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Necroptosis, necrosis and secondary necrosis
converge on similar cellular disintegration features

T Vanden Berghe'€, N Vanlangenakker'*%, E Parthoens®, W Deckers®, M Devos'?, N Festjens">*, CJ Guerin®, UT Brunk®,
W Declercq’? and P Vandenabeele* '

Necroptosis, necrosis and secondary necrosis following apoptosis represent different modes of cell death that eventually result
in similar cellular morphology including rounding of the cell, cytoplasmic swelling, rupture of the plasma membrane and spilling
of the intracellular content. Subcellular events during tumor necrosis factor (TNF)-induced necroptosis, H,0,-induced necrosis
and anti-Fas-induced secondary necrosis were studied using high-resolution time-lapse microscopy. The cellular disintegration
phase of the three types of necrosis is characterized by an identical sequence of subcellular events, including oxidative burst,
mitochondrial membrane hyperpolarization, lysosomal membrane permeabilization and plasma membrane permeabilization,
although with different kinetics. H,Op-induced necrosis starts immediately by lysosomal permeabilization. In contrast, during
TNF-mediated necroptosis and anti-Fas-induced secondary necrosis, this is a late event preceded by a defined signaling phase.
TNF-induced necroptosis depends on receptor-interacting protein-1 kinase, mitochondrial complex | and cytosolic
phospholipase A, activities, whereas H,0,-induced necrosis requires iron-dependent Fenton reactions.
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RIP1 inhibitor, necrostatin-1 (Nec-1),”® the contribution of
necroptosis has been demonstrated in a wide range of

Cell death is essential for the elimination of unwanted
or harmful cells during development, homeostasis and

pathogenesis. Apoptosis is morphologically characterized by
nuclear shrinkage and fragmentation, cellular condensation,
membrane blebbing, formation of apoptotic bodies and
activation of caspases.! Research during the last decade
clearly illustrates the important contribution of alternative
forms of cell death in development and homeostasis.2 For a
long time, necrosis has been considered an uncontrolled form
of cell death, but accumulating evidence shows that necrotic
cell death is carried out by complex signal trans-
duction pathways and execution mechanisms.>* In vitro,
necrosis is morphologically characterized by rounding of the
cell, cytoplasmic swelling (oncosis), presence of dilated
organelles and absence of chromatin condensation.'*
Necroptosis refers to a regulated form of necrosis, which is
biochemically defined as a form of cell death that is dependent
on the serine—threonine kinase receptor-interacting protein 1
(RIP1).%"® The (patho)physiological relevance of necroptosis
has been underestimated for a long time because of the
absence of a defined biochemical marker. This has now
changed with the identification of necrostatins.’® Using the

pathological cell death events, such as ischemic brain injury,
myocardial infarction, excitotoxicity and chemotherapy-
induced cell death.® RIP3, which functions in close concert
with RIP1, was recently shown to be required for tumor
necrosis factor (TNF)-induced necroptosis when apoptotic
signaling is blocked.® Apparently, RIP3 activates glycolysis-
and glutaminolysis-enhancing bioenergetics, with concomi-
tant complex |-mediated reactive oxygen species (ROS)
production.® Other mediators of TNF-induced necroptosis
are calcium, ceramide, cytosolic phospholipase A2 (cPLA,)
and lysosomal membrane permeabilization (LMP).*

Severe oxidative stress has also been associated with
LMP and consequent necrosis.'® Extracellular application of
0.01—1mM peroxide is physiologically relevant and broadly
mimics the release of endogenous H,0,."" For example,
activated neutrophils generate up to 6 x 10~'* mol H,O,/h per
cell, generating a local concentration of 10—100 uM H,0,."?
Lysosomes, which are rich in free iron and lack enzymes for
H>O, degradation, favor Fenton-type-mediated generation of
reactive hydroxyl radicals.’® This formation of hydroxyl
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radicals results in enhanced lipid peroxidation of membranes,
and consequent LMP.'* Scavenging iron in therapy, using
metal-protein-attenuating compounds, has been proven to be
beneficial in neurodegenerative diseases, thereby making
inhibition of LMP and consequent necrosis an interesting
therapeutic strategy.'®

The different subcellular events in necrotic signaling
are elusive. Therefore, this study analyzed, by high-resolution
live-cell imaging, the occurrence of ROS generation, changes
in mitochondrial transmembrane potential (MTP), LMP and
plasma membrane permeabilization (PMP) during TNF-
mediated necroptosis, H,O»-induced necrosis and anti-Fas-
mediated secondary necrosis in the same cellular context,
that is, in L929sAhFas cells.

Results

ROS production during TNF-induced necroptosis and
H,0,-induced necrosis. A comparative morphological ana-
lysis of TNF-induced necroptosis and H>O»-induced necrosis
in L929sAhFas cells by time-lapse imaging confirmed
the absence of apoptotic features. Instead, we observed
that both stimuli induced rounding of the cell, followed by
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cellular swelling and granulation of the cytoplasm. Finally,
the plasma membrane gets an inflated ‘balloon-like’
appearance on its rupture (Supplementary Figure 1a—h). In
both TNF- and H,O»-induced cell death, no caspase activity
was detected, in contrast to anti-Fas-induced apoptosis
(Supplementary Figure 1i and j). TNF- and H,O.-induced cell
death elicits intracellular oxidative stress, which is monitored
using CM-H.DCFDA as a probe in live-cell imaging. In
parallel, PMP was determined by propidium iodide (PI)
uptake and taken as a reference end point in all experiments.

On TNF stimulation, ROS generation gradually increased
without major morphological changes (Figure 1a and b,
between points t1 and t3, Supplementary video 1a), followed
by an oxidative burst before PMP. In contrast, in HoO»-
induced necrosis, the onset of an oxidative burst occurred
more rapidly (Figure 1c and d, Supplementary video 2a). In
both conditions, the beginning of the ROS peak coincided
with the initiation of typical necrotic features, such as rounding
and swelling of cells (Figure 1a, Supplementary video 1b
and Figure 1c, Supplementary video 2b). None of the
above-mentioned observations were seen in unstimulated
cells (Supplementary Figure 2a). Conclusively, TNF elicits a
modest increase in ROS production during the signaling
phase, which is followed by an oxidative burst coinciding with
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Live-cell imaging reveals differential ROS formation in TNF- and H,O,-induced necrosis. Light fluorescence microscopic analysis of ROS formation in

L929sAhFas cells at different time points (time intervals of 92 and 47 s, respectively) after induction of necrosis by (a) TNF or (¢) H,O, and subsequent PMP. Cells were loaded
with CM-H,DCFDA (green, indicating ROS accumulation) and P! (blue, indicating PMP). Graphic representations of the mean fluorescent intensities of CM-H,DCFDA and PI
during necrosis of a representative single cell induced by (b) TNF or (d) H,O,. The mean intensities of the subcellular fluorescent images (t1-t6) represented in (a) and (c) are

marked by A in (b) and (d), respectively
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the cellular disintegration phase, whereas H,O, induces a
high level of ROS generation starting shortly after H,O,
treatment.

Mitochondrial transmembrane potential in TNF-induced
necroptosis and H,O.-induced necrosis. Another typical
biochemical event during cell death is modulation of MTP.
Reduction of MTP is an early event in apoptosis.’® In
TNF-induced necroptosis, however, increased MTP has
been reported.”” To follow the changes in MTP during
TNF- and H,05-induced cell death, cells were loaded with
TMRM, which is sequestered by actively respiring
mitochondria, and analyzed by time-lapse microscopy.
PMP was determined by SYTOX Green uptake. In
agreement with Goossens et al.,'” we observed hyper-
polarization of mitochondria with biphasic kinetics (Figure 2a
and b, points t2-t6), starting shortly before the onset of
cellular rounding (Supplementary video 3a and b). In
contrast, H,O, caused immediate hyperpolarization

a TNF c

that rapidly returned to baseline (Figure 2c and d,
Supplementary video 4a and b). None of the above-
mentioned observations were seen in non-dying cells
(Supplementary Figure 2b). Therefore, we conclude that
both forms of necrotic cell death exhibit mitochondrial
hyperpolarization, although with different kinetics.

Lysosomal membrane permeabilization during TNF-
induced necroptosis and H,O.-induced necrosis. As
LMP has been reported as a crucial event during apoptosis
and necrosis, ' we next analyzed lysosomal integrity using
LysoTracker Red DND-99. During TNF-induced necroptosis,
the onset of the typical oncosis morphology coincided with
the start of LMP (Figure 3a and b, point t4, Supplementary
video 5a and b), just after the onset of mitochondrial
hyperpolarization (Figure 2a) and before oxidative burst
(Figure 1a). In contrast, on addition of H,O,, lysosomes
rapidly started to leak (Figure 3c and d, Supplementary video
6a and b), which persists longer than in TNF-induced
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Figure 2 Live-cell imaging reveals a differential transient increase in MTP in TNF- and H,O,-induced necrosis. Light fluorescence microscopic analysis of MTP in
L929sAhFas cells at different time points (time intervals of 91 and 45's, respectively) after induction of necrosis by (a) TNF or (¢) H.O,, and subsequent PMP. Cells were
loaded with TMRM (red, directly proportional to MTP) and SYTOX Green (blue, indicating PMP). Graphic representations of the mean intensities of TMRM and SYTOX Green
during necrosis of a representative single cell induced by (b) TNF or (d) H.O» in L929sAhFas cells. The mean intensities of the subcellular fluorescent images (t1-t8)

represented in (a) and (c) are marked by A in (b) and (d), respectively
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Figure 3 Live-cell imaging reveals distinct lysosomal leakage in TNF- and H,Oo-induced necrosis. Light fluorescence microscopic analysis of lysosomal leakage in
L929sAhFas cells at different time points (time intervals of 55 s and 85's, respectively) after induction of necrosis by (a) TNF or (¢) H,O,, and subsequent PMP. Cells were
loaded with LysoTracker Red DND-99 (red, inversely proportional to lysosomal leakage) and SYTOX Green (blue, indicating PMP). Graphic representations of the mean
intensities of LysoTracker Red DND-99 and SYTOX Green during necrosis of a representative single cell induced by (b) TNF or (d) H,0, in L929sAhFas cells. The mean
intensities of the subcellular fluorescent images (t1-18) represented in (a) and (c) are marked by A in (b) and (d), respectively

necroptosis. No LMP was seen when monitoring
unstimulated cells (Supplementary Figure 2c). These data
demonstrate that lysosomal disruption is a late event
in TNF-induced necroptosis and an early event in HyOo-
induced necrosis.

ROS production, mitochondrial hyperpolarization and
LMP during secondary necrosis. The above results
demonstrate that TNF-induced necroptosis and H,O»-
induced necrosis are characterized by LMP, mitochondrial
hyperpolarization, oxidative burst and PMP, but they occur
with different kinetics. Apoptosis is characterized by a
caspase-dependent signaling phase and a burial phase
during which apoptotic cells are rapidly recognized and taken
up by phagocytes. In the absence of phagocytic capacity,
apoptotic cells proceed to secondary necrosis characterized
by the same features of necrotic cell death.'® Therefore,
we examined whether the subcellular events described

above also occurs during secondary necrosis after anti-
Fas-mediated apoptosis in L929sAhFas cells. Secondary
necrosis, similar to primary necrosis, is characterized by
oxidative burst (Figure 4a, Supplementary video 7), mito-
chondrial hyperpolarization (Figure 4b, points t1-t2, Supple-
mentary video 8) and LMP (Figure 4c, Supplementary
video 9).

Differential roles of RIP1, mitochondrial complex | and
cPLA, during different types of necrosis. The kinase
activity of RIP1 is crucial for death receptor-induced
necrosis.'®2° Moreover, it has been reported that H,Op-
induced necrosis is also reduced in RIP1-deficient mouse
embryonic fibroblasts (MEF).2' Using RNA interference, we
confrmed the importance of RIP1 in TNF-induced
necroptosis, but we did not observe any effect on HyO,-
induced necrosis or on anti-Fas-induced secondary necrosis
(Figure 5a). Nec-1, a chemical compound that directly
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Figure 4 ROS production, mitochondrial hyperpolarization and LMP during secondary necrosis. Graphic representations of the mean fluorescent intensities of (a) CM-
H,DCFDA (indicating ROS accumulation), and P! (blue, indicating PMP), (b) of TMRM (directly proportional to MTP), and SYTOX Green (blue, indicating PMP) of a
representative single cell. Typical reduction in MTP in apoptosis (t1) is followed by hyperpolarization (t1-t2) and consequent PMP (t2). Graphic representations of the mean
intensities of (¢) LysoTracker Red DND-99 (inversely proportional to lysosomal leakage) and SYTOX Green (blue). In all conditions apoptosis was induced in L929sAhFas cells
by anti-Fas (500 ng/ml) and images were taken at intervals of 90 s
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Figure 5 TNF-induced necroptosis depends on RIP1 kinase, mitochondrial complex | and cPLA, activities, whereas H,O,-induced necrosis requires iron-dependent
Fenton reactions. Flow fluorocytometric analysis of the percentage of Pl-positive cells on stimulation of L929sAhFas cells with anti-Fas, H,O, or TNF after transfection with
RIP1 siRNA (a), in the presence or absence of Nec-1 (b, inhibitor of RIP1 kinase), BHA (c, anti-oxidant), BEL (d, inhibitor of cPLA,), rotenone (e, inhibitor of mitochondrial
complex I), DPI (f, inhibitor of Nox1), DFO (g, iron chelator) or CA-074-Me (h, inhibitor upstream of LMP®¢). Time points at which about 60% cell death occurred in the control
setup were selected out of at least three independent experiments and compared with the corresponding conditions involving treatment with inhibitor or siRIP1. Mann-Whitney
U-test was used to determine statistical significance. Data are expressed as mean = S.D. (*P<0.05; **P<0.01)
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inhibits RIP1 kinase activity,’® completely blocked TNF-

induced necroptosis in L929sAhFas (Figure 5b and Supple-
mentary Figure 3f) and MEF cells (Supplementary Figure
4a). In contrast, Nec-1 did not affect H>O»-induced necrosis
or anti-Fas-induced secondary necrosis (Figure 5b,
Supplementary Figures 3d—e and 4b).

Studies have reported that necrotic killing of L929 cells by
TNF involves mitochondrial complex I-mediated ROS produc-
tion® and cPLA, activity.2® Butylated hydroxyanisole (BHA)
efficiently inhibits TNF-induced necrotic cell death but
not H>Oo-induced necrosis or anti-Fas-induced secondary
necrosis (Figure 5c, Supplementary Figure 3d—f). Inhibiting
cPLA; by bromoenol lactone (BEL) or mitochondrial complex |
by rotenone substantially delayed the onset of TNF-induced
necroptosis, but did not block H,O.-induced necrosis and
anti-Fas-induced secondary necrosis (Figure 5d—e and
Supplementary Figure 3g-l). Instead, cell death was even
accelerated when anti-Fas- or H,O»-stimulated cells were
treated with rotenone and when H,O,-stimulated cells were
incubated with BEL. Knockdown of cPLA, or a chaperone
involved in the assembly of mitochondrial complex I, the
NADH dehydrogenase (ubiquinone) 1-a subcomplex assem-
bly factor 1 (NDUFAF1), resulted in a similar inhibition of
TNF-induced necroptosis (Supplementary Figure 5¢ and d),
whereas no inhibition was observed in H,O»-induced necrosis
and anti-Fas-induced secondary necrosis (Supplementary
Figure 5a, b and d). In concordance with the data of Kim
et al.,* inhibition of Nox1 by diphenylene iodonium (DP!) also
significantly delayed TNF-induced necroptosis, whereas it
accelerated H,Os-induced necrosis and anti-Fas-induced
secondary necrosis (Figure 5f and Supplementary Figure
3j—1). Similar results were obtained in TNF-stimulated L929sA
cells stably overexpressing CrmA (L929sACrmA), which is a
cell death model for sensitized necroptosis (Supplementary
Figure 3m).®> We conclude that in contrast to TNF, H,O,-
induced necrosis and anti-Fas-induced secondary necrosis in
L929sAhFas cells does not rely on RIP1, cPLAsactivity or
mitochondrial complex I-dependent ROS production.

Differential role of Fenton-type reactions during
different types of necrosis. The previous data clearly
show that H>O.-induced necrosis does not rely on RIP1,
mitochondrial complex I-mediated ROS production or cPLA,.
However, the live-cell imaging data above suggest that
LMP may have an initiating role in HoOo-induced necrosis.
A report by Kurz et al?® demonstrated that an interaction
between H,O, and redox-active iron ions is required to
initiate cellular damage. As intralysosomal iron chelation
can protect against H,O,-induced cell death,?” we analyzed
the effect of the iron chelator desferrioxamine (DFO) on
TNF- and H»O»-induced necrosis in L929sAhFas cells. DFO
effectively blocked H,O.-induced necrosis, regardless of
the concentration of H,O, used, but did not affect TNF-
induced necroptosis or anti-Fas-induced secondary necrosis
(Figure 5g and Supplementary Figure 3a—c). Similar results
on DFO pretreatment were obtained in MEF cells stimulated
with TNF or H,O, (Supplementary Figure 4a and b) or on
using the lipophilic iron chelator salicylaldehyde isonicotinoyl
hydrazone (SIH) instead of DFO (Supplementary Figure 6).2”
These observations indicate that Fenton-type reactions and
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consecutive LMP are crucial in HsOs-induced necrosis,
but not in TNF-induced necroptosis or in anti-Fas-induced
secondary necrosis. Indeed, the timing of LMP in TNF-
induced necroptosis indicates that it is a late event coinciding
with cellular disintegration, as in the case of secondary
necrosis (Figures 3b and 4c). To confirm this differential
induction mechanism of LMP in TNF-induced necroptosis
and H,Os-induced necrosis, we analyzed the effect of
CA-074-Me, which was shown to block cell death by acting
upstream of LMP in a cathepsin B-independent manner.?®
This inhibitor significantly blocked TNF-induced necrop-
tosis, whereas H,O,-induced necrosis and anti-Fas-induced
secondary necrosis remained unaffected (Figure 5h and
Supplementary Figure 3g—i). In this manner, the differential
inhibitory action of both inhibitors, DFO and CA-074-Me, on
TNF-induced necroptosis and H,O,-induced necrosis
underscores the different induction mechanisms of LMP.

Discussion

Recent research has uncovered several forms of cell death
that are distinct from classical apoptosis.’*® In this report, we
analyzed subcellular events during necroptosis, necrosis and
secondary necrosis in the same cellular context by using high-
resolution time-lapse imaging. TNF induces a regulated form
of necrotic cell death, also called necroptosis,® whereas H,O,
elicits necrosis due to physicochemical insult. Fas-mediated
apoptosis consists of a highly regulated signaling phase,
which, in the absence of phagocytosis, is followed by a cellular
disintegration phase called secondary necrosis. To distin-
guish the signaling pathways elicited during necroptosis and
necrosis, we performed mechanistic studies to resolve the
molecular signaling pathways implicated and compared the
subcellular events at the level of mitochondria and lysosomes.

Comparative analysis of TNF- and H,O»-induced cell death
by time-lapse imaging confirmed the absence of apoptotic
morphological features. Instead, we observed that both cell
death stimuli induced typical necrotic morphological features. In
some cell types, moderate concentrations of HoO, (< 100 uM)
induce apoptosis.’® However, we were unable to detect
caspase activity or apoptotic morphology at any cytotoxic
concentration of HoO, (Supplementary Figure 1i and j, data not
shown). It should be noted that zVAD-fmk did not sensitize cells
for H,O, treatment, in contrast to its effect on TNF-induced
necroptosis (Supplementary Figure 1k and ), indicating the
implication of distinct necrotic signaling pathways between TNF
and H-O,. This is in contrast to previous studies reporting that in
MEF cells both TNF- and H,O»-induced necrosis rely on
RIP1.2" However, in our study, RIP1-deficient MEF cells are
indeed protected against TNF-induced necroptosis, but do not
exhibit altered sensitivity to H,O,-induced necrosis compared
with wild-type MEF cells (Supplementary Figure 7). Moreover,
addition of Nec-1, a RIP1 kinase inhibitor,” did not protect
primary MEF cells against the cytotoxic activity of H>O,, but
attenuated TNF-induced necroptosis (Supplementary Figure
4). These results demonstrate that in L929sAhFas and MEF
cells, HyOs-induced necrosis, in contrast to TNF-induced
necroptosis, is RIP1 independent.

Inhibitors of mitochondrial complex |, cPLA, and Nox1,
retard TNF-induced necroptosis, pointing to the involvement
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of mitochondrial, membrane and lysosomal subcellular
compartments in necrotic cell death.?® In this respect, there
is extensive documentation that mitochondrial complex |-
mediated ROS production contributes to necroptosis.?%:3°-31
The multiple effects of BHA as a mitochondrial complex |
inhibitor, oxygen radical scavenger and cPLA, inhibitor
explain its strong antinecrotic effects on TNF-induced
necroptosis.®® BHA also completely abrogated zVAD-fmk-
mediated sensitization of mice to TNF lethality.3? In contrast,
H>O»-induced necrosis occurs independently of the above-
mentioned signaling pathways. Our time-lapse imaging data
demonstrate that lysosomes rapidly start leaking on addition
of H>O,. Preincubation with the iron chelator, DFO, which
accumulates in lysosomes after endocytic uptake,?” comple-
tely blocked H,O.-induced necrosis. In contrast, the same
treatment hardly affects TNF-induced necroptosis in
L929sAhFas and MEF cells, suggesting differential involve-
ment of Fenton-type reactions. An attempt to link the
described molecular signaling events to individual subcellular
biochemical events, that is, LMP, oxidative burst and
mitochondrial hyperpolarization, failed because of photo-
toxicity. A combination of inhibitor, probes and repetitive light
exposure was toxic without the addition of the cell death
stimulus, TNF or H,O,. Therefore, we were unable to address
this question.

Time-lapse imaging data demonstrate that TNF-induced
necroptotic cell death consists of a signaling phase and a
cellular disintegration phase. In contrast, H,O.-induced
necrosis starts immediately with the cellular disintegration
phase. During the signaling phase of TNF-induced necrosis,
the gradual increase in ROS formation is most likely
dependent on mitochondrial complex | and/or Nox1, because
inhibitors of either enzyme significantly retard TNF-induced
ROS production and necroptosis.?2243! The steady increase
in ROS generation in TNF-induced necroptosis is followed by
mitochondrial hyperpolarization at the end of the signaling
phase, and consequent rounding of cells, LMP and oxidative

burst. Mitochondrial hyperpolarization has been attributed to
increased oxygen consumption and increased electron flow.'”
However, it is also conceivable that RIP1-mediated inhibition
of the adenine nucleotide transporter®® results in a reduction
in the mitochondrial matrix levels of ADP, leading to a
decrease in ATP synthase activity or to its reverse activity.
The latter mechanism instead hydrolyzes ATP and pumps
protons against the electrochemical gradient to the mitochon-
drial inner membrane space,?’4 resulting in increased MTP.
Apparently, this MTP increase occurs with a biphasic pattern,
but the reason for this remains unclear. Generally, the
fluorescence of probes that monitor MTP is quenched when
accumulating in mitochondria.3® TMRM has been reported to
induce intramitochondrial self-quenching at the concentration
applied in this study (200 nM).3® Typically, on mitochondrial
uncoupling, a transient increase in TMRM fluorescence
partially reflects decreased intramitochondrial self-quenching.
To exclude the possibility that the monitored increase in MTP
is not indicative of an actual decrease, we performed an
additional control experiment by treating TMRM-loaded cells
with a mitochondrial uncoupler, carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP). Using 200 nM of TMRM, a small
transient increase of 10% is observed before the final
reduction in the presence of CCCP (Supplementary Figure
8a). This initial increase is not observed using 30 nM TMRM
(Supplementary Figure 8b), confirming the data of Ward
etal.®® However, we would like to emphasize that the increase
in mean fluorescence observed during necrotic cell death is
10-fold higher than in the case of CCCP. Therefore, we
conclude that the observed mitochondrial hyperpolarization is
not because of intramitochondrial self-quenching.

Schematic representations illustrate the timing of sub-
cellular events in TNF- and H,O»-induced necrosis and in
Fas-mediated secondary necrosis (Figure 6a—c), using PMP
as a reference point. In all three types of necrotic cell death,
the cellular disintegration phase is characterized by a
continuous decrease in LMP until the eventual loss of PMP.
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Figure 6 Schematic comparison of several subcellular events in TNF- and H,0.-induced necrosis, and of anti-Fas induced apoptosis in function of time. Simplified
diagrammatic representation of ROS formation (green), MTP (orange), LMP (red) and PMP (blue) over time. Necrosis induced by (a) TNF and (b) H,O,, and secondary
necrosis induced by (c) anti-Fas. TNF is blocked by BHA, Nec-1 or RIP1 deficiency, but H,O,-induced necrosis is not. On the other hand, H,O,, but not TNF-induced

necroptosis, is blocked by DFO. SP, signaling phase; DP, disintegration phase
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This gradual LMP coincides with mitochondrial hyperpolariza-
tion and a burst of ROS production. The occurrence of
secondary necrosis is often regarded as an in vitro artifact
because of the absence of phagocytic capacity. However, in
extreme cases of extensive apoptosis and insufficient
phagocytic capacity in vivo, it may have a (patho)physiological
role. Lysosomal disintegration leading to the release of
cathepsins, and oxidative burst may participate in the gene-
ration of modified damage-associated molecular patterns
(DAMPs) through proteolysis®” and generation of oxidized
products.®® In that respect, the cellular disintegration phase
serves as a last life-buoy to attract immune competent cells
and to initiate regeneration processes.

In conclusion, the cellular disintegration phase of the
three types of necrosis (necroptosis, necrosis and secondary
necrosis) is characterized by the same sequence of sub-
cellular events, such as LMP, mitochondrial hyperpolari-
zation, oxidative burst and eventually PMP. Moreover, the
finding that LMP in apoptosis only occurs during the
secondary necrosis phase may clarify the debate on the role
and timing of LMP in apoptosis. Our time-lapse imaging
results indicate that LMP in necroptosis and secondary
necrosis is a late process coinciding with the cellular
disintegration phase. Therefore, it is unlikely that LMP has
an important signaling function during apoptosis itself, but it
may contribute to the generation of DAMP molecules. A better
understanding of the impact of necrotic signaling pathways
and cellular disintegration process in homeostasis and
pathophysiology could lead to therapeutic opportunities in
immunotherapy and regenerative medicine. The importance
of chemical-induced necrosis by oxidative stress is further
underscored by the potential use of metal-protein-attenuating
compounds in the treatment of patients with chronic anemia
or neurodegenerative diseases.'®

Materials and Methods

Cells. L929sAhFas and L929sACrmA cells were generated by expressing human
Fas gene or a viral serpin-like caspase inhibitor, CrmA, in the L929sA cells, a
TNF-sensitive derivative of the murine fibrosarcoma cell line L929.% These cells
and MEF were cultured in Dulbecco’s modified Eagle’s medium, supplemented
with 10% fetal calf serum, penicillin (100 U/ml), streptomycin (0.1 mg/ml) and
L-glutamine (0.03%). MEF cells were grown in low oxygen conditions (3% O,).*°

Antibodies, cytokines and reagents. Recombinant human and mouse
TNF were produced to at least 99% homogeneity in our laboratory and have a
specific biological activity of 6.8 x 107 and 3.3 x 10° 1U/mg, respectively. Anti-
human Fas antibodies (clone 2R2) were purchased from Cell Diagnostica (Munster,
Germany). Propidium iodide (Becton Dickinson, Franklin Lakes, NJ, USA) was used
at 3 uM for live-cell imaging and at 30 M for flow fluorocytometric analysis. SYTOX
Green, LysoTracker Red, 5-(and-6)-chloromethyl-2'7’-dichlorodihydrofluorescein
diacetate acetyl ester (CM-H,DCFDA) and tetramethyl rhodamine methyl ester
(TMRM) (Molecular Probes - Invitrogen, Carlsbad, CA, USA) were used at
10, 50nM, 1uM and 200nM, respectively. The caspase peptide inhibitor,
benzyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone  (zZVAD-fmk) (Bachem,
Bubendorf, Switzerland), was used at 10 uM. DFO, BEL, BHA, DPI chloride,
CCCP, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
cycloheximide (Sigma Aldrich, St. Louis, MO, USA) were used at 1 mM, 30, 100,
15, 50 uM, 500 pg/ml and 10 ug/ml, respectively. 5-(Indol-3-ylmethyl)-(2-thio-3-
methyl)hydantoin (Nec-1, Calbiochem, San Diego, CA, USA), cathepsin inhibitor IV
(CA-074-Me, Calbiochem) and rotenone (MP Biomedicals Europe N.V., lllkirch,
France) were used at 10, 50 and 25 uM, respectively. The cell permeable iron
chelator, SIH (a kind gift from Prof. Dr. U Brunk), was used at 10 xM. The murine
RIP1 antibody was purchased from Becton Dickinson, and the antibodies for
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detecting actin and f-tubulin as loading controls were from MP Biomedicals and
Abcam (Cambridge, UK), respectively. cPLA, and NDUFAF1 antibodies were
obtained from Cell Signaling Technology (Danvers, MA, USA) and Bio-Connect B.V.
(Te Huissen, The Netherlands), respectively.

Analysis of cell death and cell survival parameters. For flow
fluorocytometric analysis, cells were kept in suspension plates before analysis
(Sarstedt, Newton, NC, USA). For MTT colorimetric analysis, L929sAhFas and MEF
cells were seeded in 96-well plates. After preincubating cells with the mentioned
inhibitors for 1 h (except for DFO, which needs 3 h preincubation), hTNF (10 000 IU/
ml), H,0, (2 mM) or anti-Fas (500 ng/ml) was added for different durations for flow
fluorocytometric analysis. For MTT analysis, serial dilutions of hTNF, H,O, or anti-
Fas were used. Caspase activity was analyzed by a fluorogenic substrate assay.*®
Cell death was analyzed for loss of membrane integrity by measuring Pl uptake
(flow fluorocytometric analysis). Cell survival was analyzed by measuring succinate
dehydrogenase (complex II) activity (MTT assay).

RNAi-mediated knockdown of RIP1. L929sAhFas cells were transfected
according to the manufacturer’s protocol in six-well plates with 10 nM RIP1 siRNA,
cPLA, siRNA, NDUFAF1 siRNA or Non-Targeting siRNA (ON-TARGETplus
SMART pool siRNA, Dharmacon, Thermo Fisher Scientific, Waltham, MA, USA)
using INTERFERin (Polyplus-transfection SA, lllkirch, France) as a transfection
reagent. After 72 h, cells were trypsinized, counted and placed in suspension plates
for FACS analysis. At 96 h after transfection, L929sAhFas cells were stimulated with
the mentioned trigger and lysates were obtained. Efficiency of knockdown was
analyzed by western blot, as previously described.®

Imaging setup. L929sAhFas cells were seeded in cover glass-based eight-well
chamber slides (Lab-Tek, Nunc, VWR International, Leuven, Belgium) or in one-well
glass bottom dishes (Willco Wells B.V., Amsterdam, The Netherlands). Cells were
loaded with fluorescent probes for 15-30 min before treatment with TNF (10 000 1U/
ml) in the presence of zZVAD-fmk (10 uM), H,0, (500 uM) or anti-Fas (250 ng/ml),
depending on the probes. Cells were imaged using the Application Solution Multi-
Dimensional Workstation (AS MDW) (Leica Microsystems, Mannheim, Germany).

The AS MDW includes a DM IRE2 microscope equipped with an HCX PL APO
63 x /1.3 glycerin-corrected 37 °C objective and a 12-bit Coolsnap HQ Camera
(Roper Scientific GmbH, Ottobrunn, Germany). The objective is equipped with a
PIFOC P-Piezo element that allows images to be taken in the z-direction in a precise
and reproducible manner. Three-dimensional live-cell imaging (x, y, z, t and 1) was
performed in differential interference contrast and multiple fluorescence modes. The
fluorescent probes were excited with a xenon burner (45W) in front of a
monochromator. Excitation/emission was set depending on the fluorescent probes:
Pl, excitation at 541 nm, cube BP515-560/FT580/LP590; SYTOX Green, excitation
at 490nm, cube BP470/40/FT500/BP525/50; CM-CH,DCFDA, excitation at
488 nm, cube BP470/40/FT500/BP525/50; TMRM, excitation at 540 nm, cube
BP515-560/FT580/LP590; LysoTracker Red DND-99, excitation at 535 nm, cube
BP515-560/FT580/LP590.

Image acquisition. Foranalysis of fluorescent signals, cells were monitored at
three or four positions (x, y) in each condition for 4 or 6 h. For each condition, at least
two independent experiments were run and analyzed. During each imaging event,
z-sections were made in differential interference contrast and epifluorescence
modes with a step size of 1um over a total depth of 11 um. To minimize
phototoxicity and photobleaching, the camera was used in binning mode 2, the
power of the xenon burner was attenuated with a neutral density filter and exposure
time was kept to a minimum. To control for effects due to phototoxicity, untreated
cells were imaged for at least 4 h using the same fluorochromes and time intervals;
no major changes in fluorescence and morphology were observed (Supplementary
Figure 2).

After acquisition. The 16-bit 3D-image sequence was opened in ImageJ
using a custom macro. The best focus was selected and a maximum intensity
projection was made at each time point and saved as a timestack multitiff. Using a
second macro, graphs of mean fluorescence intensity integrated over the entire cell
area over time were calculated and presented as graphs, images and movies. In
addition, graphic data for the different fluorophores were automatically exported to a
spreadsheet file. We analyzed the indicated number of cells. Synchronous cellular
behavior was observed of multiple cells within the field of focus and was
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representative of all monitored positions (data not shown). A description of the
contents of the supplementary videos is provided in Supplementary Table 2.
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