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Necroptosis is a form of regulated necrosis mediated by the
formation of the necrosome, composed of the RIPK1/RIPK3/MLKL
complex. Here, we developed a proximity ligation assay (PLA) that
allows in situ visualization of necrosomes in necroptotic cells and
in vivo. Using PLA assay, we show that necrosomes can be found
in close proximity to the endoplasmic reticulum (ER). Furthermore,
we show that necroptosis activates ER stress sensors, PERK, IRE1a,
and ATF6 in a RIPK1-RIPK3-MLKL axis—-dependent manner. Acti-
vated MLKL can be translocated to the ER membrane to directly
initiate the activation of ER stress signaling. The activation of
IRE1x in necroptosis promotes the splicing of XBP1, and the sub-
sequent incorporation of spliced XBP1 messenger RNA (mRNA) in-
to extracellular vesicles (EVs). Finally, we show that unlike that of
a conventional ER stress response, necroptosis promotes the acti-
vation of unfolded protein response (UPR) sensors without affect-
ing their binding of GRP78. Our study reveals a signaling pathway
that links MLKL activation in necroptosis to an unconventional ER
stress response.
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N ecroptosis is a regulated necrotic cell death mechanism that
can be activated upon stimulation of death receptors, such
as TNFRI, by their cognate ligands (1-3). Activation of TNFR1
promotes the formation of an intracellular complex, known as
complex I, which controls the activation of receptor-interacting
protein kinase 1 (RIPK1). Activated RIPK1 interacts with RIPK3
to promote the activation of RIPK3, which in turn recruits and
phosphorylates mixed lineage kinase-like protein (MLKL) to form
complex IIb (the necrosome) (4-8). Phosphorylation of MLKL by
RIPK3 unleashes its N-terminal four-helix bundle (4HB) domain
to promote its oligomerization into oligomers, which can per-
meabilize the cell membrane to promote cell lysis (9, 10). The
phosphorylated MLKL localizes not only to the plasma membrane
(PM) but also to internal membranes (11). However, while the
mechanism that promotes the loss of cytoplasmic membrane in-
tegrity during necrosis has been extensively characterized, we
know very little about the mechanism and consequence that me-
diates the damage to intracellular organelles during necroptosis.
The endoplasmic reticulum (ER) is an intracellular organelle
where all proteins in transit through the secretory pathway are
folded, modified, and assembled into multisubunit complexes.
The state of protein folding in the ER is monitored by three ER-
localized transmembrane unfolded protein response (UPR) signal
sensors, including two protein kinases, IRE1 (inositol requiring
kinase 1) (12, 13) and PERK (double-stranded RNA-activated
protein kinase-like ER kinase) (14), and the transcription factor
ATF6 (activating transcription factor 6) (15). Under normal ho-
meostatic conditions, UPR sensors, including IRE1, PERK, and
ATF6, are known to be kept inactive by the interaction of their
luminal domains with protein chaperone GRP78 (BiP). In re-
sponse to ER stress, accumulated unfolded proteins sequester
GRP78 from the UPR sensors, which promotes the activation of
IRE1, PERK, and ATF6 and the induction of GRP78. Activation
of IREla, an evolutionarily conserved ER sensor, promotes its
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endoribonuclease activity, which leads to the splicing of a
26-nucleotide intron from XBPI messenger RNA (mRNA). Thus,
disrupting the binding of GRP78 with IREla and PERK and
transcriptional induction of GRP78 has been recognized as the
hallmarks of the ER stress response (16).

Here we investigated the dynamics of necrosomes during
necroptosis using proximity ligation assay (PLA). We found an
enriched association of necrosomes with ER, which led us to
study the involvement of the ER stress response during nec-
roptosis. We found a robust activation of UPR sensors, including
the phosphorylation of IREla, PERK, and the cleavage of ATF6
during necroptosis. Activation of IREla by necroptosis pro-
moted Xbp-1 splicing and loading of sXbp-1 in extracellular
vesicles (EVs). We investigated the mechanism by which nec-
roptosis promotes the activation of UPR sensors. We found that
oligomerization of MLKL could promote the disruption of the
ER membrane and activation of UPR sensors without disrupting
their binding with GRP78. Our study suggests that necroptosis
promotes an unconventional ER stress response by directly dis-
rupting the ER membrane without inducing the accumulation of
misfolded proteins.

Results

Detection of the RIPK1-RIPK3 Necrosome In Situ by PLA. We devel-
oped a PLA for detecting the interaction of RIPK1-RIPK3
during necroptosis in situ. Necroptosis of HT-29 cells was in-
duced by treatment with TNF (T), SM-164 (S), and pan-caspase
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inhibitor z-VAD.fmk (Z) (T/S/Z) (17). Interaction of RIPK1 and
RIPK3 was detected specifically in T/S/Z treated HT-29 cells (Fig.
1 A and B). The PLA-RIPK1/RIPK3 interaction signal was
inhibited upon the treatment with RIPK1 kinase inhibitor Nec-1s
or knockdown of RIPK3 (Fig. 1 4 and B). Furthermore, the PLA-
RIPK3/MLKL interaction signal was inhibited upon knockdown
of RIPK3 or MLKL (Fig. 1 C and D). The levels of PLA-RIPK1/
RIPK3 and RIPK3/MLKL signals per cell correlated with viability

(Fig. 1 B, D, and E), suggesting the specificity of the assay in de-
termining the interaction of RIPK1 and RIPK3 and that of RIPK3
and MLKL in necroptotic cells. A PLA assay was also developed
for detecting in situ RIPK1-RIPK3 interacting signal in necroptosis
of mouse cells, and the specificity of signal was demonstrated by its
absence in RIPK1 or RIPK3 knockout cells (SI Appendix, Fig. S1 A
and B). Thus, this PLA assay can be used to detect in situ specific
interaction of RIPK1-RIPK3 and RIPK3-MLKL, which are the key
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Fig. 1. Detection of the RIPK1-RIPK3 necrosome in situ by PLA. (A and B) HT-29 cells were treated with human TNF (50 ng/mL), SM-164 (100 nM), z-VAD.fmk
(25 pM), and Nec-1s (10 pM) as indicated. The RIPK1-RIPK3 complex was detected by in situ PLA. (Scale bar, 10 pm.) RIPK1-RIPK3 in situ PLA signals per cell were
quantified (>100 cells per group from three independent experiments were assessed) (B). (C and D) HT-29 cells were treated with human TNF (50 ng/mL), SM-
164 (100 nM), z-VAD.fmk (25 pM), and Nec-1s (10 uM) as indicated. The RIPK3-MLKL complex was detected by in situ PLA. (Scale bar, 10 pm.) RIPK3-MLKL
in situ PLA signals per cell were quantified (>100 cells per group from three independent experiments were assessed) (D). (E) The viability of the HT-29 cells
used in A-D was determined by Cell-Titer-Glo assay. (F) HT-29 cells were treated with human TNF (50 ng/mL), SM-164 (100 nM), and z-VAD.fmk (25 pM) for the
indicated periods of time. The RIPK1-RIPK3 complex was detected by in situ PLA assay. (Scale bar, 25 um.) (G) RIPK1-RIPK3 PLA signals per cell were quantified.
Percentages of cells with different numbers of RIPK-RIPK3 PLA signals in the population were calculated at each time point (n = 2 independent experi-
ments; >100 cells per group were assessed). (H) The viability of the HT-29 cells (G) was determined by Cell-Titer-Glo assay. (/) H&E staining and RIPK1-RIPK3
in situ PLA assays were conducted on liver sections of Abin-1"* and Abin-17~ E16.5 embryos. (Scale bar, 10 pm.) (J) RIPK1-RIPK3 PLA signals per section were
quantified (n = 3 independent experiments). All data are shown as mean + SEM; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant; based on two-tailed
Student’s t test (J) and one-way ANOVA followed by Tukey’s test (B, D, E, and H).
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components of the necrosome during necroptosis of human and lethality (E18.5) due to necroptosis of the liver (18). The PLA-
mouse cells. RIPK1-RIPK3 assay detected the presence of necrosomes in the
Next, we evaluated the dynamics of PLA-necrosome signals  livers of E16.5 Abin-17"~ mice, but not that of wild-type (WT)

during necroptosis progression. We treated HT-29 cells with T/S/  mice (Fig. 1 1 and J and SI Appendix, Fig. S1C). Thus, our PLA
Z and performed the PLA-RIPKI-RIPK3 assay at different time  44qay made it possible to observe endogenous necrosomes in vivo.

points. The numbers of necrosomes per cell and the numbers of
cells with more necrosomes started to increase from 3 h after the  Association of the Necrosome with the ER during Necroptosis. We
addition of T/S/Z and increased over time until reaching high  next used the PLA assay to characterize the subcellular locali-
levels at 9 h (Fig. 1 F and G). The dynamic increases in necrosomes  ,ation of the necrosome. Necrosomes in necroptotic cells were
per cell correlated with the loss of cell viability (Fig. 1H), sug- ¢ labeled with PLA-RIPK1/RIPK3 and different organelle markers,
gesting that the in sim PLA assay of RIPK1-RIPK3 represents a including ER membrane protein calnexin, mitochondrial inner
measurer}rllent d'ff(;r the prﬁ)g{essi(l)n of nle qutO(Sii.S' T.h Ielszifrfesults membrane protein COX4, early endosome I’narker EEAL, nuclear
suggest that different cells in the populations die with different 1 ’ . . . i

dye DAPI, phalloidin for F-actin, and Golgi protein GM130. We

kinetics. While the cell viability assay determines the average via- . . .
bility of a cell population, the number of necrosomes detected by determined the percentages of PLA signals that overlapped with

in situ PLA in each cell profiles necroptosis progression at a single- ~ different orgapelle ) markers, which revealed the associgtion of
cell level. necrosomes with different subcellular compartments during nec-

We next used the PLA assay to characterize the necrosome  roptosis. We found that PLA signals of necrosomes were partially
in vivo. Knockout of ABIN-1, an important ubiquitin binding  overlapped with markers of ER, mitochondria, early endosome,
protein that controls the activation of RIPK1, leads to embryonic  nucleus, and cytoplasm, but rarely with Golgi (Fig. 24). Interestingly,
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Fig. 2. Association of the necrosome with ER during necroptosis. (A) HT-29 cells were treated with human TNF (50 ng/mL), SM-164 (100 nM), and z-VAD.fmk
(25 pM), and RIPK1-RIPK3 complex was detected by in situ PLA assay. The subcellular markers were detected by immunofluorescence or specific fluorescent
dye staining. Quantification of the percentages of RIPK1-RIPK3 in situ PLA signals overlapped with subcellular organelle marker, calnexin (ER), COX IV
(mitochondria), EEA1 (early endosome), DAPI (nucleus), phalloidin (F-actin), and GM-130 (Golgi). At least 100 cells per group were calculated. (B) A repre-
sentative image of RIPK1-RIPK3 PLA signals overlapped with calnexin immunofluorescence signals. (Scale bar, 10 um.) (C and D) Orthogonal view of RIPK1-
RIPK3 PLA signals overlapped with calnexin immunofluorescence signals. (€ and F) Quantification of the intensity along the line shown in Cand D. (Scale bars,
10 pm.)
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we noted that ~17% of necrosomes were found to be associated
with ER (Fig. 2 A-F).

We next examined whether the morphology of the ER was
changed during necroptosis. We used GRP78, an ER-localized
chaperone protein, as a biomarker of ER integrity. While GRP78
is normally excluded from the nucleus, we detected nuclear
GRP78 in rounded necroptotic cells, suggesting that the ER is
damaged during necroptosis, which leads to the leakage of GRP78
into the nucleus (SI Appendix, Fig. S2 A and B). The nuclear
GRP78 could be inhibited in cells treated with Nec-1s and GSK’
872 (SI Appendix, Fig. S2 C and D). We also used ER-Tracker
Red dye, a cell-permeable live cell stain that is highly selective for
the ER to confirm the observation. The ER-Tracker staining
displayed a condensed ER pattern in rounded necroptotic cells.
Thus, we conclude that the morphology of the ER was dramati-
cally changed during necroptosis.
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Necroptosis Activates a Noncanonical ER Stress Response. Distur-
bance of ER homeostasis is known to trigger an ER stress re-
sponse (19-21). To determine whether necroptosis may activate
an ER stress response, we examined the phosphorylation of
protein kinase RNA-like endoplasmic reticulum kinase (PERK),
inositol-requiring enzyme lo (IREla), the cleavage of activating
transcription factor 6 (ATF6), which are the hallmarks of ER
stress signaling activation, during necroptosis progression. In
HT-29 cells treated with T/S/Z, p-S166 RIPK1 was detected first
at 1 h, which was followed by the appearance of p-RIPK3 and
p-MLKL starting after 2 h. We detected phosphorylation of
IREla as early as 30 min (Fig. 34). Both upshifted and phos-
phorylated PERK could be detected after 2 h (Fig. 34). The
cleavage of ATF6 was significantly increased at 6 h, 8 h, and 10 h
(Fig. 34). As expected, the phosphorylation of IREla and PERK,
and the cleavage of ATF6, were also detected in HT-29 cells
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Fig. 3. Necroptosis activates a noncanonical ER stress response. (A-D) HT-29 cells were treated with human TNF (50 ng/mL), SM-164 (100 nM), z-VAD.fmk (25
pM), Nec-1s (10 uM), GSK'872 (10 pM), and NSA (2.5 pM) as indicated. The cell lysate was collected and analyzed by immunoblotting using indicated anti-
bodies. The values under the blots indicate quantification of relative density of GRP78 bands.
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treated with the classical ER stress—inducing models, thapsigargin
(Tg) and tunicamycin (Tm) (SI Appendix, Fig. S3 A and B). In
contrast, the phosphorylation of IREla was also detected but
weaker and more transient in TNF(T) and TNF/SM-164(T/S)
model than that in the necroptosis model (SI Appendix, Fig. S3 C
and D). Neither PERK phosphorylation nor XBP1 splicing was
detectable in the T and T/S models (SI Appendix, Fig. S3 E and F).
ATF6 cleavage was detected in T/S, but not in the T model (S/
Appendix, Fig. S3 C and D). Thus, the upstream sensors of ER
stress signaling were most robustly activated in the necroptosis
model.

Up-regulation of GRP78 is a robust downstream readout in a
canonical unfolded protein response (21). Under normal ho-
meostatic conditions, GRP78 is in complex with IREla, PERK,
and ATF6 to inactivate these UPR transmembrane stress sen-
sors. Accumulation of misfolded proteins releases GRP78 from
these UPR sensors, which in turn promote the activation of the
ER stress response. Treatment with canonical ER stress inducers,
including SERCA inhibitor thapsigargin and the N-linked glyco-
sylation inhibitor tunicamycin, induced GRP78 as expected (S
Appendix, Fig. S3 A and B). In contrast, we found only very weak
induction of GRP78 during necroptosis (Fig. 34). Thus, the acti-
vation of UPR during necroptosis deviates from what occurs un-
der canonical ER stress conditions.

Next, we tested whether the RIPK1-RIPK3-MLKL axis was
required for the activation of ER stress signaling during nec-
roptosis. We found that treatment with RIPK1 inhibitor Nec-1s,
RIPK3 inhibitor GSK’872, and MLKL membrane translocation
inhibitor NSA (4) effectively inhibited the activation of PERK
and ATF6 at all time points and phosphorylation of IREla from
the 2-h time point (Fig. 3 B-D). Thus, the kinase activities of
RIPK1 and RIPK3, as well as MLKL translocation to the mem-
brane, are essential for the activation of ER stress signaling acti-
vation during necroptosis. We also detected the phosphorylation
of IREla, upshift of PERK in mouse embryonic fibroblasts
(MEFs) treated with T/S/Z (SI Appendix, Fig. S3G). In contrast,
Nec-1s, GSK'872, and NSA cannot inhibit the phosphorylation of
PERK and IREla, or the cleavage of ATF6 in the conventional
ER stress response induced by thapsigargin (SI Appendix, Fig.
S3 H-J). Thus, the ER stress response can be activated by nec-
roptotic signaling but may be mediated by a mechanism distinct
from that conventional ER stress response.

Incorporation of Spliced XBP1 mRNA into Extracellular Vesicles during
Necroptosis. Activation of IREla during ER stress promotes its
endoribonuclease activity, which in turn mediates unconven-
tional splicing of XBP1 mRNA (13). The cleavage of XBP1 was
detected 4 h after activation of necroptosis by T/S/Z (Fig. 44).
Furthermore, the splicing of XBP1 activated in necroptotic cells
was blocked by Nec-1s, GSK’872, and NSA, and by knockout of
IREla (Fig. 4 B-D). Emerging evidence suggests that the spliced
form of XBP1 mRNA can be incorporated into extracellular
vesicles known as the exosomes during ER stress (22). EVs, with
the capacity to transfer proteins, lipids, and nucleic acids, have
been increasingly recognized to play an important role in inter-
cellular communication (23). MLKL could regulate extracellular
vesicle generation during necroptosis to promote cytokine re-
lease (24, 25). But the potential presence of RNA cargo in the
extracellular vesicles generated by necroptosis has not been in-
vestigated. Thus, we next examined whether the activation of
IREla could promote the loading of spliced sXBP1 in the ex-
tracellular vesicles during necroptosis. We detected the spliced
form of XBP1 mRNA in the extracellular vesicles isolated from
T/S/Z-treated HT-29 cells, which was inhibited by treatment with
Nec-1s, GSK'872, NSA, and silencing of IREla (Fig. 4 C-E).
IRE1la knockout did not affect cell viability, the phosphorylation
of RIPK1, RIPK3, and MLKL in HT-29 cells treated with T/S/Z
(SI Appendix, Fig. S4 A and B), or the particle number, size, and
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Fig. 4. Incorporation of spliced XBP1 mRNA into extracellular vesicles dur-
ing necroptosis. (A and B) HT-29 cells were treated with human TNF (50 ng/
mL), SM-164 (100 nM), z-VAD.fmk (25 uM), Nec-1s (10 pM), GSK'872 (10 pM),
and NSA (2.5 uM) as indicated. The cell lysate was collected and analyzed by
RT-PCR. (C) Sg-GFP, sg-IRE1a-1, and sg-IRE1a-2 HT-29 cells were treated with
human TNF (50 ng/mL), SM-164 (100 nM), and z-VAD.fmk (25 uM). The cell
lysate was collected and analyzed by RT-PCR. (D) The knockout efficiency of
sg-IRE1a-1, sg-IRE1a-2 HT-29 cells. (E) HT-29 cells were treated with human
TNF (50 ng/mL), SM-164 (100 nM), z-VAD.fmk (25 pM), Nec-1s (10 uM), GSK’
872 (10 pM), and NSA (2.5 pM) for 24 h. The exosome was isolated from
culture medium and the RNA was analyzed by RT-PCR. (F) Sg-GFP, sg-IRE1a-
1, and sg-IRE1a-2 HT-29 cells were treated with human TNF (50 ng/mL), SM-
164 (100 nM), and z-VAD.fmk (25 pM) as indicated for 24 h. The exosome
was isolated from culture medium and the RNA was analyzed by RT-PCR.

protein marker level of extracellular vesicles during necroptosis
(SI Appendix, Fig. S4 C and D). Thus, we conclude that activa-
tion of IREla not only regulates XBP1 splicing in the nec-
roptotic cells but also promotes the secretion of spliced XBP1
mRNA by extracellular vesicles.

Oligomerization of MLKL Triggers ER Stress Signaling during
Necroptosis. Since ER stress signaling during necroptosis could
be blocked by treatment with NSA, which inhibits the membrane
translocation of oligomerized MLKL (4), a downstream event in
necroptosis, we wondered whether MLKL oligomerization in
necroptosis could directly trigger ER stress signaling. We used
the expression construct of MLKL fused with the FV domain,
which was induced to undergo oligomerization by the addition of
AP20187 (Fig. 54). MLKL oligomerization induced by AP20187
triggered necroptosis, which was inhibited by NSA but not by
Nec-1s and GSK’'872 (26) (SI Appendix, Fig. S54), suggesting
that this system was able to bypass the upstream regulation of
RIPK1 and RIPK3 to activate MLKL directly. Induction of
MLKL oligomerization rapidly induced ER stress signaling as
demonstrated by the phosphorylation of both PERK and IREla
as early as 0.5 h after the addition of AP20187 (Fig. 5B). XBP1
splicing also occurred at 2 h and 3 h after the induction of MLKL
dimerization (Fig. 5C). The membrane translocation of oligo-
merized MLKL was important, as the addition of NSA effec-
tively inhibited the phosphorylation of PERK and IREla«, as well
as the splicing of XBP1 (Fig. 5 B and C). While thapsigargin
induced up-regulation of eIF2a phosphorylation and ATF4, T/S/
Z and AP20187-mediated dimerization of MLKL did not sig-
nificantly up-regulate GRP78, eIF2a phosphorylation, or ATF4
(SI Appendix, Fig. S5C).
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Fig. 5. Oligomerized MLKL can activate UPR sensors without disrupting their binding with GRP78. (A) A schematic diagram of the oligomerizable MLKL
(acMLKL). T357E/S358D MLKL mutations mimic the phosphorylation by RIPK3. (B and C) acMLKL HT-29 cells were treated with AP20187 (100 nM) and NSA (2.5
pM) as indicated. The cell lysate was collected and analyzed by immunoblotting (B). The cell lysate was collected and analyzed by RT-PCR (C). (D) Schematic
representation of the oligomerizable N-terminal part of MLKL (acMLKL-140) and 9 positively charged amino acid MLKL mutants (acMLKL-140-9pos). (E)
acMLKL-140 HT-29 cells and acMLKL-140-9pos HT-29 cells were treated with AP20187 (100 nM). The cell lysate was collected and analyzed by immuno-
blotting. (F) FADD-deficient Jurkat cells were treated with human TNF (50 ng/mL) and SM-164 (100 nM), and the sequential fractions were analyzed by
immunoblotting. (G) 293T cells were transfected with the expression constructs of acMLKL (1 to 140), acMLKL (1 to 140)-9pos and ER-DsRed. The cells were
treated with AP20187 (100 nM) and ER morphology was detected by time-lapsed imaging. (Scale bar, 10 um.) (H) Quantification of the percentage of cells
with ER puncta in G (>100 cells per group from three independent experiments were assessed). (/) WT MEFs and MLKL KO cells stably expressed with ER-DsRed
were treated with mouse TNF (10 ng/mL), SM-164 (100 nM), and z-VAD.fmk (25 pM). The ER morphology was detected by confocal microscopy. (Scale bar, 10
pm.) (/) Quantification of the percentage of cells with ER puncta in / (>100 cells per group from three independent experiments were assessed). (K) HT-29 cells
were treated with thapsigargin (500 nM) and human TNF (50 ng/mL), SM-164 (100 nM), and z-VAD.fmk (25 pM) as indicated. The level of IRE1a and PERK
binding with GRP78 was detected by coimmunoprecipitation. (L) A schematic diagram of the full-length PERK (FL-PERK) construct. PERK KO HT-29 cells
reconstituted with FL-PERK were treated with thapsigargin (500 nM) and human TNF (50 ng/mL), SM-164 (100 nM), z-VAD.fmk (25 pM), and the cell lysate was
collected and analyzed by immunoblotting. (M) A schematic diagram of the luminal domain defect PERK (dLD-PERK) construct. PERK KO HT-29 cells
reconstituted with dLD-PERK were treated with thapsigargin (500 nM) and human TNF (50 ng/mL), SM-164 (100 nM), z-VAD.fmk (25 pM), and Nec-1s (10 uM).
The cell lysate was collected and analyzed by immunoblotting. All data are shown as mean + SEM; **P < 0.01; ***P < 0.001; NS, not significant; based on two-
tailed unpaired Student’s t test (H and J).
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Homooligomerization of the N-terminal part of MLKL
(acMLKL 1 to 140) was found to be necessary and sufficient for
mediating the plasma membrane translocation of MLKL to
mediate necrosis (27). To explore whether the oligomerization of
MLKL 1 to 140 aa might be sufficient to activate PERK and
IRE1la, we constructed an expression plasmid for oligomerizable
WT acMLKL and mutant acMLKL-9PosA that were fused with
the 2xFV domain for inducing oligomerization by binding with
AP20187 (28). As reported, oligomerization of WT acMLKL
could induce necroptosis while acMLKL-9PosA could not (S
Appendix, Fig. S5B). Induction of oligomerization of acMLKL by
the addition of AP20187 rapidly induced phosphorylation of
PERK and IREq, while oligomerization of the mutant acMLKL-
9PosA, which mutated the 9 crucial amino acids for binding to
the membrane, could not activate PERK and IRE« (Fig. 5 D and
E). These data suggest that oligomerization of the MLKL N
terminus and the binding to the membrane are important for
activation of ER stress signaling.

Oligomerized MLKL Can Activate UPR Sensors without Disrupting
Their Binding with GRP78. Translocation of trimerized MLKL to
the cytoplasmic membrane is known to be a critical execution
event in necroptosis (27, 29). Thus, we hypothesized that MLKL
might translocate to the ER membrane to trigger the activation
of UPR sensors. We performed an ER fraction assay by ultra-
centrifugation. We found that phosphorylated MLKL could be
detected in the ER membrane fraction during necroptosis
(Fig. 5F and SI Appendix, Fig. S5D), suggesting that MLKL may
translocate to the ER membrane during necroptosis.

We next used time-lapsed microscopy to visualize the dynamic
change of the ER upon inducing MLKL oligomerization. In-
terestingly, we found that the network of the ER was rapidly
broken into puncta-like structures upon induction of acMLKL(1
to 140) oligomerization (Fig. 5 G and H). Similar ER-puncta
generation was observed in necroptosis of WT MEFs induced
by treatment with T/S/Z (Fig. 5 I and J). Taken together, our
results suggest that oligomerized MLKL is translocated to the ER
membrane to promote ER membrane damage during necroptosis.

Since the induction of protein chaperone GRP78 expression is
a hallmark of a conventional ER stress response, while we ob-
served the activation of IREla, PERK, and ATF6 with the
minimum induction of GRP78 during necroptosis, we next in-
vestigated whether the binding of GRP78 with IREla might be
affected by necroptosis. Interestingly, while the binding of GRP78
and IREla was reduced in cells treated with thapsigargin to in-
duce a conventional ER stress, the binding of GRP78 and IREla
was minimally affected during necroptosis (Fig. 5K), which is
consistent with a minimum effect of necroptosis on the expression
of GRP78 (Fig. 34 and SI Appendix, Fig. S3A4). Thus, our results
suggest that necroptosis is able to promote the activation of
IRE1la without significantly affecting its binding with GRP78. We
constructed the expression plasmid for full-length PERK (FL-
PERK) and luminal domain deleted PERK (dLD-PERK). Our
results showed that while both FL-PERK and dLD-PERK could be
activated by T/S/Z and inhibited by Nec-1s, thapsigargin could only
activate FL-PERK and not dLD-PERK (Fig. 5 L and M and SI
Appendix, Fig. SSE). Thus, we conclude that necroptosis can acti-
vate an unconventional ER stress response without disrupting the
binding of GRP78 with the luminal domains of UPR sensors.

Discussion

IREla, PERK, and ATF6 in complex with GRP78 are UPR
sensors in the ER lumen that monitor for the levels of misfolded
proteins (16, 21). In a conventional ER stress response, the ab-
normal accumulation of improperly folded proteins within the
ER lumen competes for binding with GRP78 that normally binds
with the luminal domains of IREla, PERK, and ATF6, which in
turn promotes the activation of these UPR sensors (16). The
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induction of GRP78 is a hallmark of conventional ER stress
responses. Interestingly, we found that the activation of ER
sensors, including IREla, PERK, and ATF6 during necroptosis,
was neither associated with a dramatic induction of GRP78 as
that in thapsigargin-treated cells nor was the interaction of
IREla and PERK with GRP78 affected by necroptosis. Thus,
necroptosis can activate an unconventional ER stress response.

MLKL can facilitate endosomal function and generation of
EVs, independently of RIPK1 or RIPK3, and also the phos-
phorylation of MLKL by RIPK3 can further enhance EV gen-
eration (24). Our results demonstrate secretion of spliced XBP1
mRNA by extracellular vesicles generated by necroptosis. The
role of RNA in mediating extracellular signaling has been in-
creasingly recognized (30). Our results suggest that the RNA
content of extracellular vesicles from necroptotic cells may transmit
signals to the nearby cellular environment about the impending
danger.

We show that oligomerization of MLKL is sufficient to pro-
mote the activation of UPR sensors in necroptosis. While the
induction of GRP78 is an established hallmark of the ER stress
response (31), we show that oligomerization of MLKL can also
disrupt the ER membrane to promote the activation of UPR
sensors independent of their luminal domains and with minimum
effect on the levels of GRP78. MLKL is an indispensable me-
diator of necroptosis (32). The oligomerization of MLKL in-
duced by T/S/Z or artificial dimerization promotes its association
with lipid rafts in the 2plasma membrane (27). MLKL has been
shown to promote Ca®" influx by generating plasma membrane
“bubbles” in a process involving the ESCRT-III machinery dur-
ing necroptosis, which precedes the loss of PM integrity. Nec-
roptosis strongly induces the transcription of proinflammatory
cytokines and chemokines (26). Thus, the lack of GRP78 induc-
tion is unlikely due to the inability of necroptotic cells to launch
transcription. IREla and PERK can be activated by perturbation
of cellular lipid composition independently of their luminal do-
mains, which has led to the suggestion that the UPR sensors can
also monitor the lipid composition of the ER membrane (33). Our
results suggest that the UPR sensors can sense the integrity of the
ER membrane, and furthermore, necroptosis provides a unique
ER stress paradigm that can activate ER sensors, including IREla
and PERK with minimum effect on their bindings with GRP78.
Thus, necroptosis activates ER stress sensors, including IREla
and PERK, in an unconventional manner.

Materials and Methods

Reagents. The reagents used in this study included: Recombinant human TNFax
(Cat. No. C008) from Novoprotein; z-VAD.fmk (Cat. No. $7023) from Selleck;
GSK’872 (Cat. No. 530389) and necrosulfonamide (NSA) (Cat. No. 480073)
from Calbiochem; thapsigargin (Cat. No. ab120286) and tunicamycin (Cat.
No. ab120296) from Abcam; AP20187 (Cat. No. HY-13992) from MedChe-
mExpress; R-7-ClI-O-Nec-1 (Nec-1s) and SM-164 were custom synthesized;
DAPI nucleic acid stain (Cat. No. D1306) and ER-Tracker Red (Cat. No. E34250)
from Invitrogen; Actin-stain 555 fluorescent phallodin (Cat. No. PHDH1) from
Cytoskeleton; puromycin (Cat. No. S7417) from Selleck; Endoplasmic Reticulum
Isolation Kit (Cat. No. ER0100); Duolink In Situ PLA Probe Anti-Rabbit MINUS
(Cat. No. DUO92005); Duolink In Situ PLA Probe Anti-Goat PLUS (Cat. No.
DU092003); Duolink In Situ Detection Reagents Green (Cat. No. DUO92014);
Duolink In Situ Detection Reagents Red (Cat. No. DU0O92008); Duolink In Situ
Mounting Medium with DAPI (Cat. No. DUO82040) from Sigma-Aldrich; and
CellTiter-Glo Luminescent Cell Viability Assay (Cat. No. G7572) from Promega.

PLA Assay. PLA Duolink kit instructions were followed with minor modifi-
cations. Briefly, cells were plated on chamber slides and treated as indicated.
Cells were fixed in 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100. The cells were then blocked with Duolink block buffer and
incubated with the primary antibody overnight at 4 °C. Cells were washed
with washing buffer A three times, each for 5 min. Then the cells were in-
cubated with the Duolink PLUS and MINUS secondary antibodies for 1 h at
room temperature. The slides were then washed with washing buffer A
three times for 5 min each. The Duolink ligation-ligase solution was added
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to each sample, incubated at 37 °C for 45 min, and then washed with
washing buffer A two times for 2 min each. The Duolink amplification-
polymerase solution was added to each sample and incubated at 37 °C for
100 min. The slides were washed with washing buffer B two times for 10 min
each. The slide was mounted with a coverslip using a minimal volume of
Duolink In Situ Mounting Medium with DAPI. Washing buffer A contained
0.01 M Tris, 0.15 M NaCl and 0.05% Tween 20, pH 7.4; and washing buffer B
contained 0.2 M Tris and 0.1 M NaCl, pH 7.4.

The PLA assay protocol on mouse embryo sections was the same as on
culture cells except for fixation steps. E16.5 mouse embryos were dissected
from pregnant mice and directly embedded in OCT (optimal cutting tem-
perature compound) at —40 °C. Sagittal sections of the whole embryo at the
thickness of 10 um were prepared and stored at —80 °C before use. The slices
were fixed by precold methanol for 10 min and the methanol was washed
out by PBS three times. Antibodies used in proximity ligation assay include:
Anti-RIPK1 (Cat. No. 3493, 1:2,000) from CST; anti-MLKL(human) (Cat. No.
ab183770, 1:800) anti-RIPK3(mouse)(C-16) (sc-47364, 1:400); anti-RIPK3(hu-
man)(N-14) (sc-47368, 1:400) from Santa Cruz. The signals of PLA dots were
quantified by ImagelJ software (analyzing particles).
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Live Cell Imaging. Cells were plated at 24-well glass bottom plates (Cellvis, P24-
1.5H-N) and transfected as described. Cells were maintained in complete
media at 37 °C and 5% CO,. As indicated, 100 nM AP20187 was added into
medium to stimulate the cells before the image was captured (Leica Light-
sheet Confocal System). Images were processed using ImageJ.

Quantification and Statistical Analysis. All statistical analyses were performed
using GraphPad Prism 7.00. All data were shown as mean + SEM. All ex-
periments were repeated two to three times.

Data Availability. All study data are included in the article and/or S/ Appendix.
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