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The signaling pathways governing pathophysiologically important autophagic (ACD) and necrotic (NCD) cell death are
not entirely known. In the Dictyostelium eukaryote model, which benefits from both unique analytical and genetic
advantages and absence of potentially interfering apoptotic machinery, the differentiation factor DIF leads from starva-
tion-induced autophagy to ACD, or, if atgl is inactivated, to NCD. Here, through random insertional mutagenesis, we
found that inactivation of the iplA gene, the only gene encoding an inositol 1,4,5-trisphosphate receptor (IP3R) in this
organism, prevented ACD. The IP3R is a ligand-gated channel governing Ca?* efflux from endoplasmic reticulum stores
to the cytosol. Accordingly, Ca®*-related drugs also affected DIF signaling leading to ACD. Thus, in this system, a main
pathway signaling ACD requires IP3R and further Ca®>*-dependent steps. This is one of the first insights in the molecular

understanding of a signaling pathway leading to autophagic cell death.

INTRODUCTION

Apoptosis, or type I cell death, has long been considered the
major type of programmed cell death in animal cells. How-
ever, other cell death types exist and occur in particular
when the apoptosis machinery is disrupted. In animal cells,
the main nonapoptotic types of cell death, autophagic and
necrotic cell death (type II and type III cell death, respec-
tively) are still incompletely defined, whereas their patho-
physiological importance is increasingly appreciated (Festjens
et al., 2006; Zong and Thompson, 2006; Golstein and Kro-
emer, 2007; Gozuacik and Kimchi, 2007). To better under-
stand the molecular mechanisms governing these nonapop-
totic cell death types, mammalian model systems were used,
and they brought novel insights in the field (Shimizu et al.,
2004; Yu et al., 2004; Hoyer-Hansen et al., 2005; Pyo et al.,
2005). However, data from these models also revealed the
difficulty of unambiguously dissecting nonapoptotic cell
death mechanisms from the apoptosis machinery. For exam-
ple, Bcl-2 family members are well-characterized mediators
of apoptosis, but they also regulate nonapoptotic pro-
grammed cell death requiring autophagy genes (Shimizu et
al., 2004). Bcl-2 and Bcl-X; bind to and inhibit Beclin-1, the
mammalian orthologue of yeast Atg6, an essential mediator
of autophagy (Pattingre et al., 2005; Maiuri et al., 2007).
Moreover, Caspase-8 has been shown to inhibit autophagic
death dependently of Atg7 and Beclin-1 (Yu et al., 2004).
Conversely, calpain-cleaved Atg5, another protein required
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for autophagy, interferes with apoptosis by binding to
Bel-X; (Yousefi et al., 2006). Thus, these cell death types
share components, and one may regulate and modify the
activity of the other, complicating their study. An experi-
mental system from which main apoptosis-governing pro-
teins are absent would thus be a significant asset to investi-
gate nonapoptotic cell death types.

The protist Dictyostelium discoideum benefits from favor-
able experimental and genetic properties, including a small,
sequenced, and haploid genome (Eichinger et al., 2005; Kes-
sin, 2006; Kuspa and Loomis, 2006) (http:/ /dictybase.org/).
It undergoes developmental cell death upon differentiation
into stalk cells (Whittingham and Raper, 1960). Under in
vitro monolayer conditions (Kay, 1987) mimicking this de-
velopment, wild-type Dictyostelium cells underwent vacuo-
lar cell death (Cornillon et al., 1994; Levraud et al., 2003).
Vacuolization could be suppressed (Kosta et al., 2004) by
targeted mutagenesis of the autophagy gene atg1 (Otto et al.,
2004), showing a link between vacuolization and autophagy.
The corresponding cell death was referred to as autophagic
cell death (ACD). Importantly, in Dictyostelium cells, there
are no main members of the apoptosis machinery that could
interfere with nonapoptotic cell death: there are no caspase-
family members (except one paracaspase gene that is not
involved in autophagic or necrotic cell death), no Bcl-2 fam-
ily member and no BH3 (Bcl-2 family domain)-bearing mol-
ecule (Roisin-Bouffay ef al., 2004; Lam et al., 2007).

Triggering ACD in monolayers required at least two dis-
tinct stimuli. The first stimulus was starvation, which trig-
gered autophagy as manifested by the formation of auto-
phagosomes revealed by electron microscopy (de Chastellier
and Ryter, 1977; unpublished data). However, starvation
and the resulting autophagy did not by itself lead to ACD. A
second stimulus was required for this, namely, DIF-1 (DIF
throughout), a major differentiation factor in Dictyostelium.
DIF is a small dichlorinated molecule (Morris et al., 1987),
which when added to starved cells undergoing autophagy
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led to their vacuolization and death (Kay, 1987; Cornillon et
al., 1994; Levraud et al., 2003). DIF is normally made by
Dictyostelium prespore cells, upon starvation. It is not made
by Dictyostelium strain HMX44, which thus requires exoge-
nous DIF to vacuolize and die, enabling one to distinguish
easily the role of starvation (other than leading to DIF syn-
thesis) and that of DIF. Other Dictyostelium strains make
some DIF when starved in monolayer tests. However, this is
made in relatively small amounts so that addition of exog-
enous DIF still leads to markedly more cell death than
controls with only starvation-induced endogenous DIF. Im-
portantly, exogenous DIF has no detectable effect on cells
that do not undergo starvation. These data enabled one to
dissect out DIF-induced ACD from starvation proper.

Inactivation of the autophagy gene, afgl, also revealed
another type of death in Dictyostelium (Kosta et al., 2004). The
atgl-null cells, when starved and subjected to DIF, under-
went in succession reactive oxygen species (ROS) produc-
tion, ATP depletion, and early membrane rupture reflecting
necrotic cell death (NCD) (Laporte et al., 2007). DIF may
induce NCD through a direct or indirect uncoupler-like effect
on mitochondria of starved cells. However, it was not clear
through which intracellular pathways this was achieved.

Mechanisms leading to nonapoptotic death are still poorly
understood in animal cells. We took advantage of the pow-
erful genetic tools and the absence of main actors of apopto-
sis in Dictyostelium to study signaling pathways involved in
these cell death types. As reported here, through random
insertional mutagenesis (Kuspa and Loomis, 1992) and se-
lection for resistance to death we obtained a Dictyostelium
mutant that did not vacuolize and did not undergo ACD.
The disrupted gene was iplA, the only gene encoding inosi-
tol 1,4,5-trisphosphate (IP;) receptor (IP3R). This governs
Ca?* fluxes from the endoplasmic reticulum (ER) stores into
the cytosol (Patterson et al., 2004; Choe and Ehrlich, 2006).
Although the iplA mutation suppressed ACD, it inhibited
NCD only inconsistently. Response to exogenous DIF, anal-
ysis of the iplA phenotype, and additional use of Ca®*-
related drugs allowed us to define an iplA-dependent DIF
pathway required for ACD. Thus, in this model system, DIF
leads through IP3R, Ca2* fluxes, and Ca?*-related proteins
to autophagic cell death.

MATERIALS AND METHODS

Cells, Cell Culture, Induction of Cell Death, and Microscopy

The parental Dictyostelium strains used in this report were HMX44A (for
derivation, see Levraud et al., 2003), HMX44A .atg1-1 (an HMX44A derivative
mutated by insertion for the autophagy gene atgl; Kosta et al., 2004), DH1,
DH1.atg1-1 (a DH1 derivative mutated for atgl; Otto et al., 2004), and the
thymidine auxotroph JH10. The mutants obtained in the work reported here
were HMX44A .atg1-3 (another HMX44A derivative mutated by deletion for
the autophagy gene atgl; see below), HMX44A atg1-3.iplA~(ins) [iplA~(ins),
an insertional disruption of the iplA gene], HMX44A.iplA~ (ins), JH10.iplA~ (ins),
DH1.iplA~(ins), DH1.ipIA~(del), and DH1.atg1-1.iplA~(del) [iplA~(del), a de-
letion mutation of the iplA gene]. Strains bearing the iplA~ (ins) mutation were
grown in HL5-modified medium (Cornillon et al., 1994) supplemented with 10
png/ml blasticidin (Invitrogen, Carlsbad, CA). The thymidine auxotroph JH10
cells were grown in HL5 supplemented with 100 pg/ml thymidine (Sigma-
Aldrich, St. Louis, MO). Others strains were grown in HL5-modified medium
alone.

To induce vacuolar death in JH10, DH1, and HMX44A cells (Cornillon et al.,
1994; Levraud et al., 2003), or necrotic cell death in strains mutated for the
autophagy gene atg1 (Kosta et al., 2004; Laporte et al., 2007), cells were starved
in the presence of cAMP, and then they were treated with the differentiation
factor DIF-1 as described. After the indicated period, cells in the Lab-Tek
chambers were examined using an Axiovert 200 microscope (Carl Zeiss, Jena,
Germany) (differential interference contrast [DIC], 63X or phase contrast,
100X, oil immersion). Fluorescence-activated cell sorter determination of
2'-7'-dichlorofluorescin diacetate (DC-FDA) fluorescence and regrowth as-
says were as described previously (Levraud et al., 2003; Laporte et al., 2007).
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Each figure with histograms is a single experiment, most often assayed in
duplicate, and representative of at least three such experiments.

Reagents

Cyclosporin A (CsA), thapsigargin (Tg), and 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N’-tetraacetic acid (BAPTA) were purchased from Sigma-Aldrich.
Stock solutions of CsA (50 mg/ml) were prepared in dimethyl sulfoxide, Tg
(3 mM) in pure ethanol, and BAPTA (100 mM) in 0.3 N sodium bicarbonate
NaHCO;. Each reagent was added to starved cells in Lab-Tek chambers at the
indicated final concentrations, at the same time as DIF or 30 min before DIF.
After the indicated duration of incubation, cells were analyzed by microscopy
and/or flow cytometry.

Random Insertional Mutagenesis and Developmental
Screening

For each transfection, 2 X 107 exponentially growing vegetative JH10 cells
were electroporated with 10 ug of BamHI-linearized pUCBsrABamHI vector
in ice-cold electroporation buffer (10 mM Na,HPO,/KH,PO,, pH 6.1, and 50
mM sucrose) in the presence of 12 U of the DpnlI restriction enzyme (New
England Biolabs, Ispwich, MA; reference 1992) using a Bio-Rad Gene Pulser (1
kV; 3 uF; expected pulse time 0.6-1.1 ms). Cells were incubated in HL5
medium at 22°C for 24 h, and then 10 pg/ml blasticidin was added to select
transformants during a further period of culture of 5-10 d. After selection,
12 X 10° transformants were subjected to cell death induction in monolayer in
75-cm? flasks (Falcon; BD Biosciences Discovery Labware, Bedford, MA) (as
described above, upscaled to 20-ml final volume). After 48 h, DIF-containing
Soerensen buffer was removed and replaced with HL5 medium to enable
growth of surviving cells. When enough cells had been obtained, a second
similar round of cell death induction and selection was performed. After 48 h
of incubation in DIF, the resulting surviving cells were plated on Klebsiella
aerogenes bacterial lawns on SM/5 plates and incubated for 3-5 d at 22°C.
Development of each clone as a separate plaque on the bacterial lawns was
examined with a binocular photomicroscope (Carl Zeiss). Clones with abnor-
mal stalks were recovered from plates and grown in HL5 medium supple-
mented with antibiotics (100 ug/ml ampicillin and 300 ug/ml streptomycin;
Sigma-Aldrich) to remove remaining bacteria. This procedure led to the
isolation of the 25A mutant (Figure 1A).

Plasmid Rescue from 25A Mutant Cells and Identification
of the iplA Gene

Genomic DNA from 25A mutant cells was digested with different enzymes
and analyzed by Southern blot by using a Bsd® probe (a 450-base pair
Xhol-BglII fragment of pUCBsRBamHI). Clal digestion yielded a 9.7-kb frag-
ment encompassing the pUCBsrABamHI vector (4.6 kb) and its genomic
flanking sequences (5.1 kb). For rescue and recircularization of this plasmid
with its flanking sequences, genomic DNA from 25A mutant cells was di-
gested with Clal, and an aliquot of this DNA was ligated and transfected into
electrocompetent SURE bacteria (Stratagene, La Jolla, CA). Transformants
were selected on LB plates containing 100 pg/ml ampicillin. This rescued
plasmid, called iplA(ins) vector (Figure 1B), was purified from amplified
transformants and sequenced using the reverse primers in pUCBsrABamHI
vector (bsr5, 5'-GCATTAGATGTAAAACAGCCAAAG-3'; PR161, 5'-GGCT-
CGTATGTTGTGTGG-3'; and PR214, 5'-GCTATGACCATGATTACGAA-3').
The corresponding sequences were used for BLASTn search on the National
Center for Biotechnology Information site (www.ncbi.nlm.nih.gov/BLAST/,
limited to the Dictyostelium genome), identifying iplA sequences.

Preparation and Validation of Further iplA Mutants,
Including Double Mutants

To obtain a deletion mutant in iplA, we prepared a homologous recombina-
tion construct bearing 5" and 3" arms made separately by PCR from genomic
DNA. Restriction sites were generated at the ends of PCR products by
inclusion of appropriate sequences in the primers. For the iplA deletion (7087
base pairs), the 5" arm (1295 base pairs) was from nucleotide (nt) 1341 to nt
2635, and the 3’ arm (1226 base pairs) from nt 9722 to nt 10947 of the iplA gene.
Both arms were ligated into pGEM-T Easy (Promega, Madison, WI) with
BamHI. After linearization of the plasmid with BamHI, the cohesive ends
were filled in and dephosphorylated. The pyr5-6 cassette (3700 base pairs)
was removed from pJB1 with Scal and Clal, filled in, and cloned between both
arms by blunt end ligation to give the iplA(del) vector (Figure 1C). Cells from
various strains were electroporated with either the iplA(ins) vector linearized
by Clal or the iplA(del) vector digested by Sacll-Accl, and resulting transfor-
mants were selected in HL5-modified medium containing blasticidin or in
SIH medium (Formedium; deprived of uracil), respectively. Resistant cells
were cloned by limiting dilution in microplates. Putative iplA~(ins) clones
were screened by PCR by using primers bsr5 (5'-CGCCAACCCAAGTTTTTT-
TAAACC-3') and iplA13 (5'-CCAATTACAGCGGAATGACA-3'), and puta-
tive iplA~(del) clones by using primers ura4 (5'-CTGGGGTACCTATAGAC-
CTC-3') and iplA7 (5'-GGCTTTAGATGACCAAGGTA-3'). The corresponding
mutation was then confirmed by Southern blot.
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Figure 1. iplA and atgl constructs and mutants in distinct Dictyostelium strains. (A) Localization of the pUCbsrDBamHI insertion in the iplA
gene (accession no. AJ277590) in the initial JH10 mutant clone 25A. Plasmid rescue and identification of flanking sequences on each side of
pUCbsrDBamHI showed its insertion in the Dpnll site at position 7361 of the iplA gene. pUCbsrDBamHI contained a blasticidin resistance
marker. (B) Rescued plasmid, called iplA(ins) vector, used to mutagenize the iplA gene by homologous recombination, and its insertion point.
The right and left arms flanking pUCbsrDBamHI were used to target the iplA gene, leading to its disruption by insertion. Left and right arms
correspond to positions 6144-7355 and 7362-7610 of the iplA gene, respectively. Compared with the published AX4 genome sequence, there
is a small deletion of six nucleotides upstream of the insertion, due either to a sequence difference between strains, or to an event occurring
during preparation of the construct (which we nevertheless consider an insertion construct). This plasmid was used to obtain simple iplA~
mutants in JH10, DH1, and HMX44A and by insertion in HMX44A .atg1-3 (see D), a double atgl™ iplA~ mutant in HMX44A. (C) Construct,
called iplA(del) vector, used to introduce a deletion in the iplA gene. Left and right arms amplified by PCR correspond to positions 1304-2636
and 9713-11201 of the ipl A gene, respectively, enabling to delete ~7 kb of the iplA gene. This vector, which contained an ura selection marker,
was used to obtain in DH1 a simple iplA~ and a double atgl~ iplA™ mutant. (D) Construct, called atgl-3 vector, used to introduce a deletion
in the atgl gene. Left and right arms amplified by PCR correspond to the positions —673 to +409 and 712-1675 of the atgl gene (accession
no. AY191011), respectively, resulting in deletion of ~0.3 kb of the atgl gene. The floxed blasticidin resistance cassette in the insert was
removed using the Cre expression vector pDEX-NLS-Cre (Faix et al., 2004). The resulting HMX44A .atg1-3 cells were mutated for the atgl gene
and sensitive to blasticidin. They were used in (B) to obtain a double atgl™ iplA~ mutant.

HMX44A.atg1-3 Mutant Cells

The homologous recombination construct for the deletion allele atgl-2 was
described previously (Kosta ef al., 2004) (Figure 1D). Subsequently this construct

included the translational stop cassette and a single loxP site. Additionally,
there was a deletion of 302 base pairs in the afgl gene.

was linearized with BamHI, the ends were filled in and dephosphorylated. The
floxed blasticidin resistance cassette was removed from the targeting vector
PLRBLP (Faix et al., 2004) and ligated to the above-mentioned sequence. The
resulting deletion construct was linearized and used for electroporation of the
HMX44A cells. Transformants were selected with blasticidin (10 ug/ml) in HL5
medium for 10 d, and then they were cloned and screened by PCR for homolo-
gous recombination of the deletion construct with the endogenous atgl locus.
One homologous recombinant clone was picked, expanded, and electroporated
with the Cre expression vector pDEX-NLS-cre (Faix et al., 2004). Transformants
were selected with neomycin 20 ug/ml in HL5 medium for 2 wk, cloned, and the
clonal cell lines were subsequently picked in replica onto two different plates. In
one plate, blasticidin was added (10 ug/ml). Clones the replica of which died
in the presence of blasticidin were chosen, expanded, and allowed to grow in
HL5 medium without any selection. These blasticidin-sensitive cells were
cloned and replicated one more time. In one plate neomycin was added. The
clones the duplicates of which died in the presence of neomycin were se-
lected. These cells were now free of blasticidin- and neomycin-resistance
cassettes, and this was confirmed by PCRs and Southern blot hybridizations.
The blasticidin cassette was removed, but a 73-nt sequence remained that

Vol. 19, February 2008

Measurement of ATP Levels

Quantification of ATP in cell populations was performed with the CellTiter-
Glo Luminescent Cell Viability Assay kit (Promega). For each sample, 3 X 10°
cells/ml were centrifuged 5 min at 1500 rpm. Cells were resuspended in 100
ul of 2-(N-morpholino)ethanesulfonic acid and transferred into wells of
opaque-walled 96-well plates (Nalge Nunc, Rochester, NY; reference 236105).
Cells were lysed by adding 100 ul of the CellTiter-Glo reagent and mixing on
a shaker for 2 min. The plates were incubated at room temperature for 10 min.
ATP levels present in the cellular extracts were measured by luminometry
and expressed on a per cell basis.

RESULTS

A Genetic Screen for Altered Stalk Development Yielded a
Mutant with an Insertion in the iplA Gene

Dictyostelium cell populations were random mutagenized
(Kuspa and Loomis, 1992), enriched for mutants resistant to
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cell death by two rounds of DIF-induced cell death in mono-
layers, and spread on bacterial lawns, where each wild-type
cell can multiply and develop into fruiting bodies. This
allowed us to visually screen these clones, reject those where
development did not take place at all, and select those where
development took place, but the stalks were abnormal thus
possibly made of death-resistant mutant cells.

Using this approach in Dictyostelium strain JH10, we iso-
lated a mutant clone called 25A. Clone 25A showed fruiting
bodies generally smaller than those of wild-type JH10. On
induction of cell death in monolayers, 25A mutant cells
showed a defect in autophagic cell death with a clear-cut
reduction in the proportion of vacuolated cells. This gene
was identified by plasmid rescue, and its targeted mutagen-
esis in JH10 and DHI1 cells led to the same phenotype
qualitatively, demonstrating that the mutation in this gene
accounts for the defect in autophagic cell death. In the res-
cued plasmid, the genomic sequences flanking the inserted
plasmid pUCbsrDBamHI were entirely sequenced and com-
pared with the sequence of the Dictyostelium genome (Eich-
inger et al., 2005). The 5’ and 3’ flanking sequences corre-
sponded to segments 6144-7355 and 7362-7610, respectively, of
the iplA gene (accession no. AJ277590). The mutagenizing
pUCbsrDBamHI plasmid had inserted in the DpnllI site at
position 7361 of this gene (Figure 1A). The iplA gene (total-
ing 15,066 nucleotides, including 3 introns), encodes a 3177-
amino acid protein that is the only IP3R in Dictyostelium.
This IP3R governs Ca?* fluxes from the ER to the cytosol
(Traynor et al., 2000; Schaloske et al., 2005).

IP3R Is Required for Autophagic Cell Death

The rescued plasmid with flanking sequences corresponding
to the ipl/A gene, called thereafter ipl A~ (ins) vector, was used
to inactivate this gene by homologous recombination in
three genetic backgrounds: JH10, DH1, and HMX44A (Fig-
ure 1B). The corresponding mutant cells were designated
JH10.ipIA~(ins), DHL.iplA~(ins), and HMX44A.iplA~(ins).
The insertional mutation at position 7361 of the ip/A gene in
each of these cases was validated by PCR and Southern
blots. These mutants and the corresponding wild-type cells
were tested for ACD and NCD upon starvation and addition
of DIF in monolayer experiments. The iplA mutation, thap-
sigargin, BAPTA and cyclosporin A, which had marked
effects on DHI1 cells as reported below, had only intermedi-
ate effects on JH10 cells and little detectable effects on
HMX44A cells. These results suggest that there are differ-
ences between the HMX44A and DHI1 backgrounds as to
Ca?* fluxes or Ca®>* requirements, through alternative or
redundant pathways leading from DIF to death. We will
describe in detail below only the results obtained in the
more revealing DH1 background.

Starved DH1 wild-type cells showed massive vacuoliza-
tion after 24 h in the presence of DIF. In sharp contrast,
similarly treated DHI1.iplA~(ins) cells did not vacuolize
(Figure 2A), were highly mobile in particular at the edge of
cell clusters, and resembled emergent paddle cells (Levraud
et al., 2003). After 48 h in DIF, the clusters of DH1.iplA~(ins)
cells were completely dissociated, and the resulting single
cells still did not vacuolize and showed paddle cell morphol-
ogy (Figure 2A). Even at later times, DH1.iplA~(ins) cells
usually did not vacuolize, and they ended up dying after
several days in starvation medium similar to the control
without DIF. Altogether, in 14 of 14 experiments checking
vacuolization by phase-contrast microscopy there was
marked DIF-induced vacuolization of control DH1 cells, and
in 12 of these 14 experiments there was no detectable vacu-
olization of DH1.iplA~ cells. Whereas in the presence of DIF
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DHI1 cells synthesized cellulose shells, reflecting the induc-
tion of the cellulose synthesis machinery (Blanton et al.,
2000), DH1.iplA~(ins) cells did not (Figure 2B), suggesting
that iplA may act upstream of this induction.

Wild-type and iplA~ mutant cells were subjected to
regrowth tests to quantify DIF-induced ACD in terms of
multiplication of surviving cells (Figure 2C). As expected,
compared with control without DIF the number of DH1
wild-type cells was much less after incubation with DIF,
reflecting cell death triggered by starvation and DIF. In
contrast, the number of DH1.ipIA~(ins) cells was the same
whether treated with DIF or not (Figure 2C), showing resis-
tance of these mutant cells to DIF-induced death. In six of six
experiments, there was marked DIF-induced death of con-
trol DH1 cells, but no significant DIF-induced death of
DH1.ipIA~ cells. Altogether, in DH1 cells iplA inactivation
led to apparent arrest of DIF-induced events at the paddle
cell stage. IP3R was required for subsequent autophagic
vacuolization and death.

IP3R Is Required for Necrotic Cell Death in a Variable
Fraction of the Cells

In cells mutated for the atgl autophagy gene, starvation and
DIF led to absence of vacuolization and to NCD (Kosta et al.,
2004; Laporte et al., 2007). To determine whether a mutation
of the iplA gene could affect, not only ACD, but also NCD,
we carried out double targeted mutagenesis (on atgl and
iplA) in each of the DH1 and HMX44A backgrounds. Four
atgl™ mutant cells were obtained (Figure 1, B and C) and
checked for NCD. The iplA~ mutant cells HMX44A .atg1-
3.iplA~(ins) and DHl.atgl-1.iplA~(del) were compared
with their respective iplA™ counterparts HMX44A atgl-3 et
DH1.atgl-1. Again, only results obtained in the DH1 back-
ground will be shown.

Both iplA™* and iplA~ cells starved in the absence of DIF
were round and refringent (Figure 3A). After addition of
DIF, compared with iplA* controls (Laporte et al., 2007),
mutant iplA~ cells tended to show less DC-FDA-positive
cells (thus less ROS-producing cells, as discussed in detail
previously; Laporte et al., 2007) (Figure 3B) and less ATP
depletion (Figure 3C) at 20 min, a mixture of cells with
perinuclear condensation and round and refringent cells at
60 min (Figure 3A) and with time less cells with plasma
membrane rupture in two independent iplA~ clones (Figure
3D). However, compared with its clearcut and well-repro-
ducible effect on ACD shown above, the iplA mutation only
partially impaired NCD, and the degree of impairment was
variable from one experiment to the next. Of 18 experiments,
compared with the percentage of cells with plasma mem-
brane rupture in control cells, that of iplA~ cells was lower
than one third in five experiments, but higher than half in 11
experiments. We looked for but could not identify experi-
mental parameters accounting for this variability (data not
shown). We speculate that under limiting conditions, even
moderately elevated Ca2" levels due to IP3R might “non-
specifically” aggravate starvation-induced mitochondrial sen-
sitization to DIF. Cells may need or not need IP3R and the
corresponding extra Ca2™" for optimal mitochondrial uncou-
pling, which may reflect a preexisting heterogeneity be-
tween developing Dictyostelium cells with regards to cytoso-
lic Ca?™" concentrations (Cubitt et al., 1995; Azhar et al., 1996).

Altogether, the iplA~ mutation impaired ACD, showing
that IP3R was required for this death, and impaired NCD
only partially. These results contributed to define a DIF-
triggered pathway involving IP3R strictly required for ACD,
but only partially required for NCD.
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No DIF DIF

Figure 2. iplA mutant cells showed almost
complete inhibition of DIF-induced autoph-
agic cell death. (A) Vacuolization was inhib-
ited in DH1.ipIA~ (ins) mutant cells subjected
to DIF. Wild-type and DH1.iplA~ (ins) mutant
cells were starved for 8 h, and then they were
washed and further incubated in the presence
of 100 nM DIF (DIF; right) or in its absence
(No DIF; left). DIC microscopy pictures at 16,
24, or 48 h after the initial 8-h starvation pe-
riod. Vacuoles (white arrowheads) were visi-
ble in DH1 wild-type cells subjected to DIF.
However, there were almost no vacuoles in
the absence of DIF or in mutant iplA~ cells
subjected to DIF. The latter group showed
paddle cells (Levraud et al., 2003) (black ar-
rowheads) occurring most often at the periph-
ery of cell aggregates. (B) Cellulose shells did
not occur in DHI1.iplA~(ins) mutant cells in
response to DIF. After 16 h of incubation in
DIF, DH1 wt, and DH1.ipIA~(ins) mutant cells
were labeled with calcofluor. For each cell
type, pictures taken by phase-contrast (top) or
fluorescence (bottom) microscopy corresponded
to the same microscopic field. Arrowheads as
in A. Only DH1 wild-type, not DH1.ipl A~ (ins)
mutant cells were vacuolized and calcofluor
positive. (C) Clonogenic cell death was mark-
edly less in DH1.iplA~(ins) mutant cells than
in DH1 wild type cells in response to DIF.
After 24 h of incubation with or without DIF,
HL5 rich medium was added, and cells were
counted after a further 48-h incubation period.

calcofluor

Thapsigargin Induces and BAPTA and Cyclosporin A
Impair Autophagic Not Necrotic Cell Death

The experiments mentioned above showed that IP3R was
required for at least ACD in Dictyostelium DHI1 cells,
strongly suggesting a key involvement of Ca?*. Tg, an in-
hibitor of sarco(endo)plasmic reticulum Ca?* ATPase
(SERCA) pumps at the ER membrane, would prevent Ca?*
flux from the cytosol into the ER, resulting in an increase in
cytosolic Ca?" concentration as shown in particular in Dic-
tyostelium (Tanaka et al., 1998). Although starved DH1 cells
by themselves showed no vacuolization (Figure 4A, top left),
a high proportion of vacuolated cells could be observed 24 h
after addition of Tg (Figure 4A, bottom left), similar to that
observed after addition of DIF (Figure 4B, top left). Also,
similar to DIF, addition of Tg led to death of DH1 cells as
evaluated in a regrowth test (Figure 4C, left). Tg or DIF
triggered much less vacuolization or death in iplA~ cells
(Figure 4A, bottom right, C, right). Also, in the presence of 1
mM Ca?* chelator BAPTA, DIF-triggered DH1 cells showed
far less vacuoles (Figure 4B, left). BAPTA also partially
inhibited DIF-induced cell death as shown in a regrowth test
(Figure 4C, left). In contrast, in starved DH1.atg1-1 cells Tg
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was not able to trigger NCD without DIF (Figure 4D), and
the Ca?" chelator BAPTA did not alter perinuclear conden-
sation and membrane rupture (data not shown). Altogether,
the Tg and BAPTA results indicated that given cytosolic
Ca?* concentration thresholds may be required (in line with
the IP3R results) and sufficient for further vacuolization and
ACD events, but not or less so for NCD.

The results mentioned above were in line with an IP3R-
mediated release from ER stores into the cytosol of Ca?",
which in starved cells might then be necessary for ACD. A
prediction is that impairing downstream Ca?"-dependent
steps may have the same effect as IP3R inactivation. A main
Ca?*-binding protein is calmodulin. Ca?*/calmodulin acti-
vates kinases and the protein phosphatase calcineurin,
which couples Ca?* signals to protein dephosphorylation.
Calcineurin can be inhibited by the small protein cyclophilin
bound by the drug CsA. CsA indeed markedly delayed
DIF-induced vacuolization in DH1 cells, but it did not mod-
ify the aspect and time of appearance of paddle cells (Figure
5A). This showed that the delay in vacuolization was due to
a CsA-sensitive event occurring at or after the paddle cell
stage, or on a pathway independent of paddle cell forma-

695



D. Lam et al.

A B

DH1 atg1-1 DH1 atg7-1.iplA~

Figure 3. iplA mutant cells showed partial
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2 201 contrast microscopy pictures taken 60 min af-

I ter addition of DIF. White arrows, cells show-
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£ = cent Cell Viability Assay kit. (D) The percent-
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hours post-DIF and quantified as a function of time by flow

DH1 atg7-1 DH1 atg7-1 cytometry in starved DHI.atgl-1 (squares)

iplA~ and two independent clones of DH1.atgl-

1.iplA~ (del) (circles; triangles) cells incubated

either without (dotted line) or with DIF (continuous lines). The same percentage of cells (and presumably the same cells) show perinuclear

clustering, DC-FDA fluorescence and later plasma membrane rupture.

tion. Inhibition by CsA of vacuolization but not paddle cell
formation was due to a late effect of CsA, because vacuol-
ization was impaired when CsA was added as late as 5 h
after DIF (Figure 5B). This confirmed similar earlier obser-
vations (Horn and Gross, 1996) and indicated that a required
CsA-sensitive event took place on the autophagic cell death
pathway several hours after addition of DIF. Regrowth ex-
periments showed that CsA delayed not only vacuolization,
but also ACD, because CsA rescued some DHI1 cells from
DIF-induced ACD when rich HL5 medium was added at
14h but not 17h after DIF (Figure 5C). Also, importantly CsA
did not delay or inhibit NCD in DH1.atg1-1 cells (data not
shown; if anything, CsA tended to increase NCD). Thus,
although CsA did not impair NCD, it markedly delayed at a
postpaddle stage vacuolization and death on the ACD path-
way. These and previous results suggested that a DIF/IP3R
pathway governed ACD but only partially NCD. A CsA-
inhibitable moiety, likely calcineurin, was more downstream
on the path to ACD.

DISCUSSION

In animal cells, the involvement of IP3R in some cases of
apoptosis is well documented (Khan ef al., 1996; Sugawara et
al., 1997; Blackshaw et al., 2000; Assefa et al., 2004; Oakes et
al., 2005; White et al., 2005). However, there are only a few
demonstrations of involvement of IP3R in nonapoptotic cell
death. Importantly, in C. elegans mutations of the ER Ca®*
release channels unc-68 (ryanodine receptor) or itr-1 (IP3
receptor) inhibited necrotic-like neuronal death (Xu et al.,
2001). In the protist Dictyostelium, we showed by random
mutagenesis that a mutation of the iplA gene encoding the
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only IP; receptor in this organism (Traynor et al., 2000)
inhibited ACD, suggesting that Ca?* flux from ER to cytosol
through the activation of IP3R was necessary to signal this
caspase-independent cell death. Traynor et al. (2000) previ-
ously inactivated by targeted mutagenesis in the AX2 strain
the iplA gene through a deletion of ~7 kb. The mutant cells
showed less Ca?" influx in response to cAMP, with only
minor consequences on development (including, interest-
ingly, smaller fruiting bodies), signal transduction, reorga-
nization of actin cytoskeleton or chemotaxis. Schaloske et al.
(2005) subsequently showed that entry of extracellular Ca*
and Ca?* release from internal stores in response to cAMP
were much lower in the very same mutant than in wild-type
AX2 cells. These data showed that the IP3R is important to
ensure Ca?* flux in response to stimulation in Dictyostelium
cells.

Ca?* fluxes governed by IP3R (from the ER Ca?™ stores to
the cytoplasm) and SERCAs (from the cytoplasm to the ER)
would condition cytoplasmic Ca?* levels. A role for Ca**
flux in ACD was supported not only by the genetic argu-
ments above but also by pharmacological manipulations of
intracellular Ca>* levels: 1) Tg, used to increase cytosolic
Ca?*, could lead to ACD in agreement with previous obser-
vations (Kubohara and Okamoto, 1994; Schaap et al., 1996;
Kubohara et al., 2007). Of note, we used starvation buffers
not supplemented with Ca?* (see Materials and Methods).
This suggested that extracellular Ca?* influx was not neces-
sary for ACD and NCD, but also made it more difficult to
detect Ca?* flux (Nebl and Fisher, 1997; Schlatterer et al.,
2004). 2) BAPTA, a potent Ca?* chelator, inhibited ACD, in
further support of a requirement for Ca>* in this pathway. 3)
CsA had an effect similar to that of the iplA mutant in terms
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Figure 4. Effect of thapsigargin or BAPTA on
autophagic or necrotic cell death. (A) Tg could
induce vacuolization without exogenous DIF
in DH1 but not in DH1.ipl A~ (ins) mutant cells.
DH1 and DHI1.iplA~(ins) mutant cells were
starved for 8 h, washed, and further incubated
for 24 h either with Tg 5 uM (bottom) or
without Tg (top). (B) The Ca?"-chelator
BAPTA inhibited vacuolization induced by
DIF in DH1 cells. DH1 and DH1.iplA™ (ins)
mutant cells were starved for 8 h, washed, and
further incubated for 24 h with DIF and either
BAPTA 1 mM (bottom) or no BAPTA (top).
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of inhibition of ACD. CsA is a classical inhibitor of the
Ca?*/calmodulin-dependent phosphatase calcineurin, but it
could also operate otherwise, for example, by interfering (as
in animal cells) with mitochondrial cyclophilin D. We favor
in this case an effect on calcineurin, because decreased ex-
pression of the regulatory B subunit of calcineurin led to the
formation of short stalks and incomplete vacuolization of
stalk cells in Dictyostelium AX2 strain (Boeckeler et al., 2006).
Because IP; is the major ligand of IP3R, it is tempting to
speculate that DIF may activate the opening of these calcium
channels through induction of IP; production. Of note, a
third signal essential for ACD in this system is cAMP. We
cannot exclude that both cAMP and DIF contribute to the
triggering of the IP3R pathway (Europe-Finner and Newell,
1987; van Haastert, 1989).

Strikingly, the same developmental and cell death pheno-
types (when these tests were performed) were indepen-
dently found in IP3R knockouts (Traynor et al., 2000; this
study), calcineurin knockdown (Boeckeler et al., 2006), and
addition of cyclosporin A (Horn and Gross, 1996; this study).
These consistent observations reinforced the notion of a
Ca?*-dependent pathway for ACD in Dictyostelium, and
they strongly suggested that similar mechanisms operated
in vivo and in vitro. They also suggested that IP3R, Ca®>* and
calcineurin acted in the same pathway, upstream of a critical
postpaddle or paddle-independent step(s) toward vacuol-
ization and ACD (Figure 6).

As shown here, IP3R/Ca?* fluxes played a key role in DIF
signaling leading to ACD, whereas previous evidence indi-
cated that this death pathway (interpreted as differentiation
to stalk cells) involved induction of gene expression. Tg and
BAPTA induced and inhibited the expression of prestalk-
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specific genes (Schaap et al., 1996; Kubohara et al., 2007),
respectively, which correlated with their effects on ACD.
Moreover, a bZIP transcription factor mutant, dimA~, did
not differentiate to stalk cells in monolayer assays, like the
iplA~ mutant, and also showed little or no prestalk-specific
gene expression in response to DIF (Thompson et al., 2004).
The iplA~ mutation prevented cellulose shell synthesis
around cells subjected to DIF, consistent with control by
IP3R and Ca?* flux of the expression of genes governing
cellulose synthesis. Moreover, addition of DIF triggered nu-
clear accumulation of DimA, and also of DimB, a second
bZIP transcription factor, within a few minutes in AX2 and
AX4 strains (Huang ef al., 2006; Zhukovskaya ef al., 2006).
Interestingly, DimB was required for vacuolar cell death and
repression of nonvacuolar cell death in response to DIF
(Huang ef al., 2006), like Atgl. Together, these data support
the idea that DIF could trigger ACD by activating transcrip-
tion factors through the IP3R/Ca?" pathway.

Although our data demonstrated that ACD required IP3R
in Dictyostelium, in mammalian cells a knockdown of IP3R
isoforms with RNA interference sufficed to induce autoph-
agy (Criollo et al., 2007) and a rise in the free cytosolic
calcium through ATP stimulation that causes IP; production
was a potent inducer of macroautophagy (Heyer-Hansen et
al., 2007). These discordant results may relate to the possi-
bility that IP3R activation and inhibition are able to induce
autophagy through different signaling pathways (Hoyer-
Hansen and Jaattela, 2007) and/or to the observation that
the antiapoptotic proteins Bcl-2 and Bcl-X; can interact
physically with IP3R (Chen et al., 2004; White et al., 2005) and
Beclin-1, an essential protein of autophagy (Pattingre et al.,
2005; Maiuri et al., 2007). A tight regulation via IP3R between
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Figure 5. Cyclosporin A markedly delayed autophagic cell death.
(A) Cyclosporin A delayed DIF-induced vacuolization. Starved
DHI1 wt cells were incubated with DIF in the absence (top) or
presence (bottom) of 1 pg/ml CsA. Phase-contrast microscopy pic-
tures after 16, 20, or 24 h of incubation with DIF. (B) Addition of
cyclosporin A even 5 h after DIF delayed vacuolization. CsA (1
png/ml) was added to DH1 wt cells 1, 5, or 15 h after addition of DIF.
Phase-contrast microscopy pictures taken 22 h after addition of DIF.
(C) Cyclosporin A delayed clonogenic death of DH1 wt cells. CsA (1
png/ml) was added or not to starved DH1 wt cells, together with
DIF. Supernatants were replaced with HL5 rich medium at various
times after addition of DIF. Some cells were still protected by CsA
at 14 h post-DIF, but not at later times.

the apoptosis and autophagy machineries might exist in
mammalian cells, further emphasizing the interest of the
Dictyostelium apoptosis-less model to study autophagic cell
death.

On incubation with DIF, a mutation of the atgl autophagy
gene suppressed vacuolization but revealed NCD, suggest-
ing that vacuolization is related to starvation-induced auto-
phagy and also that the atgl gene plays a crucial role to
switch from DIF-induced ACD to NCD. Such a mutation
sensitized mitochondria to subsequent uncoupling by DIF
leading to NCD (Laporte ef al., 2007). Not only atgl ~ mutant
cells but also cells mutated for another autophagy gene
(atgb) showed necrotic cell death (unpublished data).
BAPTA and CsA inhibited ACD not NCD, whereas the iplA
mutation inhibited also NCD, however less consistently
than ACD, suggesting the existence of at least two DIF-
originating pathways (Figure 6). In starved atgl~ cells, DIF
could affect mitochondria either directly (consistent with the
previous report by Shaulsky and Loomis, 1995) or through
IP3R (consistent with spatial proximity between ER and
mitochondria favoring Ca?* exchanges; Rizzuto et al., 2004;
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Figure 6. Schematic representation of pathways leading to cell
death in Dictyostelium cells (see References). Common and autophagy
pathways are in black, necrotic cell death pathways in red. Exper-
imentally, these pathways were triggered by starvation (not pro-
ducing enough DIF) and addition of exogenous DIF. Bottom, star-
vation leading to autophagy, preparing to induction by DIF of ACD.
When atgl is mutated, this pathway seems to lead to alterations of
mitochondria preparing them to induction by DIF of NCD. Top, DIF
leading (possibly by inducing IP; production) to IP3R activation
and subsequent Ca®" release from ER to cytosol. In atgl™ cells,
cytosolic Ca®* could then activate calmodulin/calcineurin leading
to ACD. In atgl~ cells, Ca?* could facilitate DIF-induced mitochon-
drial uncoupling and activation of NCD, whereas in a sizable pro-
portion of atgl™ cells DIF could directly alter mitochondria.

Csordas et al., 2006; Rizzuto and Pozzan, 2006), leading to
mitochondrial uncoupling and NCD. In starved atgl™ cells,
a DIF-originating pathway went through IP3R and probably
calcineurin, because it could be blocked by CsA. Its conver-
gence with autophagy at an unknown subcellular location
led to vacuolization and ACD (Figure 6).
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