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Abstract: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) selectively kills various
cancer cell types, but also leads to the activation of signaling pathways that favor resistance to cell
death. Here, we investigated the as yet unknown roles of calcium signaling and autophagy regulatory
proteins during TRAIL-induced cell death in leukemia cells. Taking advantage of the Gene Expression
Profiling Interactive Analysis (GEPIA) project, we first found that leukemia patients present a unique
TRAIL receptor gene expression pattern that may reflect their resistance to TRAIL. The exposure
of NB4 acute promyelocytic leukemia cells to TRAIL induces intracellular Ca2+ influx through
a calcium release-activated channel (CRAC)-dependent mechanism, leading to an anti-apoptotic
response. Mechanistically, we showed that upon TRAIL treatment, two autophagy proteins, ATG7
and p62/SQSTM1, are recruited to the death-inducing signaling complex (DISC) and are essential
for TRAIL-induced Ca2+ influx and cell death. Importantly, the treatment of NB4 cells with all-trans
retinoic acid (ATRA) led to the upregulation of p62/SQSTM1 and caspase-8 and, when added prior
to TRAIL stimulation, significantly enhanced DISC formation and the apoptosis induced by TRAIL.
In addition to uncovering new pleiotropic roles for autophagy proteins in controlling the calcium
response and apoptosis triggered by TRAIL, our results point to novel therapeutic strategies for
sensitizing leukemia cells to TRAIL.
Keywords: ATRA; ATG7; autophagy; cancer; CRAC channels; DISC; leukemia; ORAI1; p62/SQSTM1;
resistance to therapy
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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL, also known as
TNFSF10/Apo2L) is a member of the TNF superfamily that can lead to the induction of cell
death and non-cell death pathways [1–3]. The binding of TRAIL to its cognate receptors
enables a plethora of cellular responses that can either contribute to tumor immunosurveillance or tumor development and metastasis in a cancer context-dependent manner [2–4].
TRAIL signaling is mainly transmitted through its interaction with receptor homotrimers:
TRAIL-R1 (DR4) and TRAIL-R2 (DR5) contribute to extrinsic pathway apoptosis, while
TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) act mostly as putative TRAIL-neutralizing decoy
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receptors [5,6]. Mechanistically, the binding of TRAIL to its cognate receptors DR4 or DR5
induces the assembly of a death-inducing signaling complex (DISC), in which the apoptosis
initiator procaspase-8 (proCASP-8) is brought close of the intracellular death domain (DD)
of DR4 or DR5 by the adaptor protein Fas-associated death domain (FADD), leading to the
autocatalytic cleavage of CASP-8 and the subsequent activation of execute CASP-3, -6 or
-7 [5,7]. Besides apoptosis induction, TRAIL can induce necroptosis [8] or autophagy, where
it may function as either a promotor or inhibitor of cell death, depending on the cellular
contexts [9–11]. Therefore, TRAIL can trigger several distinct cell death and non-cell death
signaling pathways, which closely related to the recruitment of specific proteins and the
assembly of DISCs [12,13].
Autophagy is an evolutionarily conserved catabolic process that eliminates cytoplasmic entities (e.g., macromolecules and organelles) to sustain cell survival under stressful
conditions, including starvation, endoplasmic reticulum (ER) stress and chemotherapy.
Mechanistically, the class III PI3K complex and BECN1 (ATG6) initiate phagophores formation as a platform for the engulfment of cytoplasmic components. Then, two ubiquitin-like
pathways, the ATG5–ATG12 conjugate pathway and the microtubule-associated protein 1B
light chain 3 (LC3B) conjugation system, participate in phagophore elongation by forming
a closed double-membrane structure called an autophagosome [14]. In the ATG5–ATG12
conjugate pathway, ATG12 is activated by the ubiquitin-E1-like molecule ATG7 and then
transferred to ATG10 to conjugate with ATG5 and constitute a large complex with ATG16. In
the second system, LC3/ATG8 is cleaved by the protease ATG4 to form LC3B-I, after which
it is activated by ATG7 and transferred to ATG3 to bond to phosphatidylethanolamine (PE)
and form LC3B-II, which inserts into the autophagosome membranes. The recruitment
of autophagic cargo is mediated by the autophagy receptor p62/SQSTM1 (p62), which
interacts with the ubiquitinated proteins and LC3B [15]. However, beyond their conserved
role in the autophagy process, autophagy proteins can also function in vesicular trafficking
pathways and other signal transduction pathways, such as cell cycle and cell death [16,17].
In the context of cancer, autophagy acts as either a tumor promotor or a tumor suppressor,
depending on the type and stage of the tumors [18]. In addition, the ambiguous contribution of autophagy to cytoprotective and lethal signaling pathways may be leveraged in
cancer therapies [18–20].
In addition to their role in igniting lethal signaling, death receptors can transmit
signals that favor cell survival and migration, for instance, by activating the PI3K/Akt
and calcium (Ca2+ ) release signaling [6,21,22]. Calcium responses are sequentially initiated
through phospholipase C γ1 (PLCγ1)-dependent inositol trisphosphate (IP3) production,
IP3 receptor (IP3R) activation and the release of calcium ions (Ca2+ ) from the ER [23].
Subsequently, the decrease in the ER Ca2+ store is sensed by stromal interaction molecule
1 (STIM1), which, in turn, binds to the plasma membrane-located ORAI1 family proteins
and stimulates store-operated Ca2+ entry, or capacitive Ca2+ influx, via the opening of Ca2+
release-activated Ca2+ (CRAC) channels [24]. Depending on the type of cells and stimuli,
ryanodine receptors (RyR) can also operate as ER Ca2+ release channels [25].
The possibility of targeting TRAIL has attracted much attention due to the capacity of
agonistic antibodies to selectively kill tumor cells [4,6]. However, its clinical application has
been disappointing due to intrinsic or acquired resistance mechanisms [5,26]. In this study,
we aimed to explore the role of calcium signaling in controlling the cell death induced by
TRAIL in order to develop more potent TRAIL-based combination therapies. We selected
the promyelocytic leukemia (APL)-driven NB4 cell line, which is highly responsive to
differentiation therapy with all-trans retinoic acid (ATRA) [27] and which is relatively
insensitive to TRAIL [28]. ATRA not only induces autophagy and differentiation in APL
cells [29–33], but also tends to activate apoptosis, at least in part, through the upregulation
of TRAIL [34,35]. Our results revealed that TRAIL triggers an initial Ca2+ efflux from ER
stores, followed by a CRAC-dependent Ca2+ influx. In addition, we uncovered a new
implication of ATG7 and p62 for regulating TRAIL-mediated calcium entry and apoptosis,
which is mediated through their recruitment to DISCs. Interestingly, TRAIL sensitized NB4

Cells 2022, 11, 57

3 of 18

cells to the apoptotic and autophagic responses induced by ATRA and vice versa, indicating
that the combination of both drugs is particularly efficient.
2. Materials and Methods
2.1. Reagents
All-trans retinoic acid (#R2625), xestospongin C (#X2628), U733122 (#U6881), thapsigargin (#67526-95-8) and Sepharose 6B (#9012-36-6) were purchased from Sigma-Aldrich, SaintQuentin-Fallavier, France. BTP2, N-[4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-1-yl] phenyl]-4methyl-1,2,3-thiadiazole-5-carboxamide (#3939) and 2-APB (2-aminoethoxydiphenyl borate) (#1224) were purchased from TOCRIS Bioscience, Noyal Châtillon sur Seiche, France.
Tetra-methylrhodamine methyl ester (#T-668) and propidium iodide dye (#P4864) were
purchased from Life Technologies, Saint-Aubin, France. Fura-2AM (#0230) was purchased
from TEFLabs, Austin, TX, USA. Protein G-Sepharose beads were provided by Amersham
Biosciences, Les Ullis, France. The antibodies anti-ORAI1 (#O8264) and anti-LC3 (#L7543)
were from Sigma-Aldrich, Saint-Quentin-Fallavier, France; anti-STIM1 (#5668) and cleaved
caspase-3 (Asp175) (#9661) were from Cell Signaling Technology, Danvers, MA, USA; antip62/SQSTM1 (#610832) and (#BML-PW9860) were from BD Biosciences, Le Pont de Claix,
France and Enzo Life Sciences, Villeurbanne, France, respectively; anti-ATG7 (#sc-8668),
anti-FADD (#sc-5559) and anti-caspase 8 (#sc-6136) were from Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA; anti-caspase 8 (# MO32) was from MBL, MA, USA; anti-DR4
(#AB16955) and anti-DR5 (#AB16942) were from Chemicon, Millipore, Molsheim, France;
horseradish peroxidase (HRP)-conjugated related secondary antibodies, including mouse
IgG1 (#1070-05), mouse IgG2a (#1080-05), mouse IgG2b (#1090-05) and goat IgG (#6300-05),
were purchased from Southern Biotech, Birmingham, AL, USA. Cell culture media were
purchased from Life Technologies-Invitrogen, Villebon-sur-Yvette, France. Flag-tagged
recombinant soluble human TRAIL and His-tagged human TRAIL were produced and
used as described previously [36].
2.2. Expression Analysis of TRAIL Receptors in Cancers
To evaluate the expression pattern of TRAIL-Rs across cancers, we used the Gene
Expression Profiling Interactive Analysis (GEPIA) web-based tool (http://gepia.cancerpku.cn/index.html (accessed on 12 June 2021), which uses RNA sequencing expression
data from The Cancer Genome Atlas (TCGA) for tumor and adjacent tumor samples, and
data from the Genotype-Tissue Expression (GTEx) project for healthy normal tissues. The
differential expression genes (DEGs) data for 28 cancers with at least 10 normal samples
were downloaded for 28 or matched GTEx samples. These cancers included adrenocortical
carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA),
cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal
carcinoma (ESCA), glioblastoma multiform (GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower
grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD),
lung squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), prostate adenocarcinoma (PRAD), rectum adenocarcinoma
(READ), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), testicular
germ cell tumors (TGCT), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus
endometrial carcinoma (UCEC) and uterine Carcinosarcoma (UCS). The numbers and information related to the samples of this study have been summarized in the Supplementary
Materials, Table S1. To generate a heatmap and the expression matrix, the complex heatmap
R package version 2.7.1.1009 (https://jokergoo.github.io/ComplexHeatmap-reference/
accessed on 6 December 2020) based on the hierarchical clustering of genes and cancers
was used. The q-value < 0.01 and log2 FC > 1 (upregulated) or log2 FC < 1 (downregulated)
were considered to be significant values.
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2.3. Cell Culture
The NB4 acute promyelocytic leukemia-derived cell line was gifted by Dr. M Lanotte [37]. The human leukemic T cell lymphoblast Jurkat cell line was purchased from the
American Type Culture Collection. The cell lines used in this study were grown at 37 ◦ C in a
humidified atmosphere with 5% CO2 in RPMI 1640 culture media supplemented with 10%
fetal bovine serum, 100 units/mL penicillin, 100 mg/mL streptomycin and 2 mM glutamine
(Life Technologies-Invitrogen, Villebon-sur-Yvette, France). For this study, we used Jurkat
T cells stably expressing either a dominant negative mutant of ORAI1 (Orai1E106A) or a
small hairpin (sh) RNAmir-pGIPZ vector for ORAI1 (RHS4430-98715881 and -101067842)
(Open Biosystems, Inc., Huntsville, AL, USA) that were previously generated and validated
in the Patrick Legembre laboratory, as described in [38].
2.4. Generation of Autophagy Deficient Leukemia Cells
The pLenti CRISPR (pXPR) vectors expressing Cas9 and the single guide (sg)RNAs
that specifically target ATG7 or non-specific sgRNA controls were constructed and validated as described in [39]. ATG7 knocked-out (KO) NB4 cells were generated using
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system using
these lentivirus vectors as we described in our previous work [40]. Briefly, NB4 cells were
plated in a six-well plate (105 cells/well) and after 24 h, they were infected with the expressing vectors (sgATG7 or sgcontrol). At 24 h post-transfection, they were cultivated
in methylcellulose dishes and then selected with puromycin (2 µg/mL). Isolated colonies
were then taken and seeded in a 96-well plate and cultivated for 2–3 weeks. The efficacy of
the ATG7 depletion in NB4 cells was then determined using Western blotting.
For silencing p62/SQSTM1 protein expression levels, we used the small hairpin
(sh)RNA lentivirus transduction approach as previously described by our group [31].
Briefly, two pLKO1 lentiviral vectors specifically expressing shRNA p62 #1 and shRNA p62
#2 as well as a scramble shRNA control (all from Open Biosystems, Huntsville, AL, USA)
were used and the efficacy of p62 depletion in NB4 cells was then determined as described
in [31].
2.5. Cell Death Assay
Cell death was determined by staining the cells either with propidium iodide (PI) dye
for detecting the plasma membrane permeability or with tetramethyl rhodamine methyl
ester perchlorate (TMRM) dye for evaluating the mitochondrial transmembrane potential
(∆Ψm), as previously described [30]. Briefly, supernatant and attached cells were collected,
pelleted at 350 g for 5 min and stained with either 1 µg/mL PI for 15 min or 150 nM TMRM
for 30 min at 37 ◦ C. Cells were then analyzed via flow cytometry using BD FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ, USA).
2.6. Measurement of Intracellular Calcium Concentration
The intracellular Ca2+ concentrations [Ca2+ ]i were ratiometrically measured via fluorescence video cell imaging using Fura-2AM, a leakage resistant calcium probe Fluo2-AM,
as previously reported [38,41]. Briefly, NB4 or Jurkat cells were cultured on glass coverslips in six-well plates and then loaded with the 2 µM Fura-2AM for 30 min at 37 ◦ C in
Hank’s Balanced Salt Solution (HBSS) supplemented with 10 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) buffer. After rinsing the cells and replacing the
medium with HBSS, they were stimulated with TRAIL or Thapsigargin (TG) for the indicated period of times and placed under an invert fluorescence microscope (Olympus
IX70). The images of the Fura-2AM fluorescence probe (λexc = 488 nm, λem = 515 nm)
were obtained using a CoolSNAP fx CCD (charge coupled device) camera (digital camera,
12 bits), which records the fluorescence emitted by the cells in the form of gray levels, at
the rate of one image every 10 s. The images were then analyzed for the quantification of
fluorescence variations with software (Metafluor, Molecular Devices, San Jose, CA, USA).
Between 20 and 30 cells were studied per each field (at least three fields at three different
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days were measured). An increase in the fluorescence emitted by this cell permeable probe
(F/F0) reflects an increase in cytosolic Ca2+ .
2.7. Western Blotting
The control and treated cells were incubated in the lysis buffer (Tris/SDS buffer,
10 mM Tris, pH 7.4, 1% SDS) supplemented with a cocktail of protease and phosphatase
inhibitors and then treated with benzonase endonuclease (Sigma-Aldrich, Saint-QuentinFallavier France) for 5 min at room temperature. About 20–50 µg proteins of cell extracts
were subjected to SDS-PAGE electrophoresis and then transferred to a Hybond-C super
nitrocellulose membrane (#10600001, GE Healthcare, Life sciences, NY, USA), as previously
described [31]. Protein bands were visualized using an ECL kit from GE Healthcare New
York, NY, USA. Protein loading was checked through the staining of the membranes with
Ponceau Red S (Sigma-Aldrich, Saint-Quentin-Fallavier, France). Membranes were then
incubated with primary antibodies using the manufacturer’s instruction protocols followed
by the addition of appropriate HRP-conjugated secondary antibody. The densitometry
quantification was carried out using ImageJ software. All of the experiments were repeated
at least two times and representative images have been presented.
2.8. Immunoprecipitation and DICS Assay
For DISC analysis, NB4 cells (108 cells) were stimulated with 8 µg of His-TRAIL in
10 mL culture medium (800 ng/mL) for the indicated times at 37 ◦ C. Cells were then
washed with cold phosphate saline buffer (PBS) and lysed in 1 mL lysis buffer containing
1% NP-40, 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol and a proteinase inhibitor
cocktail. Cell lysates were then pre-cleared with Sepharose 6B for 1 h at 4 ◦ C and after
centrifugation, TRAIL receptor DISCs were immunoprecipitated overnight at 4 ◦ C in the
presence of protein G-Sepharose beads and an anti-caspase-8 targeting antibody. Finally,
immunoprecipitated beads were washed four times with lysis buffer, eluted in a loading
buffer (63 mM Tris-HCl pH 6.8, 2% SDS, 0.03% phenol red, 10% glycerol, 100 mM DTT),
boiled for 5 min at 95 ◦ C and processed for immunoblot analysis for the determination of
the immunoprecipitated DISC components.
2.9. Statistical Analysis
Unless otherwise stated, the two-tailed ANOVA test was used for calculation of pvalues for comparisons between two groups using GraphPad Prism 8 software. Results
are the mean of three independent experiments ±S.D., each performed in triplicates. The
p-values less than 0.05 were considered to be statistically significant.
3. Results and Discussion
3.1. Pan-Cancer RNA Sequencing Analysis Suggests TRAIL Resistance in Leukemia
We first evaluated the expression pattern of all four TRAIL-Rs across 28 of the cancer
types from The Cancer Genome Atlas (TCGA), comparing them to their corresponding
normal samples as mentioned in the Materials and Methods section (Figure 1). Leukemia,
as exemplified by acute myeloid leukemia (abbreviated as LAML), has a unique TRAIL-R
expression pattern that may reflect the resistance of these cells to TRAIL (Figure 1). Indeed,
apoptotic TRAIL-R1 (DR4) was downregulated, while decoy receptors TRAIL-R3 and -R4
were significantly upregulated compared to normal blood cells (Figure 1). These results
are fully in agreement with a previous report that showed that the downregulation of
TRAIL-R1, along with the upregulation of TRAIL decoy receptors, are associated with
resistance to TRAIL-mediated apoptosis in leukemia cells [28].
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leukemia cells, as a well-known model of calcium signaling, also demonstrated a similar
trend, with a rise in Ca2+ upon TRAIL treatment (Figure 2C), suggesting that an early
increase in cytosolic Ca2+ is generally activated upon TRAIL exposure. To decipher the role
of IP3R, we preincubated NB4 cells with either U73122, a PLCγ1 inhibitor, or xestospongin
C (XesC), a specific inhibitor of IP3R that blocks the rapid ER-dependent increase in
[Ca2+ ]i. Both inhibitors totally abrogated [Ca2+ ]i augmentation (Figure 2A). In addition,
NB4 cells pretreated with N-[4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-1-yl] phenyl]-4-methyl1,2,3-thiadiazole-5-carboxamide (BTP2), an inhibitor of store-operated Ca2+ influx [42],
prevented the cytoplasmic Ca2+ influx induced by TRAIL (Figure 2B). Similarly, Jurkat T
cells depleted from PLCγ1 or ORAI1 failed to exhibit TRAIL-mediated ER calcium release
and the subsequent sustained Ca2+ influx, respectively (Figure 2C). These results support
the idea that upon TRAIL treatment, inositol 1,4,5-trisphosphate 3 (IP3) is generated by
activated PLCγ1, and this leads to a rapid transient ER Ca2+ release into the cytosol via
IP3R and the subsequent activation of STIM1/ORAI1-coupled CRAC channels that sustains
the Ca2+ signal.
Depending on the context, the increase in [Ca2+ ]i exerts either pro-apoptotic or antiapoptotic roles [43,44]. For example, it was shown that CD95- or TRAIL-mediated Ca2+
release led to apoptosis resistance due to delayed DISC formation [38] or TRAIL–DR
endocytosis, respectively [25]. To determine if there is a connection between TRAILinduced Ca2+ response and apoptosis in NB4 cells, we evaluated the effect of different Ca2+
blockers on TRAIL-induced apoptosis in NB4 cells. TRAIL used at 250 ng/mL was able to
induce 30–33% apoptotic cell death in NB4 cells (Figure 2D,E). Interestingly, the ER calcium
blockers of XesC and U73122 did not affect, or marginally dampened, TRAIL-induced
apoptosis (Figure 2D), suggesting that IP3R-dependent ER Ca2+ release is uncoupled
from apoptosis under this condition. On the contrary, we found that the pretreatment of
cells with the ORAI1 channel inhibitor BTP2 significantly enhanced TRAIL-driven cell
death, suggesting a contribution of CRAC-dependent Ca2+ influx to resistance to apoptosis
induced by TRAIL in NB4 (Figure 2E) and Jurkat (Figure 2F) cells. Similarly, pretreatment
with the extracellular Ca2+ chelator EGTA sensitized NB4 cells to TRAIL-induced apoptosis,
supporting the idea that Ca2+ entry from extracellular sources plays an anti-apoptotic role
in response to TRAIL (Figure S1). Such an anti-apoptotic role of CRAC channels has been
reported in response to CD95L [38] and other conditions [45,46] in cancer cells. It is possible
that the inhibition of capacitive Ca2+ influx by BTP2 results in a relative Ca2+ deficit in ER,
which may lead to persistent ER stress, thereby provoking the induction of apoptosis [47].
3.3. ATG7 and p62 Are Both Required for Calcium Influx Induced by TRAIL
A recent report points to the central role of autophagy in controlling T cell receptormediated Ca2+ influx [48]. The relationship between Ca2+ signaling and autophagy is
reciprocal; while autophagy modulation (both its inhibition and activation) by Ca2+ signaling has been well documented, the role of autophagy in regulating [Ca2+ ]i is poorly
understood [49]. To understand whether the TRAIL-induced Ca2+ response and autophagy
are interconnected, we used CRISPR/Cas9 and shRNA approaches to silence ATG7 and
p62 expression levels, respectively (Figure 3A,B). At least three clones for sgATG7 (clones
#1, #2 and #3) and two sources of NB4 cells that express two different shRNAs against p62
were used. As shown in Figure 3C,D, the removal of ATG7 and p62 significantly prevented
a TRAIL-induced calcium response, comparable to the effects observed for U73122 and
XesC (Figure 2A), implying that ATG7 and p62 are involved in the ER Ca2+ release into
the cytosol and the subsequent CRAC-mediated Ca2+ influx. Similarly, the [Ca2+ ]i augmentation induced by TRAIL was dramatically impaired in the Jurkat cells that express
an shRNA against p62 compared to control cells (Supplementary Materials, Figure S2),
suggesting that p62-dependent calcium release is a general response elicited by TRAIL.
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We then investigated in more detail the role of ATG7 and p62 in the induction of
apoptosis by using ATG7-depleted NB4 cells and NB4 cells that express shRNA against
p62. Interestingly, the depletion of both ATG7 and p62 led to a noticeable inhibition of
TRAIL-induced apoptosis, suggesting that these autophagy proteins not only control Ca2+
influx, but also contribute to TRAIL-induced apoptosis (Figure 4B,C). Because ATG7 and
p62 silencing was unable to enhance TRAIL-driven cell death (Figure 4B,C) unlike the
CRAC channel inhibitor of BTP2 (Figure 2E,F), we hypothesize that this response is uncoupled from their role in the regulation of Ca2+ influx induced by TRAIL. These data
collaborate with the study showing the pro-death effect of ATG7 in response to HW1, a
human single-chain variable fragment (scFv) that specifically binds to TRAIL-R2 [50].
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with the death domain of FADD [51–53]. Accordingly, we also observed the recruitment
of ATG5 to the DISC in NB4 cells treated with TRAIL (data not shown). Furthermore,
our results may be interpreted in the context of an intracellular death-inducing signaling
complex (iDISC), where the autophagosomal membrane serves as a platform for interaction
between FADD and p62 with ATG5 and LC3-II, respectively, to mediate the recruitment and
subsequent activation of proCASP-8 [54–56]. Accordingly, it was reported that the depletion
of ATG7 prevents iDISC formation and subsequently CASP-8-dependent apoptosis in
CHMP2A-deficient osteosarcoma and neuroblastoma cells [55]. Moreover, p62 aggregation
was shown to promote the cell death induced by the BH3 mimetic agent ABT-263, as a
consequence of CASP-8 aggregation and full activation [56,57]. Besides apoptosis, it was
shown that the autophagic proteins can also control necroptosis [58] or influence other
cancer-related pathways, such as migration and invasion, as reported in [59,60].
3.5. Autophagy Disruption Results in a Defect in ER Ca2+ Calcium Homeostasis
To gain more mechanistic insight into how autophagy regulates the TRAIL-induced
Ca2+ response, we studied the effects of autophagy (ATG7) depletion on ER Ca2+ homeostasis. Recently, Jia et al. [48] reported that the impairment of the Ca2+ influx in autophagydeficient Jurkat cells resulted from abnormal ER expansion and enhanced ER Ca2+ control
and ATG7-KO NB4 cells with the Sarco/endoplasmic reticulum Ca2+ ATPase (SERCA)
pump inhibitor thapsigargin (TG) [48]. TG depletes ER Ca2+ storage by blocking the ER
calcium uptake mediated by the SERCA pump [61]. We used a low concentration of TG
(5 nM) that could efficiently block the transports of Ca2+ from the cytosol into the ER, as
evidenced by the subsequent increase in cytosolic Ca2+ levels (Figure 5A), but was unable
to significantly stimulate ER stress-dependent apoptosis (Figure 5B) [61]. Notably, this
response was more pronounced in ATG7-depleted NB4 cells, suggesting that more calcium
content is stored in the ER of ATG7-depleted cells than that of control cells (Figure 5A).
This enhanced Ca2+ content could be related to an abnormal ER expansion due to a defect
of autophagy, as previously reported for the ATG7-deficient T lymphocytes activated via
the T cell receptor [48].
We next investigated whether ATG7 loss can influence cell death in the NB4 cells
treated by TG. While TG was unable to stimulate apoptosis in control NB4 cells, a significant
induction of cell death was observed in ATG7-KO cell lines (Figure 5B). Thus, an increase
in ER Ca2+ content resulting from ATG7 loss is associated with enhanced cell death in
response to TG. It is possible that the induction of a prolonged unresolved ER stress in
ATG7-depleted cells is responsible for the activation of cell death by TG as reported in [62].
Additional mechanisms have been proposed for the induction of cell death by TG which
rely on DR5 upregulation, the non-autophagic function of LC3B and the involvement of
unfolded protein response (UPR) mediators [63].
Thus, we hypothesize that ATG7 regulates TRAIL-mediated Ca2+ responses and
cell death through distinct ways: (i) the regulation of ER organelle homeostasis and ER
Ca2+ storage, and consequently Ca2+ influx into cells; (ii) favoring the recruitment of
apoptotic components to DISCs, which may facilitate cell death induction; (iii) the distinct
dysregulation of DR4 and DR5, which may consequently favor a calcium response and
apoptotic DISC formation, respectively [41]. However, the precise mechanisms that couple
ER Ca2+ release and apoptosis to autophagy and DISCs need further investigation.
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Many reports demonstrated that FasL/CD95 and TRAIL induce both autophagy and
apoptosis [10,67], where autophagy can either promote or inhibit apoptosis [17,68]. The
selective autophagy-mediated degradation of a negative or positive regulator of apoptosis, which differently affect the receptor for FasL and TRAIL, may explain this dual role
of autophagy [17,58,68]. In addition, we and others have previously shown that ATRA
promotes autophagy induction and the accumulation of p62 in APL cells [31,32]. Here, we
found that both TRAIL and ATRA elicited a significant accumulation of two well-known
autophagy markers, LC3-II and p62, after 24 h and 48 h treatment of NB4 cells (Figure 6B).
Because ATRA promotes the upregulation of CASP-8 and p62 as shown in [31,69] and in
Figure 6B, we speculated that the combination of TRAIL and ATRA might facilitate
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cell death. NB4 cells were pretreated with 10 nM ATRA for 24 h alone or with TRAIL (250 ng/mL)
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permeability) were then measured by staining the cells with TMRM and PI staining, respectively.
permeability) were then measured by staining the cells with TMRM and PI staining, respectively. The
percentage of cells exhibiting low TMRM staining and high PI staining were scored for each condition.
Results were from three independent experiments and expressed as means ± S.D. Statistically,
changes in the treated groups (ATRA +/- TRAIL) compared with none-treated group (NT) have been
represented as * p ≤ 0.01, ** p ≤ 0.001 and *** p ≤ 0.0001. (B) Immunoblot analyses of CASP-8 and
CASP-3 processing and autophagy markers levels (LC3-II and p62) were shown. For the densitometry
quantification, CASP-3 cleaved fragments, CASP-8 cleaved forms, p62 and LC3B-II/LC3B-I protein
levels were normalized to corresponding Ponceau red S using the ImageJ software. The protein
fold changes (FC) represent the ratio of treated cells versus control non-treated cells at each time
point. (C) NB4 cells were pretreated with ATRA (10 nM) for 24 h and then treated with His-TRAIL
(800 ng/mL) for the indicated time. After cell lysis, the DISCs were immunoprecipitated using
an antibody against caspase 8 and analyzed by Western blotting for the expression levels of DISC
components (CASP-8, DR4, DR5 and FADD).
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Many reports demonstrated that FasL/CD95 and TRAIL induce both autophagy and
apoptosis [10,67], where autophagy can either promote or inhibit apoptosis [17,68]. The
selective autophagy-mediated degradation of a negative or positive regulator of apoptosis,
which differently affect the receptor for FasL and TRAIL, may explain this dual role of
autophagy [17,58,68]. In addition, we and others have previously shown that ATRA
promotes autophagy induction and the accumulation of p62 in APL cells [31,32]. Here, we
found that both TRAIL and ATRA elicited a significant accumulation of two well-known
autophagy markers, LC3-II and p62, after 24 h and 48 h treatment of NB4 cells (Figure 6B).
Because ATRA promotes the upregulation of CASP-8 and p62 as shown in [31,69] and
in Figure 6B, we speculated that the combination of TRAIL and ATRA might facilitate
apoptosis induction by enhancing the recruitment of p62 and CASP-8 into the DISC. As
shown in Figure 6C, the addition of ATRA prior to TRAIL treatment markedly enhanced
TRAIL-mediated CASP-8 processing and the assembly of DISC components (i.e., CASP8, DR4, DR5 and FADD) in NB4 cells, which is in line with the massive induction of
apoptosis observed under this condition (Figure 6A). Similarly, it has been reported that
the combination of TRAIL and ATO promoted CASP8-dependent DISC formation and
apoptosis in leukemia cells [65]. It should be mentioned that ATRA can also stimulate
SOCE-dependent calcium influx in NB4 cells [70], and we observed that ORAI1 is recruited
to the DISC when ATRA was added to TRAIL (data not shown). These results suggest a
molecular connection between ORAI1 and DISC assembly. Whether or not this response is
involved in the stimulatory effect of ATRA on TRAIL-driven apoptosis and DISC formation
remains to be elucidated.
Taken together, we observed that ATG7 and p62 proteins are recruited to the DISC
to form a large macromolecular complex that contributes to Ca2+ signaling responses and
the apoptosis induced by TRAIL (Figures 2 and 4). It is worth noting that a significant
activation of autophagy (as evidenced by the accumulation of LC3B-II) is also detected
after a relatively long (48 h) exposure to TRAIL (Figure 6). The accumulation of both
autophagosomes and p62/SQSMT1 protein aggregates, but not autolysosomal activity,
has been shown to be required for TRAIL-induced CASP-8 activation and apoptosis in
TRAIL-sensitive cells [56,71]. Thus, the extent of autophagy levels in cells may determine
CASP-8 activity and the sensibility of cells to TRAIL treatment [58]. Further investigation
is needed to fully understand the reason for the cell type-specific differential response
to TRAIL.
4. Conclusions
Altogether, we demonstrated herein a new role for the autophagy proteins ATG7 and
p62 in regulating CRAC-dependent Ca2+ influx and ER calcium homeostasis in APL cells
treated with TRAIL. We found that upon TRAIL treatment, ATG7 and p62 are recruited
to the DISC and are involved in the induction of Ca2+ influx and apoptosis. Interestingly,
the combination of TRAIL and ATRA led to a significant enhancement of DISC assembly
and sensitized APL cells to TRAIL-induced cell death. Taken together, our results unveil a
complicated multi-layer role for autophagic proteins in regulating Ca2+ signaling and the
apoptosis triggered by TRAIL alone or in combination with ATRA. These findings may
lead to new therapeutic strategies for combating the resistance of leukemic cells against
TRAIL and ATRA.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11010057/s1, Figure S1: Time-dependent effects of the Ca2+
influx blockers BTP2 and EGTA on TRAIL-induced apoptosis; Figure S2: p62 deficiency inhibits
TRAIL-induced Ca2+ influx in Jurkat cells; Table S1: Information on the numbers and type of The
Cancer Genome Atlas (TCGA) tumors, adjacent (Adj) tumor samples and Genotype-Tissue Expression
(GTEx) normal tissues. The data have been extracted from Gene Expression Profiling Interactive
Analysis (GEPIA).

Cells 2022, 11, 57

15 of 18

Author Contributions: Conceptualization, M.D.-M., P.V. and M.A.M.; Data curation, K.A., P.V.,
O.M., V.P.-M., M.A.M. and M.D.-M.; Formal analysis, K.A., P.V., O.M., M.A.M., V.P.-M. and M.D.-M.;
Funding acquisition, G.K., M.A.M. and M.D.-M.; Investigation, K.A., P.V. and V.P.-M.; Methodology,
P.V., O.M., M.A.M., V.P.-M. and M.D.-M.; Project administration, M.D.-M.; Software, K.A., P.V. and
M.A.M.; Supervision, M.D.-M.; Validation, K.A., G.K., P.V., O.M., V.P.-M., M.A.M. and M.D.-M.;
Visualization, G.K., M.A.M. and M.D.-M.; Writing—original draft, M.A.M.; Writing—review and
editing, P.V., O.M., G.K., M.A.M. and M.D.-M. All authors have read and agreed to the published
version of the manuscript.
Funding: M.A.M. and M.D.-M. are supported by the international grant program (No.: 980301I-728) from the National Institute of Genetic Engineering and Biotechnology (NIGEB). K.A. was
supported by a post-doctoral fellowship from the “Aquitaine Regional Council” (to M.D.-M.). This
work was supported by funds from the Institut National de la Santé et de la Recherche Médicale
(INSERM, Paris, France) and a grant from the Federation de recherche Transbiomed (to M.D.-M.)
and contributes to the IdEx Université de Paris ANR-18-IDEX-0001. O.M. is supported by grants
from the ANR (Agence Nationale de la Recherche) program “Investissements d’Avenir” Labex LipSTIC (ANR-11-LABX-0021-01), ISITE-BFC (ANR-15-IDEX-0003) and the European Union’s Horizon
2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No
777995 (DISCOVER). G.K. is supported by the Ligue contre le Cancer (équipe labellisée); Agence
National de la Recherche (ANR)—Projets blancs; AMMICa US23/CNRS UMS3655; Association pour
la recherche sur le cancer (ARC); Association “Ruban Rose”; Cancéropôle Ile-de-France; Fondation
pour la Recherche Médicale (FRM); a donation by Elior; Equipex Onco-Pheno-Screen; European
Joint Programme on Rare Diseases (EJPRD); Gustave Roussy Odyssea, the European Union Horizon
2020 Projects Oncobiome and Crimson; Fondation Carrefour; Institut National du Cancer (INCa);
Inserm (HTE); Institut Universitaire de France; LabEx Immuno-Oncology (ANR-18-IDEX-0001); the
Leducq Foundation; a Cancer Research ASPIRE Award from the Mark Foundation; the RHU Torino
Lumière; Seerave Foundation; SIRIC Stratified Oncology Cell DNA Repair and Tumor Immune
Elimination (SOCRATE); and SIRIC Cancer Research and Personalized Medicine (CARPEM). This
study contributes to the IdEx Université de Paris ANR-18-IDEX-0001.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be available on request.
Acknowledgments: We are grateful to Patrick Legembre for providing the Jurkat shRNA ORAI1 and
PLC γ-deficient Jurkat cells (PLC γ1-/-) previously described in [38]. We thank Morgane Lajoie and
Corentin Barrière for help in immunoprecipitation experiments, and Zahra Nayyeri for her assistance
in bioinformatic analysis.
Conflicts of Interest: G.K. has been holding research contracts with Daiichi Sankyo, Eleor, Kaleido,
Lytix Pharma, PharmaMar, Samsara, Sanofi, Sotio, Vascage and Vasculox/Tioma; is on the Board of
Directors of the Bristol Myers Squibb Foundation France; and is a scientific co-founder of everImmune,
Samsara Therapeutics and Therafast Bio. Other authors have no conflict of interest.

Abbreviations
APL: acute promyelocytic leukemia; ATO, arsenic trioxide; ATRA, all-trans retinoic acid; Atg,
autophagy-related gene; BTP2, N-(4-(3,5-bis(tri uoromethyl)-1H-pyrazol-1-yl)phenyl)-4-methyl-1,2,3thiadiazole-5-carboxamide; Ca2+ , calcium ions; [Ca2+ ]i, intracellular Ca2+ concentration; CRAC,
calcium released activated channel; CRISPR, clustered regularly interspaced short palindromic repeats; DcR, decoy receptors; DD, death domain; DISC, death-inducing signaling complex; DR, death
receptor; ER, endoplasmic reticulum; FADD, Fas-associated death domain; HBSS, Hank’s Balanced
Salt Solution; GEPIA2, Gene Expression Profiling Interactive Analysis 2; GTEx, Genotype -Tissue
Expression); HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IP3, inositol trisphosphate;
IP3R, IP3 receptors; KD, knocked down; KO, knocked out; LC3-II, microtubule-associated protein
1 light chain 3-II; MOMP, mitochondrial outer membrane permeabilization; PI, propidium iodide;
PLCγ1, phospholipase Cγ1; SOCE, store-operated calcium entry; sh, small hairpin; SQSTM1/P62,
sequestosome 1; SERCA, sarco-/endoplasmic reticulum Ca2+ -ATPase; STIM-1, stromal interaction
molecule 1; TCGA, The Cancer Genome Atlas; TG, Thapsigargin; TMRM, tetramethylrhodamine

Cells 2022, 11, 57

16 of 18

methyl ester; TRAIL, Tumor necrosis factor (TNF)-related apoptosis-inducing ligand; UPR, unfolded
protein response; XesC, xestospongin C.

References
1.

2.
3.
4.
5.
6.
7.
8.

9.
10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

Wiley, S.R.; Schooley, K.; Smolak, P.J.; Din, W.S.; Huang, C.-P.; Nicholl, J.K.; Sutherland, G.R.; Smith, T.D.; Rauch, C.; Smith, C.A.;
et al. Identification and characterization of a new member of the TNF family that induces apoptosis. Immunity 1995, 3, 673–682.
[CrossRef]
Sag, D.; Ayyildiz, Z.O.; Gunalp, S.; Wingender, G. The Role of TRAIL/DRs in the Modulation of Immune Cells and Responses.
Cancers 2019, 11, 1469. [CrossRef]
Cardoso Alves, L.; Corazza, N.; Micheau, O.; Krebs, P. The multifaceted role of TRAIL signaling in cancer and immunity. FEBS J.
2021, 288, 5530–5554. [CrossRef]
Singh, D.; Tewari, M.; Singh, S.; Narayan, G. Revisiting the role of TRAIL/TRAIL-R in cancer biology and therapy. Futur. Oncol.
2021, 17, 581–596. [CrossRef] [PubMed]
Von Karstedt, S.; Montinaro, A.; Walczak, H. Exploring the TRAILs less travelled: TRAIL in cancer biology and therapy. Nat. Rev.
Cancer 2017, 17, 352–366. [CrossRef]
Walczak, H. Death Receptor-Ligand Systems in Cancer, Cell Death, and Inflammation. Cold Spring Harb. Perspect. Biol. 2013, 5,
a008698. [CrossRef]
Bodmer, J.-L.; Holler, N.; Reynard, S.; Vinciguerra, P.; Schneider, P.; Juo, P.; Blenis, J.; Tschopp, J. TRAIL receptor-2 signals
apoptosis through FADD and caspase-8. Nat. Curell Biol. 2000, 2, 241–243. [CrossRef]
Jouan-Lanhouet, S.; Arshad, M.I.; Piquetpellorce, C.; Martin-Chouly, C.; Le Moigne-Muller, G.; Van Herreweghe, F.; Takahashi,
N.; Sergent, O.; Lagadic-Gossmann, D.; Vandenabeele, P.; et al. TRAIL induces necroptosis involving RIPK1/RIPK3-dependent
PARP-1 activation. Cell Death Differ. 2012, 19, 2003–2014. [CrossRef]
Yao, Z.; Zhang, P.; Guo, H.; Shi, J.; Liu, S.; Liu, Y.; Zheng, D. RIP1 modulates death receptor mediated apoptosis and autophagy in
macrophages. Mol. Oncol. 2015, 9, 806–817. [CrossRef] [PubMed]
Mills, K.R.; Reginato, M.; Debnath, J.; Queenan, B.; Brugge, J.S. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is
required for induction of autophagy during lumen formation in vitro. Proc. Natl. Acad. Sci. USA 2004, 101, 3438–3443. [CrossRef]
[PubMed]
Airiau, K.; Djavaheri-Mergny, M. Cross-Talk between Autophagy and Death Receptor Signaling Pathways. In Autophagy: Cancer,
Other Pathologies, Inflammation, Immunity, Infection, and Aging; Hayat, M.A., Ed.; Academic Press: Cambridge, MA, USA, 2016; pp.
119–133. [CrossRef]
Micheau, O.; Tschopp, J. Induction of TNF Receptor I-Mediated Apoptosis via Two Sequential Signaling Complexes. Cell 2003,
114, 181–190. [CrossRef]
Twomey, J.D.; Kim, S.-R.; Zhao, L.; Bozza, W.P.; Zhang, B. Spatial dynamics of TRAIL death receptors in cancer cells. Drug Resist.
Updat. 2015, 19, 13–21. [CrossRef] [PubMed]
Klionsky, D.J.; Schulman, B.A. Dynamic regulation of macroautophagy by distinctive ubiquitin-like proteins. Nat. Struct. Mol.
Biol. 2014, 21, 336–345. [CrossRef] [PubMed]
Liu, W.J.; Ye, L.; Huang, W.F.; Guo, L.J.; Xu, Z.G.; Wu, H.L.; Yang, C.; Liu, H.F. p62 links the autophagy pathway and the
ubiqutin-proteasome system upon ubiquitinated protein degradation. Cell. Mol. Biol. Lett. 2016, 21, 29. [CrossRef] [PubMed]
Levine, B.; Kroemer, G. Biological Functions of Autophagy Genes: A Disease Perspective. Cell 2019, 176, 11–42. [CrossRef]
[PubMed]
Thorburn, A. Autophagy and disease. J. Biol. Chem. 2018, 293, 5425–5430. [CrossRef] [PubMed]
Galluzzi, L.; Pietrocola, F.; Bravo-San Pedro, J.M.; Amaravadi, R.K.; Baehrecke, E.H.; Cecconi, F.; Codogno, P.; Debnath, J.; Gewirtz,
D.A.; Karantza, V.; et al. Autophagy in malignant transformation and cancer progression. EMBO J. 2015, 34, 856–880. [CrossRef]
Wen, X.; Klionsky, D.J. At a glance: A history of autophagy and cancer. Semin. Cancer Biol. 2019, 66, 3–11. [CrossRef]
Sui, X.; Chen, R.; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W.; Lou, F.; Yang, J.; Zhang, Q.; et al. Autophagy and
chemotherapy resistance: A promising therapeutic target for cancer treatment. Cell Death Dis. 2013, 4, e838. [CrossRef]
Siegmund, D.; Lang, I.; Wajant, H. Cell death-independent activities of the death receptors CD95, TRAILR1, and TRAILR2. FEBS
J. 2017, 284, 1131–1159. [CrossRef] [PubMed]
Walczak, H.; Miller, R.E.; Ariail, K.; Gliniak, B.; Griffith, T.S.; Kubin, M.; Chin, W.; Jones, J.; Woodward, A.; Le, T.; et al. Tumoricidal
activity of tumor necrosis factor–related apoptosis–inducing ligand in vivo. Nat. Med. 1999, 5, 157–163. [CrossRef]
Krebs, J.; Agellon, L.B.; Michalak, M. Ca2+ homeostasis and endoplasmic reticulum (ER) stress: An integrated view of calcium
signaling. Biochem. Biophys. Res. Commun. 2015, 460, 114–121. [CrossRef] [PubMed]
Cui, C.; Merritt, R.; Fu, L.; Pan, Z. Targeting calcium signaling in cancer therapy. Acta Pharm. Sin. B 2017, 7, 3–17. [CrossRef]
[PubMed]
Reis, C.R.; Chen, P.-H.; Bendris, N.; Schmid, S.L. TRAIL-death receptor endocytosis and apoptosis are selectively regulated by
dynamin-1 activation. Proc. Natl. Acad. Sci. USA 2017, 114, 504–509. [CrossRef] [PubMed]
Micheau, O.; Shirley, S.; Dufour, F. Death receptors as targets in cancer. Br. J. Pharmacol. 2013, 169, 1723–1744. [CrossRef]
Di Martino, O.; Welch, J.S. Retinoic acid receptors in acute myeloid leukemia therapy. Cancers 2019, 11, 1915. [CrossRef] [PubMed]

Cells 2022, 11, 57

28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.

39.
40.

41.

42.

43.
44.
45.

46.

47.

48.
49.
50.

51.

17 of 18

Riccioni, R.; Pasquini, L.; Mariani, G.; Saulle, E.; Rossini, A.; Diverio, D.; Pelosi, E.; Vitale, A.; Chierichini, A.; Cedrone, M.; et al.
TRAIL decoy receptors mediate resistance of acute myeloid leukemia cells to TRAIL. Haematologica 2005, 90, 612–624. [PubMed]
Jiménez-Lara, A.M.; Clarke, N.; Altucci, L.; Gronemeyer, H. Retinoic-acid-induced apoptosis in leukemia cells. Trends Mol. Med.
2004, 10, 508–515. [CrossRef] [PubMed]
Trocoli, A.; Mathieu, J.; Priault, M.; Reiffers, J.; Souquère, S.; Pierron, G.; Besançon, F.; Djavaheri-Mergny, M. ATRA-induced
upregulation of Beclin 1 prolongs the life span of differentiated acute promyelocytic leukemia cells. Autophagy 2011, 7, 1108–1114.
[CrossRef]
Trocoli, A.; Bensadoun, P.; Richard, E.; Labrunie, G.; Merhi, F.; Schläfli, A.M.; Brigger, D.; Souquere, S.; Pierron, G.; Pasquet,
J.-M.; et al. p62/SQSTM1 upregulation constitutes a survival mechanism that occurs during granulocytic differentiation of acute
myeloid leukemia cells. Cell Death Differ. 2014, 21, 1852–1861. [CrossRef]
Moosavi, M.A.; Djavaheri-Mergny, M. Autophagy: New Insights into Mechanisms of Action and Resistance of Treatment in
Acute Promyelocytic leukemia. Int. J. Mol. Sci. 2019, 20, 3559. [CrossRef]
Djavaheri-Mergny, M.; Giuriato, S.; Tschan, M.P.; Humbert, M. Therapeutic Modulation of Autophagy in Leukaemia and
Lymphoma. Cells 2019, 8, 103. [CrossRef]
Altucci, L.; Rossin, A.; Raffelsberger, W.; Reitmair, A.; Chomienne, C.; Gronemeyer, H. Retinoic acid-induced apoptosis in
leukemia cells is mediated by paracrine action of tumor-selective death ligand TRAIL. Nat. Med. 2001, 7, 680–686. [CrossRef]
Bradbury, J. TRAIL leads to apoptosis in acute promyelocytic leukaemia. Lancet 2001, 357, 1770. [CrossRef]
Schneider, P. Production of Recombinant TRAIL and TRAIL Receptor: Fc Chimeric Proteins. Methods Enzymol. 2000, 322, 325–345.
[CrossRef]
Lanotte, M.; Martin-Thouvenin, V.; Najman, S.; Balerini, P.; Valensi, F.; Berger, R. NB4, a maturation inducible cell line with t(15;17)
marker isolated from a human acute promyelocytic leukemia (M3). Blood 1991, 77, 1080–1086. [CrossRef] [PubMed]
Khadra, N.; Bresson-Bepoldin, L.; Penna, A.; Chaigne-Delalande, B.; Ségui, B.; Levade, T.; Vacher, A.-M.; Reiffers, J.; Ducret, T.;
Moreau, J.-F.; et al. CD95 triggers Orai1-mediated localized Ca2+ entry, regulates recruitment of protein kinase C (PKC) β2, and
prevents death-inducing signaling complex formation. Proc. Natl. Acad. Sci. USA 2011, 108, 19072–19077. [CrossRef]
O’Prey, J.; Sakamaki, J.; Baudot, A.D.; New, M.; Van Acker, T.; Tooze, S.A.; Long, J.S.; Ryan, K.M. Application of CRISPR/Cas9 to
Autophagy Research. Methods Enzymol. 2016, 588, 79–108. [CrossRef] [PubMed]
Beauvarlet, J.; Bensadoun, P.; Darbo, E.; Labrunie, G.; Rousseau, B.; Richard, E.; Draskovic, I.; Londono-Vallejo, A.; Dupuy, J.-W.;
Das, R.N.; et al. Modulation of the ATM/autophagy pathway by a G-quadruplex ligand tips the balance between senescence and
apoptosis in cancer cells. Nucleic Acids Res. 2019, 47, 2739–2756. [CrossRef]
Dufour, F.; Rattier, T.; Constantinescu, A.A.; Zischler, L.; Morlé, A.; Ben Mabrouk, H.; Humblin, E.; Jacquemin, G.; Szegezdi, E.;
Delacote, F.; et al. TRAIL receptor gene editing unveils TRAIL-R1 as a master player of apoptosis induced by TRAIL and ER
stress. Oncotarget 2017, 8, 9974–9985. [CrossRef]
Takezawa, R.; Cheng, H.; Beck, A.; Ishikawa, J.; Launay, P.; Kubota, H.; Kinet, J.-P.; Fleig, A.; Yamada, T.; Penner, R. A Pyrazole
Derivative Potently Inhibits Lymphocyte Ca2+ Influx and Cytokine Production by Facilitating Transient Receptor Potential
Melastatin 4 Channel Activity. Mol. Pharmacol. 2006, 69, 1413–1420. [CrossRef] [PubMed]
Boehning, D.; van Rossum, D.B.; Patterson, R.L.; Snyder, S.H. A peptide inhibitor of cytochrome c/inositol 1,4,5-trisphosphate
receptor binding blocks intrinsic and extrinsic cell death pathways. Proc. Natl. Acad. Sci. USA 2005, 102, 1466–1471. [CrossRef]
Zhai, X.; Sterea, A.M.; Hiani, Y. El Lessons from the Endoplasmic Reticulum Ca2+ Transporters-A Cancer Connection. Cells 2020,
9, 1536. [CrossRef] [PubMed]
Flourakis, M.; Lehen’Kyi, V.; Beck, B.; Raphael, M.; Vandenberghe, M.; Van Denabeele, F.; Roudbaraki, M.; Lepage, G.; Mauroy, B.;
Romanin, C.; et al. Orai1 contributes to the establishment of an apoptosis-resistant phenotype in prostate cancer cells. Cell Death
Dis. 2010, 1, e75. [CrossRef]
Vanoverberghe, K.; Abeele, F.V.; Mariot, P.; Lepage, G.; Roudbaraki, M.; Bonnal, J.L.; Mauroy, B.; Shuba, Y.; Skryma, R.;
Prevarskaya, N. Ca2+ homeostasis and apoptotic resistance of neuroendocrine-differentiated prostate cancer cells. Cell Death
Differ. 2004, 11, 321–330. [CrossRef]
Lu, M.; Lawrence, D.A.; Marsters, S.; Acosta-Alvear, D.; Kimmig, P.; Mendez, A.S.; Paton, A.W.; Paton, J.C.; Walter, P.; Ashkenazi,
A. Opposing unfolded-protein-response signals converge on death receptor 5 to control apoptosis. Science 2014, 345, 98–101.
[CrossRef]
Jia, W.; Pua, H.H.; Li, Q.-J.; He, Y.-W. Autophagy Regulates Endoplasmic Reticulum Homeostasis and Calcium Mobilization in T
Lymphocytes. J. Immunol. 2011, 186, 1564–1574. [CrossRef] [PubMed]
Kania, E.; Pajak, B.; Orzechowski, A. Calcium Homeostasis and ER Stress in Control of Autophagy in Cancer Cells. BioMed Res.
Int. 2015, 2015, 352794. [CrossRef]
Park, K.-J.; Lee, S.-H.; Kim, T.-I.; Lee, H.-W.; Lee, C.-H.; Kim, E.-H.; Jang, J.-Y.; Choi, K.S.; Kwon, M.-H.; Kim, Y.-S. A Human scFv
Antibody against TRAIL Receptor 2 Induces Autophagic Cell Death in Both TRAIL-Sensitive and TRAIL-Resistant Cancer Cells.
Cancer Res. 2007, 67, 7327–7334. [CrossRef] [PubMed]
Bell, B.D.; Leverrier, S.; Weist, B.M.; Newton, R.H.; Arechiga, A.F.; Luhrs, K.A.; Morrissette, N.S.; Walsh, C.M. FADD and caspase-8
control the outcome of autophagic signaling in proliferating T cells. Proc. Natl. Acad. Sci. USA 2008, 105, 16677–16682. [CrossRef]

Cells 2022, 11, 57

52.

53.
54.

55.
56.
57.
58.

59.
60.
61.
62.

63.

64.
65.
66.
67.

68.
69.

70.

71.

18 of 18

Pyo, J.-O.; Jang, M.-H.; Kwon, Y.-K.; Lee, H.-J.; Jun, J.-I.; Woo, H.-N.; Cho, D.-H.; Choi, B.Y.; Lee, H.; Kim, J.-H.; et al. Essential
Roles of Atg5 and FADD in Autophagic Cell Death: Dissection of autophagic cell death into vacuole formation and cell death. J.
Biol. Chem. 2005, 280, 20722–20729. [CrossRef]
Thorburn, A. Apoptosis and autophagy: Regulatory connections between two supposedly different processes. Apoptosis 2008, 13,
1–9. [CrossRef] [PubMed]
Young, M.M.; Takahashi, Y.; Khan, O.; Park, S.; Hori, T.; Yun, J.; Sharma, A.K.; Amin, S.; Hu, C.-D.; Zhang, J.; et al. Autophagosomal
Membrane Serves as Platform for Intracellular Death-inducing Signaling Complex (iDISC)-mediated Caspase-8 Activation and
Apoptosis. J. Biol. Chem. 2012, 287, 12455–12468. [CrossRef] [PubMed]
Hattori, T.; Takahashi, Y.; Chen, L.; Tang, Z.; Wills, C.A.; Liang, X.; Wang, H.-G. Targeting the ESCRT-III component CHMP2A for
noncanonical Caspase-8 activation on autophagosomal membranes. Cell Death Differ. 2021, 28, 657–670. [CrossRef] [PubMed]
Huang, S.; Okamoto, K.; Yu, C.; Sinicrope, F.A. p62/Sequestosome-1 Up-regulation Promotes ABT-263-induced Caspase-8
Aggregation/Activation on the Autophagosome. J. Biol. Chem. 2013, 288, 33654–33666. [CrossRef]
Jin, Z.; Li, Y.; Pitti, R.; Lawrence, D.; Pham, V.C.; Lill, J.R.; Ashkenazi, A. Cullin3-Based Polyubiquitination and p62-Dependent
Aggregation of Caspase-8 Mediate Extrinsic Apoptosis Signaling. Cell 2009, 137, 721–735. [CrossRef] [PubMed]
Goodall, M.L.; Fitzwalter, B.E.; Zahedi, S.; Wu, M.; Rodriguez, D.; Mulcahy-Levy, J.M.; Green, D.R.; Morgan, M.; Cramer, S.D.;
Thorburn, A. The Autophagy Machinery Controls Cell Death Switching between Apoptosis and Necroptosis. Dev. Cell 2016, 37,
337–349. [CrossRef]
Patergnani, S.; Danese, A.; Bouhamida, E.; Aguiari, G.; Previati, M.; Pinton, P.; Giorgi, C. Various Aspects of Calcium Signaling in
the Regulation of Apoptosis, Autophagy, Cell Proliferation, and Cancer. Int. J. Mol. Sci. 2020, 21, 8323. [CrossRef]
Subramani, S.; Malhotra, V. Non-autophagic roles of autophagy-related proteins. EMBO Rep. 2013, 14, 143–151. [CrossRef]
East, D.A.; Campanella, M. Ca2+ in quality control: An unresolved riddle critical to autophagy and mitophagy. Autophagy 2013, 9,
1710–1719. [CrossRef] [PubMed]
Chen, L.H.; Jiang, C.C.; Avery-Kiejda, K.; Wang, Y.F.; Thorne, R.F.; Zhang, X.D.; Hersey, P. Thapsigargin sensitizes human
melanoma cells to TRAIL-induced apoptosis by up-regulation of TRAIL-R2 through the unfolded protein response. Carcinogenesis
2007, 28, 2328–2336. [CrossRef] [PubMed]
Lindner, P.; Christensen, S.B.; Nissen, P.; Møller, J.V.; Engedal, N. Cell death induced by the ER stressor thapsigargin involves death
receptor 5, a non-autophagic function of MAP1LC3B, and distinct contributions from unfolded protein response components.
Cell Commun. Signal. 2020, 18, 12. [CrossRef] [PubMed]
Chen, S.M.; Sun, H.; Liu, Y.F.; Ma, J.; Zhang, Q.T.; Zhu, J.; Li, T. Expression of TRAIL and its receptor DR5 and their significance in
acute leukemia cells. Genet. Mol. Res. 2015, 14, 18562–18568. [CrossRef]
Szegezdi, E.; Cahill, S.; Meyer, M.; O’Dwyer, M.; Samali, A. TRAIL sensitisation by arsenic trioxide is caspase-8 dependent and
involves modulation of death receptor components and Akt. Br. J. Cancer 2006, 94, 398–406. [CrossRef] [PubMed]
Liu, Q.; Hilsenbeck, S.; Gazitt, Y. Arsenic trioxide–induced apoptosis in myeloma cells: p53-dependent G1 or G2/M cell cycle
arrest, activation of caspase-8 or caspase-9, and synergy with APO2/TRAIL. Blood 2003, 101, 4078–4087. [CrossRef] [PubMed]
Di, X.; Zhang, G.; Zhang, Y.; Takeda, K.; Rivera Rosado, L.A.; Zhang, B. Accumulation of autophagosomes in breast cancer cells
induces TRAIL resistance through downregulation of surface expression of death receptors 4 and 5. Oncotarget 2013, 4, 1349–1364.
[CrossRef]
Gump, J.M.; Staskiewicz, L.; Morgan, M.J.; Bamberg, A.; Riches, D.W.H.; Thorburn, A. Autophagy variation within a cell
population determines cell fate through selective degradation of Fap-1. Nat. Cell Biol. 2014, 16, 47–54. [CrossRef]
Gianni, M.; Ponzanelli, I.; Mologni, L.; Reichert, U.; Rambaldi, A.; Terao, M.; Garattini, E. Retinoid-dependent growth inhibition,
differentiation and apoptosis in acute promyelocytic leukemia cells. Expression and activation of caspases. Cell Death Differ. 2000,
7, 447–460. [CrossRef]
Merhi, F.; Alvarez-Valadez, K.; Trepiana, J.; Lescoat, C.; Groppi, A.; Dupuy, J.-W.; Soubeyran, P.; Kroemer, G.; Vacher, P.; DjavaheriMergny, M. Targeting CAMKK2 and SOC Channels as a Novel Therapeutic Approach for Sensitizing Acute Promyelocytic
Leukemia Cells to All-Trans Retinoic Acid. Cells 2021, 10, 3364. [CrossRef]
Singh, K.; Sharma, A.; Mir, M.C.; Drazba, J.A.; Heston, W.D.; Magi-Galluzzi, C.; Hansel, D.; Rubin, B.P.; Klein, E.A.; Almasan,
A. Autophagic flux determines cell death and survival in response to Apo2L/TRAIL (dulanermin). Mol. Cancer 2014, 13, 70.
[CrossRef]

