Our preclinical data confirmed that the use of @diine or Rab7 GTPase inhibitor
by inhibiting autophagy, increase chemotherapycieificy in several cancer modael vitro.
As a proof of concept, we confirmed the potentiahslational significance of our combined
strategy with conventional drugs used in clinigroclinical evaluation (i.e. ASP-8ADT). For
this, we used both classidgalvivo approach (xenograft mouse model) andawivo strategy
with human clinical specimens of prostate and lireascer (Figures 6, S6). Thex-vivo
strategy allows the prediction of the clinical respe to anticancer drugs by maintaining tu-
mor heterogeneity (Majumder et al., 2015). In theecof prostate cancer treatment, we have
used docetaxel which was the first chemotherapegent to increase survival time in pa-
tients with androgen-resistant prostate cancer.bfeast cancer we have evaluated the con-
ventional treatment 5-FU. The ASP-8ADT compoundduseour study to induce sustained
mitochondrial perturbations corresponds to thevaatgredient of the Mipsagargin pro-drug
(G-202) (Denmeade et al., 2012) currently undetuaten as potential targeted therapy for
prostate cancer, gliomas, clear cell renal cararenepato-carcinomas. In a clinical study on
patients with advanced solid tumors receiving Mgasgin, authors did not observed a clini-
cal response, but a prolonged disease stabilizatasobserved in a subset of patients (Ma-
halingam et al., 2016)n this context, our findings may benefit to patgeby improving the
clinical outcome associated with G-202 treatmemde&d, our fundamental findings redefine
the molecular pathways underlying the anti-tumativdg of ASP-8ADT (G-202) as we

clearly demonstrated that concomitant inhibitioraatophagy is required. In agreement with
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these findings, we proposed two new combined amteatherapies (1) G-202 combined with
CQ (2) G-202 combined with CQ and a standard chleenapy. Concerning the combination
with a standard chemotherapy, we clearly demomsirdtat the combination of ASP-8ADT
and docetaxel in the background of autophagy itibibishown synergistic interactions (Fig-
ure 6). It is also well known that mitochondrialrpmg mediated by BCL-2 family proteins
correlates with clinical response to cytotoxic clogémerapy (Ni Chonghaile et al., 2011). In-
deed, permeabilization of the OMM is consideretdéahe decisive event in the onset of cell
death (Kroemer et al., 2007) and is subject tglat ttontrol by pro- and anti-apoptotic mem-
bers of the BCL-2 protein family (Czabotar et 2D14). Interestingly, the mechanism identi-
fied here for the sensitivity and the resistanceancer therapies seems to be a BCL-2 inde-
pendent mechanism and thus, it may represent avatine therapeutic approach. Important-
ly, all the compounds used in our proposed comimndherapies have been approved by the
FDA. All compounds used in our combined therapiagehalso distinct mechanisms of anti-
tumor activity ruling out a possible competitivepgairment and both CQ and G-202 have
already demonstrated an acceptable tolerabilitynfMat al., 2014). Such combined therapy
using a targeted anticancer agent such as Mipsagargombination with a standard chemo-
therapy and inhibition of autophagy is a realistgproach. Recently Inspyr Therapeutics (G-
202) have initiated a pre-clinical study evaluatihg potential of G-202 in combination with
Nexavar, using liver tumor models that express PSMistate Specific Membrane Antigen),
the target of G-202. Moreover, numerous clinicaldsts also evaluate combined therapies
including 2, 3 or 4 compounds. In particular, tlenbination of oxaliplatin, irinotecan, and 5-
fluorouracil (5-FU) (FOLFOXIRI) in association withevacizumab demonstrated in a phase
[l trial to improve outcome and became a new statidegimen for initial therapy of meta-

static colorectal cancer (Loupakis et al., 2014).
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In conclusion, these findings challenge a crucabdigm in cell death revealing a novel and

promising priming strategy to improve clinical oomees for patients with solid cancers.

Limitations of the Study

Based on the results derived from pharmacologiwaiiétion of mitochondrial Ca
overload in cultured cells and xenograft mouse Hmadee were able to demonstrate that, by
inhibiting the autophagy pathway, mitochondriaPCstatus can modulate chemosensitivity.
However, the conclusions would be strengthendakifarecise molecular mechanism underly-
ing autophagy inhibition and mediated by TG wasidied. Moreover, the physiological and
physiopathological aspects of this new interplageen Ca' signaling and autophagy in the
regulation of mitochondrial cell fate should be foned in the context of pathologies associ-
ated with mitochondrial disorders (neurodegeneeadind cardiovascular diseases, diabetes or

myopathies).
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Figure Legends

Figure 1: Redefining the C&"-Apoptosis Link. (A) Representative measurements of SOCE
activated by SERCA pump inhibitors (TG; TG analagu@SP-8ADT, LEU-8ADT, EPO-
8ADT; CPA), as indicated by [¢5c elevation in LNCaP cells. (B) Quantification [@fa**]c

in LNCaP cells subjected or not to cytosoli¢Taverload 18 hr after SERCA pump inhibitor
treatment. (C) Representative recordings of FC@Rded [C&']c elevation in LNCaP cells
subjected or not to mitochondriaCaverload 18 hr after SERCA pump inhibitors treaiine
(D) Quantification of the results presented in ((B) Quantification of apoptotic cells, as
determined by Hoechst staining, 48 hr after treatmeth the control or the indicated drug
(TG, 1 pM; ASP-8ADT, 1 pM; EPO-8ADT, 1 uM; LEU-8ADT uM and CPA, 10 pM). (F)
Representative Western blot of the apoptosis mamiaein PARP in LNCaP cells after 24 hr
treatment with control or the indicated drug agih Data are representative of 3 independent
experiments. (G) TUNEL staining of LNCaP cells 18 after treatment. (H, I, J)
Quantification of apoptotic cells, as determined Higechst staining, 48 hr after treatment
with control or the indicated drug in PC-3 (prosjaMDA-MB-231 (breast) and MIA-PaCa2
(pancreatic) cancer cells. (K) Images show photansity (top) and phase lifetime (down),
1(phi), of Cerulean fluorescent protein encoded e tmitochondria-target Cameleon
biosensor, 4mtTM3cpv, expressed in LNCaP cellthr. Cells were incubated with either
TG or ASP-8ADT compounds for 24 hr priori to perfed TD-FLIM experiment.
Experiments were performed twice independently, Ehdells were analyzed per experiment.
(L) Quantification of ROS production using flow oytetry after 18 hr of treatment with TG
(2 uM), ASP-8ADT (1 puM). Pyocyanin (100 uM / 30 miis used as a ROS inducer.
Oxidative Stress Detection Reagent (green fluorgsc®r total ROS detection is used

(ENZO LIFE SCIENCES). Experiments performed inltcate. Bars represent mean = SEM.
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*P < 0.05, Student’s t test, as compared with gpoading control.

Figure 2: Ca®* homeostasis disruption and MPTP opening(A) MPTP opening was
assessed directly by the calceinfCmethod and calcein fluorescence quenching wasdthag
after 18 hr of treatment with TG (1 uM) or ASP-8ADT uM). (B) Quantification of the
results presented in (A). (C) Effect of CsA and lkbh MPTP opening assessed by
calcein/Co2+ method after 18 hr of treatment witd (L pM) or ASP-8ADT (1 puM). (CsA;
0,5 uM). (IM; 1 uM). (D) Quantification of mitochdnial C&*content in LNCaP cells
subjected or not to cytosolic €aoverload, 18 hr after SERCA pump inhibition by B&
ASP-8ADT. CsA (0,5 uM) or FCCP (1 uM) pre-treatmérf hr. 1 hr before SERCA pump
inhibition). (E) The subcellular distribution of g after 18 hr of treatment in LNCaP cells,
visualized using an anti-cyt antibody (green fluorescence) using a confocalr@stope.
Arrows indicate apoptotic bodies or nuclei condéngsa(cell death) visualized by DAPI
staining (blue). TG (1 uM), TG analogues (1 uM) &©A (10 uM). (F) Quantification of
cyt c release (% of cells). (G) Representative confonabes of LNCaP cells loaded with JC-
1 dye after 18 hr of treatment with TG (1 uM) orlA8ADT (1 uM). (H) Quantification of
the fluorescence ratio (red fluorescence due td-#@gregate/green fluorescence due to JC-1
monomers) from experiments presented in (G). Erpamis performed in triplicate. Bars

represent mean £ SEM. *P < 0.05, Student’s t test.

Figure 3: Differential effects of thapsigargin anabgues on autophagy(A) Representative
confocal images of LNCaP cells transiently tran&f@avith a tandem-tagged GFP-mCherry-
LC3 probe and treated as indicated for 2 hr with(T@M) or ASP-8ADT (1 uM) alone or in
combination with chloroquine (CQ, 25 uM). (B) Quénation of autophagic flux using the

ratio (mCherry/GFP positives) / (mCherry positivaady). (C) Size of acid vesicles of the
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results presented in (A). (D) Representative Washdot of the autophagy markers protein
P62 (upper panel) and LC3 | & Il (middle panel)LNCaP cells after treatment with control
or the indicated drug with same concentration a&slus (A). Rab7 inhibitory peptide (100
nM). (E) Quantification of LC3 proteins using thaio (LC311)/(LC3I+LC3lIl) protein levels.
Values represent the relative density of bands ewetpto the control condition, which will
obviously have a relative density of 1. n=3. (F)aQiification of P62 protein levels. Values
represent the relative density of bands comparedhéo control condition, which will
obviously have a relative density of 1. n=3. (@d&on microscopy images of LNCaP cells
treated as indicated for 48 hr with TG (1 uM) orfASADT (1 uM). The dashed line box is a
magnification of a region of interest showing inquete autophagic structures (unclosed
autophagosome: black arrows). Experiments performedplicate. Bars represent mean +

SEM. *P < 0.05, Student’s t test.

Figure 4: Inhibition of autophagy determines the ppo-apoptotic potential of
mitochondrial Ca®* overload stimulus by allowing mitochondrial fissim and membrane
depolarization. (A, B) Quantification of apoptotic cells, as detamed by Hoechst staining,
48 hr after treatment with control, ASP-8ADT alooe in combination with autophagy
inhibitors: Rab7 inhibitory peptide (100 nM), Chdguine (CQ, 25 uM), Wortmanin (WT,
100 nM), and Bafilomycin A1 (Baf Al, 100 nM). Cellgere previously subjected to the
indicated siRNA-mediated silencing of ATG5 compatedcontrol anti-luciferase siRNA
(CTL) (24 hr). (C) Quantification of cells with delarized mitochondria, as determined by
the DIOCG6(3) probe, 18 hr after treatment with thdicated drug compared to CTL. (D)
Quantification of the fluorescence ratio from LNC&Z-3 and MCF-7 cells loaded with JC-1
dye after 18 hr of treatment. (E) Representativestéfa blot of the pro-apoptotic protein

BAX and the anti-apoptotic protein Bcl-2 in LNCaRtochondrial fraction after treatment.
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n=3. (F) Representative confocal images of LNCa® RE-3 cells transiently transfected
with a GFP-mitochondria-probe and treated as inédéor 18 hr. White arrows indicate cells
with mitochondrial fission. (G) Quantification okks with mitochondrial fission from the
results presented in (F). (H, I, J) Quantificatadrapoptotic cells, as determined by Hoechst
staining, 48 hr after treatment with control or tihdicated drug or with siRNA-mediated
silencing of DRP-1 (24 hr, 20 nM). n=3. FCCP, 0M.Experiments performed in triplicate.

Bars represent mean = SEM. *P < 0.05, Studenéstt t

Figure 5: A co-targeting strategy based on mitochairial Ca®* overload and autophagy
inhibition represents a crucial determinant of chenosensitivity. (A-F) Quantification of
apoptotic cells, as determined by Hoechst staimi@ghr after ASP-8ADT or TG-treatment
with control or the indicated drugs in PC-3 cel3,(LNCaP (B), MCF-7 (C), MDA-MB-231
(D), MIA-PaCa2 (E), and stromal prostate cancefsc@t). n=3. (G-H) Isobologram and
combination index (CI) analyses for evaluating ABMDT/Docetaxel interactions in
combination in LNCaP cells. Dose effect responsgasiwere performed in the background
of autophagy inhibition by the use of CQ and isogohm analyses were performed.

Experiments performed in triplicate. Bars represeean £+ SEM. *P < 0.05, Student’s t test.

Figure 6: Priming cancer cells by a concomitant intbition of autophagy and C&* stress
stimulation in mouse Xenograft tumor assays and irprimary human tumor explants.

(A) The relative volume of PC-3 cell xenograft tum@ver time in nude mice treated for 2
weeks with ASP-8ADT alone or in combination with Q8) TUNEL staining obtained from
tumor treated in (A). Colorimetric TUNEL ApoptodAssay is used for detection of apoptosis.
The 3"-OH end of the DNA strand breaks in apoptatlls is labeled with biotinylated

nucleotides using the enzyme TdT. Streptavidin wgaijed horseradish peroxidase (HRP) is

33



then bound to the biotinylated nucleotides, andaliged using the peroxidase substrate, 3,3'-
diaminobenzidine (DAB). The nuclei of apoptoticlsedhould be observed dark brown under
light microscope. (C) A representative Western libthe apoptosis marker protein PARP
from tumors treated in (A). (D) The relative volumiePC-3 cell xenograft tumors over time
in nude mice treated for 2 weeks with Docetaxel ifigfkg) alone or in combination with
ASP-8ADT/CQ. (E) TUNEL staining obtained from tumelices treated in (D). (F) A
representative Western blot of the apoptosis markatein PARP from tumors treated in (E).
(G) Quantification of the relative tumor volume BE-3 cell xenograft tumors treated for 2
weeks with Docetaxel/CQ or Docetaxel/CQ/ASP-8ADH) The volume of MDA-MB-231
cell xenograft tumors over time in nude mice trddi@ 2 weeks with the indicated drugs.
N=3 and n=5 per conditions for (A), (D) and (H). Representative images of human prostate
tumor sections labelled with Hoechst and TUNEL &poptosis detection aftex vivo
treatments with the indicated drugs (48 hr). n=drsBrepresent mean = SEM. *P < 0.05,
Student’s t test. The significance of the diffeefevas analyzed using Student's t test at the

end of than-vivo experiments.
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Highlights:
Mitochondrial Ca®* overload stimulus alone is ineffective to induce cell-death
Autophagy is a gatekeeper of cell fatein response to Ca?* homeostasis disruption

Mitochondrial Ca®* overload is a determinant of autophagy as a chemosensitizer



