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Necroptosis is a regulated necrotic-like cell death modality which has come
into the focus of attention since it is known to contribute to the pathogene-
sis of many inflammatory and degenerative diseases as well as to tumor
regulation. Based on current data, necroptosis serves as a backup mecha-
nism when death receptor-induced apoptosis is inhibited or absent. How-
ever, the necroptotic role of the proteins involved in mitochondrial
apoptosis has not been investigated. Here, we demonstrated that the stimu-
lation of several death and pattern recognition receptors induced necropto-
sis under caspase-compromised conditions in wild-type, but not in caspase-
9-negative human Jurkat and murine MEF cells. Cerulein-induced pancre-
atitis was significantly reduced in mice with acinar cell-restricted caspase-9
gene knockout. The absence of caspase-9 led to impaired association of
receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and RIPK3
and resulted in decreased phosphorylation of RIP kinases, but the overex-
pression of RIPK1 or RIPK3 rescued the effect of caspase-9 deficiency.
Inhibition of either Aurora kinase A (AURKA) or its known substrate,
glycogen synthase kinase 3B (GSK38) restored necroptosis sensitivity of
caspase-9-deficient cells, indicating an interplay between caspase-9 and
AURKA-mediated pathways to regulate necroptosis. Our findings suggest
that caspase-9 acts as a newly identified regulator of necroptosis, and thus,
caspase-9 provides a promising therapeutic target to manipulate the
immunological outcome of cell death.
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AP, acute pancreatitis; AURKA, Aurora kinase A; CHX, cycloheximide; CYLD, cylindromatosis protein; DR, death receptor; GSK3R, glycogen
synthase kinase 3B; HHV-1 or HSV-1, human herpesvirus 1; IBD, inflammatory bowel disease; LPS, lipopolysaccharide; MEF, mouse
embryonic fibroblasts; MLKL, mixed lineage kinase domain-like protein; Nec-1, necrostatin-1; NSA, necrosulfonamide; Pl, propidium iodide;
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The role of Caspase-9 in necroptosis

Introduction

In the past few years, novel cell death pathways have
been discovered and classified and these cell death
modalities have been shown to differently affect the
activation of immune responses [1,2]. In addition to
intensity, the immunological outcome of cell death also
has fundamental impact on the evolution of various
inflammatory diseases, autoimmune processes, degen-
erative disorders, and immune surveillance of tumors.
The molecular programs that govern switches between
the different modes of cell death remain obscure
despite the enormous potential of putative therapeutic
applications.

Apoptosis is mediated by both intrinsic and extrin-
sic pathways. The extrinsic pathway is induced by
cell death receptors (DR) interacting with their speci-
fic ligands such as tumor necrosis factor-o (TNFa),
Fas ligand and tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL) [3,4]. These interactions
lead to the recruitment of the adaptor protein FAS-
associated death domain, which activates apoptosis
initiator enzymes caspase-8 and caspase-10, resulting
in the activation of effector caspases (type I cells), or
initiation of the mitochondrial apoptotic pathway
(type II cells) [5,6]. The intrinsic pathway can be
activated by various stimuli which induce mitochon-
drial membrane permeabilization [7]. Cytochrome c
released from the mitochondria interacts with the
apoptotic protease-activating factor 1, which recruits
caspase-9 [8]. The resulting molecular complex forms
the apoptosome, which maintains caspase-9 in an
active conformation resulting in the activation of
effector caspases [9,10].

Cell death is controlled by multiple interconnected
pathways, among them necroptosis, a highly regulated
necrosis-like cell death mode [11-13]. Necroptosis uti-
lizes a unique signaling pathway requiring the involve-
ment of receptor-interacting serine/threonine-protein
kinases 1 and 3 (RIPK1 and RIPK3) [2,14] and mixed
lineage kinase domain-like protein (MLKL) [15]. Upon
stimulation of DRs, necroptosis requires inhibited cas-
pase activity because active caspase-8 blocks necrop-
totic signaling [2,16] primarily through the cleavage of
RIPK1 [17], RIPK3 [18,19], and cylindromatosis pro-
tein (CYLD) [20] which acts as the deubiquitinase
enzyme of RIPKI. Even though the crucial role of
DR-mediated apoptosis in the negative regulation of
necroptosis is investigated extensively, the function of
caspase-9 in necroptosis has not been documented yet.

Perturbations in necroptotic signaling contribute to
the pathogenesis of many diseases [21]. Upregulated
necroptosis occurs in retinal disorders,
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neurodegenerative diseases, and ischemia reperfusion
[22]. Downregulation of necroptosis contributes to
infectious diseases, carcinogenesis, or the resistance to
anti-cancer treatments [23]. Dysregulation of the bal-
ance between apoptosis and necroptosis plays a crucial
role in inflammatory diseases such as inflammatory
bowel disease (IBD), pancreatitis, acute kidney injury,
hepatitis, and various skin disorders [21,24].

More than 70 human molecules have been docu-
mented as regulators of necroptotic events along the
RIPKI1-RIPK3-MLKL axis [21]. Among them Aurora
kinase A (AURKA) has recently been identified as a
binding partner of RIPK3 [25-28] and an inhibitor
against unwanted necroptosis. AURKA, with its
downstream partner, GSK3p regulates the formation
of RIPKI1-RIPK3 complex [25]. Silencing or blocking
AURKA or GSK3p leads to spontaneous necroptosis
[25].

In the present study, we report that caspase-9 is
required for death and pattern recognition receptor
(PRR)-induced necroptosis in vitro and increases the
severity of cerulein-induced pancreatitis in vivo, even
though caspase activity is inhibited under necroptotic
conditions. We provide evidence that caspase-9 regu-
lates the formation of the necrosome. Our results may
offer novel strategies for regulating necroptosis
through targeting caspase-9 and provide relevant infor-
mation on the cross-talk of stress-induced apoptosis
and programmed necrosis.

Results

Caspase-9 plays a role in death receptor-
mediated necroptosis

It is well known that DR-mediated apoptosis domi-
nates necroptosis [2,13], but the link between necropto-
sis and intrinsic apoptosis has not been studied in
detail [21-24]. Several substrates of caspase-8 have
been documented as critical regulators of necroptosis,
such as RIPK1, RIPK3, and CYLD [20]; however, its
most well-known substrates, the downstream caspases,
have been only marginally studied during necroptosis.
Silencing of caspase-3 and caspase-7 did not influence
TNF-induced necroptosis [29], while the effect of cas-
pase-9 on necroptosis has not yet been investigated.
To assess this, we induced cell death in JA3 Jurkat
cells and in their caspase-9-negative subclone (JA3-
C9). Cells were treated with the classical necroptosis
inducing cocktail of TNF, SMAC mimetic (BV6), and
pan-caspase inhibitor Z-VAD (TBZ) [30,31] or cas-
pase-8 inhibitor Q-IETD-Oph [32]. In the culture of
caspase-9-deficient cells, the rate of cell death was
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significantly lower compared with that of caspase-9-
positive ones (Fig. 1A). We used a necroptosis inhibi-
tor, necrostatin-1 (Nec-1), and validated that it suc-
cessfully blocked TBZ-induced cell death. To confirm
that the observed cell death is strictly caspase-9 depen-
dent, we retransfected the JA3-C9 subclone with wild-
type caspase-9. Reconstitution of caspase-9 expression
restored the sensitivity of transfected cells (JA3-C9
retr) to TBZ-induced necroptosis (Fig. 1A).

To verify the essential role of caspase-9 in the
necroptotic signaling of other DRs, we triggered
necroptosis with recombinant FasL. or TRAIL in the
presence of BV6 and Z-VAD (FBZ or TrBZ, respec-
tively). Treatment with either FasL or TRAIL acti-
vated necroptosis only in the wild-type cells, whereas
in the absence of caspase-9 significantly alleviated
necroptosis was detected in both cases. Retransfection
of caspase-9 into JA3-C9 cells also restored the inten-
sity of cell death after these stimuli (Fig. 1B,C). Jurkat
cells were also cocultured with FasL-overexpressing

A TNF

Fig. 1. Caspase-9 plays a role in DR -
mediated necroptosis. (A) JA3 cells, its
caspase-9-deficient counterpart (JA3-C9),
and JA3-C9 cells retransfected with
caspase-9 (JA3-C9 retr) were pretreated
with 10 pm Z-VAD, 40 um Nec-1, and 1 um
BV6 for 1 h and activated with 50 ng-mL~"
recombinant human TNF-o, (B) 30 ng-mL™"
flag-tagged recombinant FasL or (C)

40 ng-mL~" flag-tagged recombinant Trail
cross-linked with the anti-flag (M2) antibody.
After 24 h, cell death was determined by PI
staining. (D) JA3 and JA3-C9 cells were
pretreated with 10 um Z-VAD and
cocultured with cell tracker green-stained
human FasL expressing WSU B-cell line
(wF) at a ratio of 1 : 5. After 24 h, the
extent of cell death was determined by PI
staining in the cell tracker-negative E
population. (E) The expression of the

indicated molecules was determined by kDa
western blotting of total cell lysates.
Representative images of three
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Figure A-D, F shows the mean plus SD of
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Significance is indicated by **P < 0.01; 72—
**xP < (0.005; ****P < 0.001.
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human B-cell line (WSU-FasL) in the presence of Z-
VAD, because this stimulus was able to induce necrop-
tosis without the synergic effect of BV6. Significantly
decreased necroptosis was detected in caspase-9-defi-
cient cells compared with wild-type cells upon WSU-
FasL induction (Fig. 1D). In these Jurkat cells, the
same expression level of the most widely studied
necroptosis regulatory molecules (RIPKI1, RIPK3,
MLKL, caspase-8, CYLD, TAKI1) was detected
regardless of the presence of caspase-9 (Fig. 1E). We
also checked the intensity of necroptosis under cas-
pase-8 compromised conditions. For this, wild-type
and caspase-9-deficient Jurkat cells were treated with a
specific caspase-8 inhibitor (Q-IETD-Oph) in combina-
tion with BV6 and TNF-a. Following this treatment,
the intensity of necroptosis and its caspase-9 depen-
dence was comparable to TBZ-induced cell death
(Fig. 1F).

To study whether caspase-9 acts on necroptosis only
or controls necrosis in general, we treated the cells
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with ionomycin and observed that the intensity of ion-
omycin-induced necrosis was comparable in both JA3
and JA3-C9 cells (Fig. 2A). Treatment with H>O, has
been shown to induce both apoptosis and classical
necrosis in Jurkat cells [33]. The role of caspase-9 is
well-known in stress-induced apoptosis, and conse-
quently, H,O, induces apoptosis only in caspase-9-pos-
itive cells, but in the presence of Z-VAD, H,0,
treatment resulted in equally intense necrosis in both
JA3 and JA3-C9 cells (Fig. 2B).

In addition to RIPK1-mediated necroptosis, RIPK1-
dependent apoptosis has also been documented, pri-
marily in the presence of SMAC mimetics under con-
ditions that allow caspase activation [34]. JA3 and its
caspase-9-negative subclone were stimulated with TNF
and BV6, and the activity of effector caspases was
investigated. In accordance with published results [35],
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the absence of caspase-9 did not modify the intensity
of RIPK1-mediated apoptosis (Fig. 2C,D). Our results
indicate that in addition to its well-known role in
intrinsic apoptosis, caspase-9 is specifically required
for necroptosis, whereas it has no role in necrosis or in
RIPK 1-mediated apoptosis.

Caspase-9 is associated with RIPK3 upon
necroptotic stimulus

Considering that DR-induced necroptosis takes place
at caspase-compromised conditions, the protease activ-
ity of caspase-9 is not required for its role in the sig-
naling. Therefore, we assumed that caspase-9
contributes to necroptosis as an adaptor protein. We
checked the molecules recruited to caspase-9, in partic-
ular, its association with RIPK1, RIPK3, and MLKL.
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Fig. 2. Caspase-9 interacts with RIPK3 during necroptosis. (A) JA3 and JA3-C9 cells were treated with the indicated doses of ionomycin or
(B) pretreated with 10 um Z-VAD for 1 h and activated with 400 pm H,O,. The degree of total cell death was quantified based on the uptake
of PI. (C-D) JA3 and JA3-C9 cells were pretreated with 40 pm Nec-1 and 1 um BV6 for 1 h followed by stimulation with 50 ng-mL~" TNF.
(C) Caspase-3/7 activity, expressed as relative fluorescence units (RFU), was measured 30 min after the addition of the profluorescent
substrate Z-DEVD-R11. (D) The degree of total cell death was determined by Pl staining. Panels A-D show the mean plus SD of at least
three independent experiments. Significance is indicated by *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. (E) JA3 and JA3-C9 cells
were pretreated with 10 pm Z-VAD and 1 pm BV6 for 1 h and activated for the indicated times with 50 ng-mL~" human TNF-o.. Following
immunoprecipitation from total cell lysates with anti-caspase-9 or (F) anti-RIPK3, the recruited molecules were detected by western blotting.
Figures E and F shows representative images of three independent experiments.
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We were unable to detect any interaction between cas-
pase-9 and RIPK1 or MLKL, but we observed a weak
and transient association of RIPK3 with caspase-9,
which peaked at 3 h after initiation of necroptosis
(Fig. 2E). Immunoprecipitation with anti-RIPK3 Ab
has confirmed RIPK3-caspase-9 association (Fig. 2F).
According to our data, caspase-9 can be considered as
a regulator of necroptosis that interacts faintly with
RIPK3.

Caspase-9 regulates death- and PRR-mediated
necroptosis in MEF cells

Necroptosis has been published to highly depend on the
cell type and on the sorts of stimuli. To determine whether
the role of caspase-9 in necroptosis is a general require-
ment or specific to the Jurkat cells, we studied the necrop-
totic sensitivity of caspase-9-deficient MEF cells (MEF-
C9) and their wild-type counterparts. Similarly to our
observations in Jurkat cells, TBZ activation induced
necroptosis in wild-type, but not in the caspase-9-deficient
MEFs (Fig. 3A). We also stimulated necroptosis with
FasL and found that MEF-C9 cells were less susceptible to
FBZ-induced necroptosis than wild-type MEFs (Fig. 3B).
These cells are also sensitive to TNF, Z-VAD, and cyclo-
heximide (CHX)-triggered (TCZ) necroptosis; thus, this
treatment induced intense necroptosis in MEFs, while cas-
pase-9-deficient cells were less sensitive to these stimuli
(Fig. 3C). All these results confirm that caspase-9 con-
tributes to necroptosis, and provide evidence that its role is
essential for necroptosis in both human and mouse cells.

Necroptosis has been observed not only after DR-me-
diated signals, but also as a result of various other stim-
uli, among them PRR activation has been investigated
the most intensely [36]. Wild-type and caspase-9-nega-
tive MEF cells were treated with lipopolysaccharide
(LPS) in the presence of Z-VAD. Similar to the results
detected after DR activation, in the culture of caspase-9-
deficient cells significantly fewer dead cells were detected
after LPS exposure compared with that of wild-type
cells (Fig. 3D). Mouse cells have been published to be
sensitive to human herpesvirus 1 (HHV-1 or HSV-1)-in-
duced necroptosis [37]. MEF and MEF-C9 cells were
infected with HSV-1 in the presence of Z-VAD, and it
was observed that the lack of caspase-9 protected MEF
cells from HSV-1-induced necroptosis (Fig. 3E). We
also checked the expression of the main necroptosis reg-
ulatory molecules (RIPK1, RIPK3, MLKL, caspase-8,
CYLD, TAKI), and it was comparable in both wild-
type and caspase-9-deficient MEF cells (Fig. 3F). Our
results indicate that caspase-9 plays a general role in
necroptosis, as caspase-9 deficiency prevents necroptosis
in both human and murine cells under various stimuli.

The role of Caspase-9 in necroptosis

Caspase-9 regulates upstream events of
necroptotic signaling

To dissect the role of caspase-9 in the molecular back-
ground of necroptosis, we examined the phosphoryla-
tion of the core components of the necroptotic
pathway. RIPK1 phosphorylation (S166) was strongly
elevated in JA3 cells following TBZ activation, but
only marginal phosphorylation of RIPK1 was found
in JA3-C9 cells (Fig. 4A). Similarly, more intense
RIPK3 phosphorylation (S227) was detected in wild-
type, than in JA3-C9 cells 6 h postactivation
(Fig. 4A). We compared the association of RIPKI
with RIPK3 in the presence and absence of caspase-9
to analyze the regulated events in the course of the
necroptotic process. We detected the RIPK1/RIPK3
interaction by immunoprecipitation 3-6 h following
TBZ activation in wild-type Jurkat cells, but we could
not observe this association in the absence of caspase-
9 (Fig. 4B,C). The failure of RIPK1/RIPK3 interac-
tion in JA3-C9 cells indicates that caspase-9 regulates
the upstream events of necroptotic signaling.

We overexpressed RIPK1 and RIPK3 assisted by a
Tet-On inducible system in both JA3 and JA3-C9 cells
to verify the regulation of the necrosome assembly by
caspase-9. Overexpression of either RIPK1 or RIPK3
reconstituted the sensitivity of JA3-C9 cells to TBZ-in-
duced necroptosis (Fig. 4D-G). These results demon-
strate that the downstream parts of the necroptotic
pathway still function normally in the absence of cas-
pase-9 in both RIPKI1- and RIPK3-overexpressing
cells.

AURKA inhibitor restores the sensitivity of
caspase-9-deficient cells to TNF-induced
necroptosis

We have shown that caspase-9 regulates the initial
phase of necroptotic signaling. Caspase-9 interacts
weakly with the basic components of necroptotic sig-
naling pathway; therefore, we hypothesized that it acts
primarily on molecules that regulate the assembly of
the necrosome. AURKA has been identified recently
as an interaction partner of RIPK3 and RIPKI
[25,26]. We tested the association of caspase-9 with
AURKA under necroptotic conditions in Jurkat cells
and found that AURKA was associated with caspase-
9 in a stimulus-dependent manner (Fig. 5SA,B).
AURKA and its downstream target, GSK3p, have
been published to downregulate necroptosis. We tested
the TBZ-induced necroptosis in the presence of
AURKA inhibitor (CCT137690) or GSK3p inhibitor
(AR-A014418) in JA3 and JA3-C9 cells. Low doses of
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CCT137690 (< 2.5 pm) or AR-A014418 (<20 pum) had
only minimal effects on the cell survival; however,
higher doses of CCTI137690 (> 2.5 um) and AR-
A014418 (> 20 um) elevated the ratio of dead cells
(Fig. 5C-F). Cotreatment with low doses of either
CCT137690 or AR-A014418 with TBZ increased
necroptosis, and this cell death was effectively blocked
by all of the applied necroptosis inhibitors/necrostatin-1,
GSK’872, and necrosulfonamide (NSA)/ (Fig. 5G,H).
Importantly, cotreatment of either CCT137690 or AR-
A014418 with TBZ restored the necroptosis sensitivity of
the caspase-9-deficient cells.

Caspase-9-mediated regulation of AURKA was con-
firmed by the investigation of AURKA phosphoryla-
tion. AURKA phosphorylation on T288 was observed

only in JA3 but not in JA3-C9 cells, and this phospho-
rylation was increased upon TBZ stimuli indicating
that the activity of this kinase is regulated by caspase-
9 (Fig. 5I). In summary, caspase-9 and the AURKA-
GSK3p pathways interact in the regulation of necrop-
tosis in a still unidentified way.

Knockout of caspase-9 in pancreatic acinar cells
decreases the severity of cerulein-induced acute
pancreatitis

To confirm the role of caspase-9 in necroptosis in vivo,
we compared the severity of cerulein-induced experi-
mental acute pancreatitis (AP) in wild-type and pan-

creas acinus-specific  caspase-9 knockout mice.
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Fig. 4. Caspase-9 regulates the assembly of necrosome during necroptosis. (A) JA3 and JA3-C9 cells were pretreated with 10 pm Z-VAD
and 1 pm BV6 for 1 h and activated for the indicated times with 50 ng-mL~™" human TNF-a.. Phosphorylation of RIPK1 (S166) and RIPK3
(S227) was detected from total cell lysates. (B) Following immunoprecipitation from total cell lysates with anti-RIPK1 or (C) anti-RIPK3
antibodies, the recruited molecules were detected by western blotting. (D) RIPK1 or (F) RIPK3 overexpression was activated with
2 pgmL’1 doxycycline for 24 h, and cells were pretreated with 10 um Z-VAD and 1 um BV6 and activated with 50 ng-mL’1 human TNF-a.
Cell death was determined by Pl uptake, 24 h after TNF activation. Data are presented as the mean plus SD of three independent
experiments. Significance is indicated by *P < 0.05; **P < 0.01; ****P < 0.001. (E) Cells were pretreated with 2 ug-mL™" doxycyclin for the
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representative images of three independent experiments.

Pancreas acinus-specific knockout was achieved by
crossing of caspase-9 LoxP animals with pancreatic
acinar cell-specific-cre mice expressing tamoxifen-in-
ducible Cre recombinase under the direction of the
Celal promoter (Fig. 6A,B). Caspase-9 knockout was
confirmed by immunostaining (Fig. 6C). In this experi-
ment, mice were i.p. injected hourly (eight times) with
either physiological saline (control) or 50 pg/bwkg cer-
ulein to induce AP. Overall, in this experimental model
we observed a remarkable improvement of pancreatitis
severity in the caspase-9 knockout animals. The

control mice had normal pancreatic histology in both
groups, whereas cerulein hyperstimulation caused pan-
creatic damage as demonstrated in Fig. 7A. Impor-
tantly, knockout of caspase-9 in pancreatic acinar cells
significantly decreased the histological scores and
improved serum amylase activity. The extent of inter-
stitial edema (2.5 &+ 0.14 for WT vs 1.38 + 0.28 for
KO) and leukocyte infiltration (2.68 + 0.15 for WT vs
1.38 + 0.26 for KO) was significantly improved, and
the extent of necrosis was completely restored to the
control level (14.25 £+ 0.27 for WT vs 1.71 £ 0.75 for
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KO) (Fig. 7B-E). To demonstrate that cerulein-in-
duced necrosis occurred due to necroptosis, we exam-
ined the phosphorylation of necrosome components.
We detected increased RIPK1 and RIPK3 phosphory-
lation in pancreatic tissue samples following cerulein
treatments in wild-type mice, but not in caspase-9-defi-
cient animals (Fig. 7F,G).

These results highlight the major role of caspase-9-
mediated necroptosis in the development of experimen-
tal AP.

Discussion

Switching between cell death modalities may have
paramount importance to avoid unwanted inflamma-
tory outcome of cell death in various diseases such as
retinal disorders, neurodegenerative diseases, ischemia
reperfusion, and inflammatory disorders such as IBD,
pancreatitis, and hepatitis [22]. The mechanisms exe-
cuting various cell death processes may be intercon-
nected more strictly than previously thought [38].
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Caspase-9 has been discovered as the initiator caspase
of the mitochondrial apoptotic pathway, but its role in
both nonapoptotic cell death processes [39,40] and in
autophagy has also been documented [41,42]. FasL plus
caspase inhibitor [43] or cytotoxic T cell-induced necro-
tic cell death [44] were also reduced in caspase-9-defi-
cient cell lines. Here, we have shown that necroptosis is
blocked in the absence of caspase-9. These results have
been confirmed in different cell lines of human and mur-
ine origin upon stimulation of all DRs, PRRs, and
HSVI infection. In all these experiments, necroptosis
was induced under caspase-compromised conditions
which indicate that caspase-9 acts as an adaptor protein
in necroptotic signaling. In accordance with this scenar-
io, previous studies have demonstrated that pharmaco-
logical inhibition of caspase-9 did not modify
necroptosis intensity [45,46].

It is reasonable to assume that the common molecules
of different cell death signals regulate the transition for
one cell death form to another, and thus, caspase-9
poses an attractive target for pharmacological interven-
tions. We checked the role of caspase-9 in one of the
most intensely studied inflammatory disorders, AP.
Necroptosis inhibitors, as well as RIPK3 [14] or MLKL
[47] deficiency, have been published to block AP, but

caspase inhibitors remain ineffective in in vivo pancre-
atitis models [48]. Consistent with the demonstrated role
of caspase-9 in in vitro experiments, we presented here
that acinar cell-specific depletion of caspase-9 protected
mice from cerulein-induced AP. Necroptosis is consid-
ered as a backup mechanism of apoptosis, because the
absence of caspase-8 or caspase inhibition activates
necroptosis. We can assume that preventing one type of
regulated cell death induces the activation of an alterna-
tive cell death pathway to compensate the failure. In
accordance with this hypothesis, decreased apoptosis
markedly stimulated necrosis in pancreatitis model [49].
Surprisingly, our data indicate that the intensity of
necroptosis was reduced or even ceased in the absence
of caspase-9 both in in vitro and in vivo experimental
settings. Our results suggest that caspase-9 is also
involved in the signaling of two different cell death path-
ways. It is reasonable to assume that it may play a role
in the cross-regulation of apoptosis and necroptosis,
and further studies should be performed to study its
contribution to inflammatory disorders.

The in vivo appearance of necroptosis indicates that
in addition to caspase-mediated processes, various reg-
ulatory mechanisms control necroptosis that are inde-
pendent of caspase activity [21]. The expression, the
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interaction partners, the posttranslational modifica-
tions, and the localization of necrosome components
are tightly regulated to control necroptosis [21]. We
demonstrated that the expression levels of RIPK1 and
RIPK3 did not depend on caspase-9, but it was
required for optimal RIPKI1/RIPK3 association. We
also identified caspase-9 as a new binding partner of
RIPK3. The phosphorylation of RIPK1 and RIPK3
decreased in the absence of caspase-9. It is important
to note that although RIPKI initiates RIPK3 activa-
tion during DR -driven necroptosis, it inhibits the acti-
vation of RIPK3 in PRR-induced necroptosis [50]. We
assume that caspase-9 may act more on RIPK3. This
process can consequently controls RIPK1 phosphory-
lation in DR-induced necroptosis because the stability
of the necrosome has been reported to regulate the
phosphorylation of both RIPK1 and RIPK3 [51]. The
phosphorylation of at least one interaction partner of

RIPK3, namely of AURKA, was also dependent on
caspase-9 during necroptosis. We revealed that
AURKA was associated with caspase-9 upon TBZ
stimulus, but further investigations are needed to
determine the exact molecular background of caspase-
9 and AURKA interaction.

RIPK3 dimerization is the most critical points of
necroptosis induction, and increased expression of
RIPK3 can induce its oligomerization and can initiate
necroptosis [52,53]. We have shown that overexpres-
sion of RIPKI and RIPK3 restores the necroptosis
sensitivity of caspase-9-deficient cells and can bypass
caspase-9-mediated regulation of necroptosis. It has
been published that AURKA-GSK38 axis downregu-
lates necrosome formation [25]. Inhibition of either
AURKA or its downstream substrate, GSK38,
restored necroptosis sensitivity of caspase-9-deficient
cells as did the overexpression of necrosome
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components. Altogether, our results indicate that cas-
pase-9 acts as a newly identified regulator in the fine-
tuning of necroptotic signaling, and can control the
cross-regulation of intrinsic apoptosis and necroptosis.

Materials and methods

Reagents

The following commercial reagents were used in this study:
Z-VAD (ApexBio, Houston, TX, USA; #A1902), Q-IETD-
Oph (BioVision, Milpitas, CA, USA; #1176), cycloheximide
(Sigma-Aldrich, St. Louis, MO, USA; #C6255), necrostatin-
1 (Abcam, Cambridge, UK; #ab141053), necrosulfonamide
(Tocris Bioscience, Bristol, UK; #5025), CCT137690 (Apex-
Bio; #A4132), AR-A014418 (Selleck Chemicals, Houston,
TX, USA; #S7435), TNF-a (BioLegend, San Diego, CA,
USA; #570104), FasL (Enzo Life Sciences, Farmingdale,
NY, USA; #ALX-522-001-C010), trail (Enzo Life Sciences;
#ALX-522-003-C010), ionomycin (Sigma-Aldrich; #10634),
H,0O, (Sigma-Aldrich; #H1009), LPS (Sigma-Aldrich;
#L.8643), polybrene (Sigma-Aldrich; #H9268), doxycycline
(Duchefa Biochemie, Haarlem, The Netherlands; #D0121),
puromycin (Santa Cruz Biotechnology, Dallas, TX, USA;
#sc-108071), blasticidin (Thermo Fisher Scientific, Waltham
MA, USA; #R21001), CellTracker Green (Thermo Fisher
Scientific; #C7025). BV6 was a kind gift from Genentech.

Cell lines

The human Jurkat T lymphocyte cell line (JA3) and its cas-
pase-9-negative subclone (JA3-C9) were kindly provided by J.
Blenis (Harvard Medical School, Boston, MA, USA). Mouse
embryonic fibroblasts (MEF) and their caspase-9-deficient
counterparts (MEF-C9) were kindly provided by Andreas
Strasser (The Walter and Eliza Hall Institute of Medical
Research, Australia) [54]. Jurkat and WSU cells were cultured
in RPMI-1640 (Sigma-Aldrich; #R5886), MEFs were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) low
glucose (Sigma-Aldrich; #D5546), and HEK293FT cells were
cultured in DMEM high glucose (Sigma-Aldrich; #D5796) in
a humidified atmosphere of 5% CO, at 37 °C, respectively.
All media were supplemented with 10 % FBS, 2 mm L-glu-
tamine, and 40 mg-L~! gentamicin.

Measurement of cell viability

A total of 5 x 10° cells were pretreated with the indicated
reagents: 10-50 pm Z-VAD, 1 um BV6, 0.4 pgmL™"' CHX,
2.5 um CCT137690, 20 pm AR-A014418, 40 pm Nec-1, or
1 um NSA for 1 h and activated with the indicated stimuli
for 24 h: 30 ngmL ™' flag-tagged recombinant FasL cross-
linked with the anti-FLAG M2 antibody (Sigma-Aldrich;
#F1804), 50 ng:mL~' human TNF-o, 40 ngmL~' flag-

The role of Caspase-9 in necroptosis

tagged recombinant Trail cross-linked with the anti-FLAG
M2 antibody, 400 um H,O,, 0.74-6.7 um ionomycin,
100 ng-mL~" LPS or cocultured with cell tracker green-
stained human FasL expressing WSU B cells or infected
with HHV-1 (ATCC-VR-1493) at MOI 5.

To distinguish between Jurkat and WSU-FasL cells,
WSU-FasL was stained using CellTracker™ Green
CMFDA Dye. Cells were loaded with 10 ng-mL™' Cell-
Tracker at 37 °C for 30 min. After washing, 2.5 x 10° cells
in 0.5 mL volume were cocultured with 5 x 10° unlabeled
Jurkat cells in 24-well tissue culture plates. Cell death was
determined after 24 h by propidium iodide (PI, Sigma-
Aldrich) staining (10 pg-mL~") only in the cell tracker-neg-
ative population. Cell death was measured by flow cytome-
try using BD FACSCalibur™ flow cytometer (BD
Biosciences, San Jose, CA, USA), and data were analyzed
by FLowjo software (Tree Star, Ashland, OR, USA).

CCK8 assay

A total of 2 x 10* Jurkat cells were treated with either
1.25-80 pm CCT137690 or 10-640 um AR-A014418 for
24 h in a 96-well plate. Cell cytotoxicity was measured with
Cell Counting Kit-8 (ApexBio; #K1018) according to the
manufacturer’s protocol. Briefly, 10 pL CCK-8 solution
was added to each well and then incubated for 4 h. Absor-
bance was measured with EnVision® 2105 multimode plate
reader (PerkinElmer, Waltham, MA, USA) at 450 nm. All
experiments were performed in quadruplicate, and cell via-
bility (%) was expressed as a percentage relative to the
untreated control cells.

Caspase activity assay

We used Apo-ONE Homogeneous Caspase-3/7 Assay (Pro-
mega, Madison, WI, USA; #G7792) to evaluate the activity
of caspase-3 and caspase-7, respectively. Jurkat cells (2x10%)
were pretreated with 10 um Z-VAD, 1 um BV6, and 40 um
Nec-1 for 1h and activated for 24 h with 50 ng-mL™'
human TNF-a in 96-well black tissue culture plates (SPL
Life Sciences, Pocheon-si, Korea; #31296). The reactions to
detect caspase-3/7 activity were performed following the
manufacturer’s protocol. Fluorescence was measured using
Synergy HT Multimode Microplate Reader configured to
detect caspase-3/7 activity at an excitation wavelength
range of 485 + 20 nm and an emission wavelength range
of 528 + 20 nm.

Western blotting

Protein extraction was performed by lysing the cells in 2x
Laemmli sample buffer (4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0.004% bromophenol blue, 0.125 m Tris/
HCI, pH 6.8). Proteins were separated by SDS gel elec-
trophoresis using 10% polyacrylamide gels and transferred
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onto nitrocellulose membranes (Bio-Rad Laboratories, Her-
cules, CA, USA; #1620115). Nonspecific binding was
blocked by TBS-Tween with 5% nonfat dry milk. Transfer
membranes were immunoblotted with the indicated anti-
bodies: caspase-9 (MBL Life science, Tokyo, Japan;
#MO054-3), caspase-8 (Cell Signaling Technology, Danvers,
MA, USA; #9746S), RIPK1 (BD Biosciences; #610459),
RIPK3 (Cell Signaling Technology; #13526), GSK38 (Cell
Signaling Technology; #9315), Aurora A (Cell Signaling
Technology; #14475), TAK1 (Cell Signaling Technology;
#5206S), CYLD (Sigma-Aldrich; #SAB4200060), pRIPK1
(Cell Signaling Technology; #65746), pRIPK3 (Abcam;
#ab209384), phospho-Aurora A (Thr288) (Cell Signaling
Technology; #2914), and B-actin (Santa Cruz Biotechnol-
ogy; #sc-47778) all diluted 1 :1000. Anti-rabbit (GE
Healthcare, Chicago, IL, USA; #NA934), anti-mouse (GE
Healthcare; #NA931) antibodies or anti-rat (Sigma-Aldrich;
#A9037) antibodies conjugated to horseradish peroxidase
were used as secondary antibodies in the dilution of
1 : 5000. For mouse cells, the following mouse-specific anti-
bodies were used: caspase-8 (Cell Signaling Technology;
#4927S), phospho-RIP (Ser166) antibody (Rodent Specific)
(Cell Signaling Technology, #31122), phospho-RIP3
(Thr231/Ser232) (Cell Signaling Technology; #91702).

Immunoprecipitation

A total of 5x107 Jurkat cells were pretreated with 10 pm Z-
VAD and 1 um BV6 for 1 h and activated for the indicated
times with 50 ng-mL~' human TNF-o.. Cells were lysed using
1% Triton X-100 with protease inhibitor (Sigma-Aldrich;
#P8340) and phosphatase inhibitor (Sigma-Aldrich; #P2850)
in lysis buffer (30 mm Tris, 140 mm NaCl, 5 mm EDTA,
1 mMm NazVOy, 50 mm NaF, 2 mm NayP,0,, pH 7.6). Pro-
tein concentration was determined using Pierce™ BCA Pro-
tein Assay Kit (Thermo Fisher Scientific; #23227). Equal
amounts of total protein were added to protein A/G PLUS-
agarose beads (Santa Cruz Biotechnology; #sc-2003) pre-
coated with the indicated antibodies: caspase-9 (LifeSpan
BioSciences, Seattle, WA, USA; #L.S-C148248), RIPK1 (BD
Biosciences; #610459), and RIPK3 (Cell Signaling Technol-
ogy; #13526). The content was gently rotated at 4 °C over-
night. The next day, the beads were washed four times with
lysis buffer on ice and then subjected to western blotting
analysis. Anti-rabbit light chain (Merck Millipore, Burling-
ton, MA, USA; #MAB201) or anti-mouse light chain (Merck
Millipore; #AP200P) antibodies conjugated to horseradish
peroxidase were used as the secondary antibodies in the dilu-
tion of 1 : 5000.

Plasmids and constructs

To generate the lentivector expressing RIPK1, pCR3-
FLAGhRIP1 (#LMBP 4850) was purchased from CABRI,
for RIPK3, hRIP3 GFP wt was a gift from Francis Chan
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(Addgene plasmid #41387) [51], and for caspase-9,
pET23b-Casp9-His was a gift from Guy Salvesen (Addgene
plasmid #11829) [55]. RIPK1, RIPK3, and caspase-9 were
first cloned into pENTR4-FLAG provided by Eric Cam-
peau & Paul Kaufman (Addgene plasmid #17423) [56].
RIPK1 and RIPK3 were further subcloned into the all-in-
one doxycycline-inducible lentiviral destination vector,
pCW57.1 (a gift from David Root, Addgene plasmid
#41393), while caspase-9 was subcloned into pLenti CMV
Blast DEST (a gift from Eric Campeau & Paul Kaufman,
Addgene plasmid #17451) [56] and used for lentiviral trans-
duction of wild-type Jurkat cells (RIPK1 JA3 and RIPK3
JA3), and their caspase-9-deficient counterparts (RIPK1
JA3-C9 and RIPK3 JA3-C9, JA3-C9 retr). All cloning was
checked by restriction analysis and DNA sequencing (capil-
lary sequencing runs were performed by UD-GenoMed
Medical Genomic Technologies Ltd.).

Lentivirus production and transduction

Replication-deficient lentivirus used in the gene transfer
experiments was created as previously described [57]. Briefly,
22 pg pCW57.1-RIPK1, pCW57.1-RIPK3, or pLENTI-
Casp9 lentiviral backbone vector together with 15 pg
pMD2.G and 5 pg psPAX2 were combined together in a 50-
mL centrifuge tube. pMD2.G (Addgene #12259) and
psPAX2 (Addgene #12260) were a gift from Didier Trono.
Calcium phosphate precipitation was performed by adding
1.35 mL distilled H,O and 150 pL 2.5 m CaCl, and 1.5 mL
2x HEPES-buffered saline (280 mm NaCl, 50 mm HEPES,
1.5 mm Na,HPOy, pH 7.0) was added dropwise into the cen-
trifuge tube under constant agitation. The solution was incu-
bated at room temperature for 30 min and then added
dropwise to HEK293FT cells grown in T75 cell culture flask.
16 h post-transfection, the medium was replaced with fresh
DMEM high glucose (Sigma-Aldrich; #D5796) supple-
mented with 10 % FBS, 2 mm L-glutamine. Viral super-
natants were collected at 48- and 72-h post-transfection and
passed through a 0.45-pm filter. Target cells were incubated
overnight with lentiviral supernatant in the presence of
4 pg-mL~" polybrene. Infected cells were selected with
5 pg-mL~! puromycin or 10 pg-mL~" blasticidin for 7 days.

Generation of caspase-9 conditional KO mice

CRISPR/Cas9 technology was used to insert loxP sites into
the introns harboring the second exon of the caspase-9 gene.
Guide RNAs targeting the intronic sequences were syn-
thetized in vitro. The DNA templates carrying the loxP
sequences and the homology arms for homology-directed
repair were synthetized as single-stranded ultramer oligonu-
cleotides (ssODN, from IDT). The two guide RNAs, the two
ssODNs, and a Cas9 mRNA (Trilink) were coinjected into
the pronuclei of fertilized eggs of FVB/Ant mice. Genotyping
was carried out with a PCR-based strategy to detect size
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differences after insertion. After it was confirmed that both
loxP sites integrated on the same allele, the modification was
sequence verified. FVB/Ant mice with loxP sites were back-
crossed with C57BL/6]J for eight generations.

To achieve pancreatic acinar cell-specific caspase-9 knock-
out, LoxP animals were crossed with mice expressing tamox-
ifen-inducible Cre recombinase under the regulation of the
Celal promoter in pancreatic acinar cells (Jackson Labora-
tory, Tg(Celal-cre/ERT)1Lgdn/J; Stock No0:025736). Mice
homozygous for LoxP and hemizygous for Cre recombinase
were used in the experiments. Activation of the Cre recombi-
nase was achieved by tamoxifen administration (5 mg-mL ™!
in sunflower oil, 125 mg/bwkg) in oral gavage for five con-
secutive days. All mice were housed in SPF facilities at 21 °C
and 31% humidity. All mice were maintained under general
housing environment, fed sterilized food, and autoclaved
water ad libitum. Experiments on live animals were carried
out with adherence to the NIH guidelines and the EU direc-
tive 2010/63/EU for the protection of animals used for scien-
tific purposes. The study was authorized by the National
Scientific Ethical Committee on Animal Experimentation
under license number XXI./1542/2020.

Acute pancreatitis model

Experimental AP was induced as described previously [58].
Briefly, mice received eight hourly i.p. injections of 50 pg/
bwkg cerulein (Bachem, Bubendorf, Switzerland; #H-3220)
and were sacrificed 12 h after the induction of AP (n = 6-8,
8-week-old mice per group). All animals were randomly
divided into the control and treated groups, No specific
exclusion criteria were applied. Blood and tissue samples
were collected after terminal anesthesia immediately. Blood
samples were centrifuged at 2500 RCF for 15 min at 4 °C,
and serums were stored at —20 °C. Pieces of pancreatic tissue
were placed into a 4% formaldehyde solution and stored at
4 °C until histology. Serum amylase activity was measured
by a colorimetric kit (Diagnosticum Zrt., Budapest, Hun-
gary; #47462) according to the manufacturer’s instruction,
and absorbance was detected at 405 nm using a FLUOstar
OPTIMA (BMG Labtech, Ortenberg, Germany) microplate
reader. For routine histology, formaldehyde-fixed pancreas
samples were embedded in paraffin, and 4 um thick sections
were stained with hematoxylin—eosin. Histological scores for
edema, inflammatory cell infiltration, and necrosis were eval-
uated by three independent investigators blinded to the pro-
tocol (0-5 points for edema, leukocyte infiltration, and % of
the total area for necrosis) [59].

Immunofluorescent labeling

For verification of conditional knockout of caspase-9 in
pancreatic acinar cells, a monoclonal caspase-9 antibody
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and 7 um thick sections were cut with a cryostat (Leica
CM 1860 UV; Leica, Wetzlar, Germany). Antibody label-
ing was performed as previously described [60]. Sections
were fixed in 4% PFA-PBS and after antigen retrieval and
blocking, were incubated with anti-caspase-9 (Abcam;
#ab202068) primary rabbit monoclonal antibody overnight
at 4 °C (1 : 100 dilution). Secondary antibody labeling was
performed with a goat anti-rabbit IgG secondary antibody
conjugated with Alexa Fluor 488 (Thermo Fisher Scientific;
#A-11034). Nuclei were stained with Hoechst-33342, and
sections were covered with Fluoromount mounting medium
(Sigma-Aldrich; #F4680). Images were captured with a
Zeiss LSM880 confocal microscope with a 40x oil immer-
sion objective (Carl Zeiss Microscopy GmbH, Jena, Ger-
many, NA: 1.4).

Total protein isolation from whole pancreatic
tissue

Whole mouse pancreatic tissue was cut to small pieces with a
razor blade and resolved in 1 mL RIPA lysis buffer (Merck
Millipore; #20-188) completed with EASYpack Protease Inhi-
bitor Cocktail (Roche, Basel, Switzerland; #05892970001).
Branson Sonifier SEX150 (Branson Ultrasonics Corporation,
Danbury, CT, USA) was used for the tissue homogenization,
during which samples were kept on ice. After the tissue disrup-
tion, samples were centrifuged at 1500 g for 10 min on 4 °C.
Finally, supernatant was frozen by the ‘snap-freeze’ method.
Samples were stored at —80 °C until use.

Statistical analysis

Two-way ANOVA or one-way ANOVA, followed by
Sidak’s multiple comparisons test, was used for multiple
comparisons. Results are expressed as mean + SD. The
results are expressed as mean + SD. All analyses were per-
formed by using GRAPHPAD PRIsM software (GraphPad Soft-
ware, Inc., San Diego, CA, USA), version 6.0. Differences
were considered to be statistically significant at P < 0.05.
Significance is indicated by *P <0.05; **P <0.01;
***P < 0.005; ****P < 0.001.
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