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Biological events and molecular signaling following MLKL activation

during necroptosis
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ABSTRACT

Necroptosis is a form of programmed necrotic cell death mediated by the kinase RIPK3 and its substrate
MLKL. MLKL, which displays plasma membrane (PM) pore-forming activity upon phosphorylation, functions
as the executioner during necroptosis. Thus, it was previously assumed that MLKL phosphorylation is the
endpoint of the necroptotic signaling pathway. Here, we summarize several events that characterize the
dying necroptotic cells after MLKL phosphorylation, including Ca®" influx, phosphatidylserine (PS)
externalization, PM repair by ESCRT-IIl activation, and the final compromise of PM integrity. These processes
add several unexpected regulatory events downstream of MLKL signaling. We have also observed that CoCl,,
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which may mimic hypoxia, can induce necroptosis, which suggests that in vivo triggers of necroptosis might

include a transient lack of O,.

As a form of programmed cell death, necroptosis is regulated
by the Ser/Thr kinase RIPK3 and its downstream substrate
MLKL.! After MLKL is phosphorylated by RIPK3, MLKL
undergoes a conformational change to release the N-terminal
domain from auto-inhibition by the C-terminal pseudo-kinase
domain, oligomerizes, and then binds to lipids in the plasma
membrane (PM) or, possibly, the Golgi apparatus and endo-
membrane systems.” The N-terminal domain, especially the
four-helix bundle (4HBD), is sufficient to perforate membrane
structures and execute cell lysis.” Given the direct pore-form-
ing activity of p-MLKL, MLKL phosphorylation is often con-
sidered the final step of the necroptotic signaling cascade;
however, we have demonstrated that cells with active MLKL
are not always committed to death and can be resuscitated
under certain conditions (see below), which suggests the exis-
tence of additional regulators.* Here, we summarize the bio-
logical processes and possible regulatory mechanisms
downstream of MLKL activation and present new data to sup-
port our original observations.*

Ca?" influx during necroptosis requires
MLKL activation

We recently reported Ca** influx during necroptosis that
occurs immediately upon MLKL oligomerization.* In these
experiments, oligomerization was triggered by a dimerization
reagent, B/B, that binds to the tandem FKBP domains fused at
the C-terminal of MLKL N-ter domain (1-181aa). We con-
firmed this Ca®* influx by flow cytometry using a Ca** sensor
protein, GCaMP3 (Fig. 1A). MLKL activated by RIPK3-cata-
lyzed phosphorylation also produced similar changes in

intracellular Ca** levels (Fig. 1B-C). To determine if the Ca*"
utilized for immediate influx is obtained from the extracellular
culture media, we activated RIPK3 in Ca** free media. Under
these conditions we observed a delay in MLKL-mediated Ca®*
flux (Fig. 1A-C). Interestingly, intracellular Ca®* ultimately
increased before PM breakdown (Fig. 1B-C). As there was no
Ca®" source in the culture media, we suggest that the Ca** was
obtained from an intracellular Ca>" pool, such as ER,” which
may be damaged by active MLKL.° Because the MLKL''®'
truncation has no ability to bind to RIPK3, and because the
NIH3T3 cells we used do not express RIPK3, we concluded
that this Ca*" influx does not involve RIPK3 activation.* In
contrast, as MLKL silencing abolished Ca*" influx in response
to RIPK3 activation, we indicated that necroptotic Ca®* influx
requires MLKL.*

A requirement for Ca®* influx in necroptosis remains con-
troversial. For some cell lines, TRPM7-mediated Ca®* influx
(also requiring MLKL activation) was necessary for efficient
cell lysis.” Other studies have also observed an ability of the
Ca’" chelator BAPTA-AM to delay the loss of PM integrity
during necroptosis.5’7'10 On the other hand, it has been
reported for different cell lines that it is not Ca®", but rather
other cations such as Mg”" or Na*, that may be involved in
necroptotic cell death.*''? In the cell lines we employed,
including RIPK3-2Fv-NIH3T3, NIH3T3SA, immortalized
macrophages (iMac), and L1929 cells, extracellular Ca*" influ-
enced the progress to the final cell death (PI or SytoxGreen
labeling, Fig. 1B-C and 2A-D). Other studies found that while
necroptosis could be delayed by the absence of Ca>*, the ulti-
mate level of cell death was unaffected.” It is intriguing that cell
lysis was tightly associated with intracellular Ca** abundance
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Figure 1. Ca*™ influx occurs following MLKL activation and prior to plasma membrane breakdown during necroptosis. (A-C) Flow cytometric analysis of 100 nM B/B
dimerizer-treated GCaMP3 expressing hMLKL'"®"-2Fy-NIH3T3 cells (A), RIPK3-2Fv-NIH3T3 cells (B) and 20 ng/mL TNFa plus 100 .M zVAD (TZ) treated RIPK3-2Fy-NIH3T3
cells (C) stained with propidium iodide (Pl) at the indicated time points. Cells were stimulated in DMEM (serum-free) media with or without Ca*.

(Fig. 1B-C), as lysis did not occur until the Ca** reached an
apparently requisite level. Addition of 2 mM Ca*" (close to the
Ca®" concentration in DMEM) to Ca*" free media 2 hr after
MLKL activation dramatically increased the rate of cell death
as assessed by the PM-impermeable dye SytoxGreen (Fig. 2E),
which suggests that in the absence of Ca®", necroptotic cells
were trapped in a “primed” state without PM breakdown. We
previously found that cells in Ca®* free media did not display a
defect in MLKL activation, as MLKL triggered the same extent
of phosphatidylserine (PS) externalization, as discussed below.*
Consistent with this idea, we observed that MLKL is phosphor-
ylated independently of extracellular Ca** (Fig. 2F and G).
Therefore, while MLKL is activated and manifests its functions
(e.g., PS exposure, see below) in the absence of elevated intra-
cellular Ca**, it appears that Ca** may be important for the
dismantling of the PM by MLKL.

PS externalization follows, but does not require
Ca*" influx

PS, a phospholipid, is distributed to the inner leaflet of the
plasma membrane. During apoptosis, caspases induce a loss of
PM asymmetry by several mechanisms, including activation of
a scramblase and inhibition of a fllipase, resulting in exposure

of PS on the cell surface'*'”. Consequently, PS externalization,
which can be labeled by Annexin-V or MFG-ES, is widely con-
sidered a hallmark of apoptotic cells. However, we have found
that phospholipid scrambling also occurs during necroptosis
(specifically, after the Ca** influx and prior to plasma mem-
brane breakdown).* The exposure of PS following activation of
MLKL was also observed by others.'® These findings clearly
demonstrate that dying Annexin-V*; PI” cells may not neces-
sarily be apoptotic. Another apoptotic event, caspase-3 activa-
tion, can also lead to Gasdermin E (DFNAS5) cleavage, which
induces pyroptosis-like secondary necrosis,’”'® and thus
necrotic morphology does not preclude apoptosis. Going for-
ward, the use of these “markers” to classify cell death must be
used with care.

As mentioned above, although PS exposure occurs after
Ca’*" influx, this process does not require the presence of
extracellular Ca**.* We further confirmed this using MFG-
E8 (PS indicator) and X-rhod-1 (Ca*' sensor). As shown in
Fig. 3A, cells in Ca’" free media can scramble PS to the
same extent with or without Ca®* influx during necroptosis.
Further, we found that the Ca**-activated PS scramblase
TMEMIG6F is not involved in PS externalization during nec-
roptosis.* Moreover, in NIH3T3 cells, Ca*" influx induced
by the Ca*" ionophores, ionomycin and A23187, failed to
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Figure 2. Ca®" influx from the extracellular environment facilitates plasma membrane breakdown during necroptosis.(A-D) Incucyte quantification of SytoxGreen™ cells
treated with 100 nM B/B, TZ or TSZ (20 ng/mL TNFe, 10 uM Lcl-161 plus 100 M zVAD) as indicated in DMEM (serum-free) with or without Ca*t. (E) Incucyte quantifica-
tion of SytoxGreen™ RIPK3-2Fv-NIH3T3 cells treated with 100 nM B/B. 2 mM Ca®* was added at 2 hr post B/B stimulation. For all Incucyte quantification, data are pre-
sented as mean =+ S.D. of at least triplicate samples. (F) Assessment of p-MLKL and MLKL (anti-HA) in MLKL-HA-MEF™*—/=) cells treated with TSZ in DMEM with or
without Ca®* for the indicated times. (G) Assessment of p-MLKL and MLKL (anti-MLKL) in RIPK3-2Fv-NIH3T3 cells treated with 100 nM B/B dimerizer in DMEM with or

without Ca®" for the indicated times.

induce PS exposure despite elevating intracellular Ca®™, as
indicated by GCaMP3 (Fig. 3B). It is important to note that
the key molecules responsible for PS exposure during nec-
roptosis have not yet been identified. Because PS externali-
zation can occur within 5 min of MLKL activation
(Fig. 3B), we speculate that MLKL action at the PM may
directly contribute to PS externalization.

Dying cells expose PS and other “eat-me” signals to the
surface, which can induce phagocytosis by dendritic cells
and macrophages, a process called “efferocytosis”.'” We
observed that both apoptotic and necroptotic Jurkat cells
were engulfed by neighboring peritoneal macrophages before
loss of plasma membrane integrity. Using cells expressing
mCherry, necroptosis was induced by treatment with TNF,
Smac-mimetic, and zVAD-fmk (TSZ) and co-cultured with
peritoneal macrophages. We observed engulfed cells that sus-
tained PM integrity, as indicated by mCherry (Fig. 3C-D).
Thus, necroptotic PS re-distribution mechanisms may

impact the clearance of cells dying by necroptosis, and thus
may affect inflammation (e.g.,>°). Similar findings on phago-
cytosis of necroptotic cells has been reported by others as
well.'®

Using live cell imaging, we also found that the PM of cells
undergoing necroptosis may be slightly compromised, as evi-
denced by their becoming “leaky” to the dye TO-PRO-3
(MW = 671.42) before the collapse of the PM (Fig. 3E-F).
This early “leaky” phase during necroptosis suggests a coun-
teracting damage-repair balance may occur during the course
of necroptosis (discussed below). Cells that ultimately die
when their self-repair activity is overwhelmed by MLKL
pore-forming activity display a more dramatic TO-PRO-3
signal elevation (late “leaky” phase) compared to the early
“leaky” phase (Fig. 3E-F). The early “leaky” cells are most
likely impermeable to protein-sized molecules (such as
Annexin-V or MFG-E8) as these cells exclude 10 kDa dex-
tran (Fig. 4A). During apoptosis, cells similarly display a
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Figure 3. PS externalization occurs following Ca®* influx and prior to plasma membrane breakdown during necroptosis. (A) Flow cytometric analysis of 200 nM B/B
dimerizer-treated RIPK3-2Fv-NIH3T3 cells stained with MFG-E8-FITC at the indicated time points. Cells were preloaded with 2 ;«M X-rhod-1, AM for 30 min. (B) Flow cyto-
metric analysis of 100 nM B/B dimerizer-treated GCaMP3-expressing hMLKL'"8'-2Fv-NIH3T3 cells stained with Annexin V-APC at the indicated time points. Alternatively,
cells were treated with 5 uM A23187 or 1 ng/mL lonomycin. (C) Time lapsed confocal images of engulfment by peritoneal macrophages of TSZ treated (5.5 hr) Jurkat
cells (necroptotic) expressing mCherry. Scale bar = 10 um. (D) Flow cytometric quantification of the engulfment by peritoneal macrophages of apoptotic (20 ng/mL
TNFa plus 80mJ/cm? UV for 6 hr) and necroptotic (as in B) mCherry-expressing Jurkat cells. Cells with both mCherry and the macrophage marker CD11b-APC were consid-
ered to represent intact, engulfed cells. (E) Quantification of Annexn V-AF488 and TOPRO-3 fluorescence intensity over time by time lapsed confocal microscopy. HT-29
cells were treated with TSZ. (F) Time lapsed confocal images of hMLKL'"®"-2Fv-NIH3T3 treated with 100 nM B/B and stained with Annexn V-AF488 and TOPRO-3. Scale

bar =10 um.

“leaky” phase for TO-PRO-3, due to the caspase-dependent
activation of the Pannexin-1 channel.”’ Whether Pannexin-1
is involved in the MLKL-dependent necroptotic “leaky”
phase is not known.

Necroptotic cells shed MLKL-damaged plasma
membrane until cell lysis

Z-stacked live images revealed that Annexin-V (or MGF-
E8) labeled “bubbles” are released from the otherwise intact

cells during necroptosis (Fig. 4A). These bubbles are largely
broken, as they do not contain cytosolic proteins (e.g.,
mCherry) and are permeable to 10 kDa dextran (Fig. 4A).
These membrane dynamics were also observed by transmis-
sion electron microscope (TEM).* A similar membrane
shedding was observed by another group using ultracentri-
fugation, flow cytometry, and scanning electron microscopy
(SEM).'® In contrast to PS externalization, the PM mem-
brane shedding was also prevented by depletion of extracel-
lular Ca*.
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Figure 4. Plasma membrane shedding is mediated by ESCRT machinery during necroptosis. (A) Z-stack confocal microscope images of RIPK3-2Fv-NIH3T3 cells, treated
with 100 nM B/B. Cells expressed mCherry (red) and were stained with AnnV-AF488 (green) and 10 kDa Dextran-NH,-AF647 (violet). (B) STORM images of the colocaliza-
tion of CHMP4B and MLKL''*°-2Fv. Dox-inducible hMLKL""*?-2Fv-Venus in mlkI~'~ MEF, stably expressed with hCHMP4B-mCherry, were treated with 2 pg/mL Dox
overnight, followed by 25 nM B/B for 15 min. STORM was performed after anti-GFP and anti-mCherry immunostaining. The distance between CHMP4B and MLKL signals
is shown on the right. (C) Confocal microscope images and FRET analysis of the cells in (B). Scale bar = 10 um. (D) Confocal microscope images of RIPK3-2Fv-NIH3T3 cells,
stably expressing flag-CHMP2A and transiently transfected with GFP-CHMP4B, treated with 100 nM B/B for 30 min. Scale bar = 10 ;zm. Lower panel shows the enlarge-
ment of indicated box, as well as the fluorescent intensities along the dashed line. (E) Confocal microscope images of Dox-inducible hMLKL""*?-2Fy-Venus in miki~'~
MEF, stably expressing mCherry-flag-hCHMP2A, treated with 2 pg/mL Dox overnight, followed by 25 nM B/B for 15 min. Scale bar = 10 um. (F) Time lapsed confocal
images of RIPK3-2Fv-NIH3T3 cells, stably expressing hCHMP4B-mCherry and transiently transfected with GFP-Ubiquitin (Ub), treated with 100 nM B/B. Scale
bar = 10 um. Lowest panel shows the enlargement of indicated box.

Notably, we found that these bubbles occur at the sites survival strategy, by which dying cells can release broken
where the MLKL N-terminal domain targets the PM and membranes and sustain PM integrity as a result. As we dis-
that bubble formation requires the presence of MLKL.* We cuss below, cells lacking this mechanism more rapidly prog-
suggest that this membrane remodeling mechanism is a cell ress to cell lysis.



ESCRT-lll components are responsible for broken
membrane shedding

The necroptotic broken membrane release is mediated by the
action of ESCRT-III components.* One of these components,
CHMP4B, can translocate from the cytosol to sites where the
bubbles occur, co-localizing with the MLKL N-terminal
domain.* Using STORM, we examined this colocalization
(Fig. 4B). The average distance from CHMP4B to MLKL was
approximately 20-30 nm (Fig. 4B), which suggests that these
proteins do not directly interact. Consistent with this finding,
no fluorescence resonance energy transfer (FRET) was
observed between CHMP4B and MLKL (Fig. 4C). Active
CHMP4B has been described to form a helical structure,* per-
haps consistent with the STORM image we obtained (Fig. 4B)

Another ESCRT III component, CHMP2A, similarly colo-
calized with both CHMP4B and MLKL'"*° during necroptosis
(Fig. 4D-E). This colocalization was more obvious upon loss of
PM integrity, due to decreased background of cytosolic
CHMP2A, leaving the PM-bound CHMP2A fraction. Silencing
of CHMP2A or CHMP4B eliminated the formation and release
of the bubbles from both human and murine cells.* Further-
more, using siRNA, we identified several other ESCRT compo-
nents involved in this repair mechanism during necroptosis,
including VPS4, IST1, and the ESCRT-I component TSG101.*
As TSG101 has a ubiquitin binding domain, it was interesting
that we observed colocalization of Ub and CHMP4B in some
cells (Fig. 4F).

We previously provided evidence that silencing CHMP2A,
CHMP4B, VPS4, IST1 or TSG101 can accelerate necroptosis,
but not apoptosis, in murine cells (e.g. 1929 and NIH3T3).* To
determine if ESCRT can similarly counterbalance necroptotic
stimuli in humans, we examined HT-29 cells, a human colorec-
tal adenocarcinoma cell line (Fig. 5A). As expected, HT-29 cells
did not undergo necroptosis in response to TNF plus zVAD
treatment (as Smac-mimetic is usually required®), but we
found that silencing either CHMP2A or VPS4A/B promotes
MLKL-dependent cell death by this treatment (Fig. 5A).
Although CHMP4A and B were also largely silenced (75%), we
failed to confirm a role of these two molecules (Fig. 5B). It is
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possible that residual CHMP4A/B was sufficient for membrane
repair in this setting.

Others have reported that PM damage by various treat-
ments, including laser, digitonin, and bacterial toxins, can be
repaired by ESCRT.**** Here, we provide another example.
During necroptosis, MLKL pore-forming activity can be neu-
tralized by ESCRT-mediated membrane repair and membrane
shedding. Ca®* has been shown to be required for ESCRT-
mediated plasma membrane repair,”**> and, consistent with
this, we observed that depletion of extracellular Ca®* prevented
CHMP4B membrane translocation and the formation of PM
bubbles.*

It seems contradictory that although Ca®* appears to be
required for ESCRT-mediated PM repair, cells tend to die more
slowly in the absence of extracellular Ca®*. One possible expla-
nation is that Ca®* controls both MLKL-triggered pore-form-
ing and repair processes, with the first upstream of the second.
To fully address this puzzle, the Ca®* sensors for each process
must be identified. Although the accessory proteins ALG2 and
Alix were implicated in recognition of Ca*" in response to laser
damage,**** we were unable to identify roles for these proteins
in the response to active MLKL by siRNA silencing.* There are
only limited numbers (several hundred) of Ca*" binding pro-
teins encoded in the human genome, and therefore it may be
feasible test these candidates by a well-designed small pool
siRNA screen.

ESCRT maintains the survival of cells with active MLKL

As discussed above, phosphorylated MLKL (p-MLKL) can
damage PM and thus lead to cell lysis. Consequently, phos-
phorylation of MLKL is thought to be the last and irreversible
step of necroptosis and is often used as a marker of necroptosis.
However, we and others have demonstrated that cells with p-
MLKL may not be committed to cell death if the p-MLKL is
inactivated before cell lysis (e.g., via addition of the MLKL
inhibitor necrosulfonamide or inactivation of RIPK3).*'® Pro-
vided the actions of ESCRT machinery sustain cell survival, the
cells can regain PS asymmetry, lower intracellular Ca*" levels,
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Figure 5. ESCRT-IIl machinery antagonizes HT-29 necroptotic cell death. (A) Incucyte quantification of SytoxGreen® HT-29 (left) and HT-29 MikI~'~ (right) cells transfected
with the indicated siRNA and stimulated with TZ (50 ng/mL TNF and 100 M zVAD) over time. For all Incucyte quantifications, data are mean =+ S.D. of at least triplicate

samples. (B) Efficiency of siRNA silencing in HT-29 cells, determined by qRT-PCR.
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and inactivate MLKL. This phenomenon, termed “resuscita-
tion”, may also happen in vivo.* Biopsies from human kidneys
shortly after transplantation showed apparently healthy endo-
thelial cells that were positive for p-MLKL staining, and this
was associated with increased expression of several ESCRT
components. Elevation of ESCRT components was also
observed in murine kidney following ischemia-reperfusion
injury. Based on these findings, we might predict the existence
of signals that can coordinately induce the expression of
ESCRT.* The elucidation of such processes could have impor-
tant clinical applications; among other promising lines of
inquiry, it will be interesting to determine if ESCRT expression
predicts the outcome of organ transplantation.

Recently, several in vitro studies and animal models have
suggested that hypoxia can activate RIPK1, RIPK3, and perhaps
MLKL***°. Hypoxia induces HIF-1 stabilization by inhibition
of prolyl hydroxylase (PHD), and we examined the effects of
CoCl,, which can inhibit PHD activity. We found that CoCl,
treatment strongly induced RIPK3- and MLKL-dependent cell
death in both NIH3T3 and L1929 cells (Fig. 6A-D). We also
observed the induction of HIF-1o and the accumulation and
MLKL phosphorylation upon treatment (Fig. 6E-F). Given that
no Caspase-8 inhibitor was added to these cell cultures, it is
intriguing that this hypoxia-mimetic can drive the machinery
of necroptosis. RIPK1 appeared to be less involved in this pro-
cess, as Nec-1s only slightly attenuated cell death (Fig. 6G). The
silencing of ESCRT components TSG101 and IST1 accelerated
this cell death (Fig. 6H). It is unclear if hypoxia, per se, or some
other effect of CoCl, mediated necroptosis in this system. Nev-
ertheless, these findings have important implications for study-
ing heavy metal toxicity.

Other events following MLKL activation

After MLKL activation, a small portion of MLKL is translocated
to the nucleus.”® Although the physiological significance of this
translocation remains unclear, it is possible that nuclear MLKL
can change the transcriptome to promote inflammation. It is
also suggested that MLKL nuclear translocation might facilitate
cell death, in that the MLKL N-terminal truncation, which loses
the capability to target the nucleus, correspondingly has less
activity to induce cell lysis,”" consistent with what we have
reported.”

Before the integrity of the PM is compromised, evidence
suggests that active MLKL can also lead to the cleavage and
general shedding of several cell-surface proteins (e.g., ectodo-
main) processed by cell-surface proteases of the “a disintegrin
and metalloprotease” (ADAM) family.** After MLKL is phos-
phorylated, it can form a complex with ADAMs, which
together facilitate cell death, inflammation, cell migration, and
invasion. As more than 100 ADAM substrates have been iden-
tified thus far, these proteins may function as signal messengers
to extend the biological consequences of necroptosis.

MLKL activation also leads to the transcription and expres-
sion of chemokines (such as CXCL1 and CXCL10) in a RIPK3-
independent manner, an effect that is observed even when only
the N-terminal domain of MLKL is dimerized.* As this induces
a Ca’" influx, it is possible that the intracellular Ca** signal
participates in this induction.

As in the process of necroptosis, it appears that cells that
engage caspase activation by stimuli that promote apoptosis
can also survive if the stimulus is withdrawn.”® This process,
called “anastasis” has parallels with resuscitation of cells under-
going necroptosis. Changes in gene expression during anastasis
have been reported.”* We propose that comparisons between
necroptosis-resuscitation and apoptosis-resuscitation might
allow us to identify novel markers for these conditions. Utiliz-
ing expression data from cells that survive either process, we
identified a set of genes that were significantly upregulated in
both recovery conditions as well as two sets of genes that were
uniquely regulated in each type of resuscitation (Fig. 7, Table
S1). A “resuscitation signature” for each type of cell death may
exist within these candidates, perhaps as a suite of multiple
genes enriched in the same pathway with moderate differences
in expression.

Discussion

Immediately following activation of MLKL, Ca*" influx from
the extracellular environment occurs. Following but indepen-
dent of this event, PS is scrambled to the outer leaflet of the
PM. Then, driven by the increase in intracellular Ca®*, ESCRT
components accumulate at the MLKL-damaged PM sites and
facilitate membrane repair by releasing the damaged membrane
domains as bubbles. At this stage, if the necroptotic stimulus
can be removed or blocked, the dying cells can be resuscitated
and survive. In contrast, if the necroptotic stimulus continues,
the pore-forming activity of activated MLKL overcomes the
ESCRT repair activity, thereby committing the cell to lysis.
ESCRT-mediated plasma membrane repair can also prevent
necroptosis. The silencing of ESCRT can sensitize HT-29 cells
to necroptosis induced by TNF plus zVAD (Fig. 5). As this
treatment fails to cause necroptosis in these cells when ESCRT
is intact, these results strongly suggest that cells can survive
limited levels of active MLKL. We observed a similar effect in
ESCRT-silenced 1929 cells, rendering them sensitive to necrop-
tosis induced by TNF treatment alone.* It is important to note
that while the membrane repair process engaged by ESCRT
may be responsible for this effect, ESCRT may also have other
roles in regulating the function of active MLKL at the PM.
Recently, Wallach and colleagues® reported that MLKL can
promote the release of MLKL containing small vesicles (~150
nm) from cells via ESCRT activation, which was augmented by
RIPK3. They also suggest that ESCRT activation during nec-
roptosis can facilitate the lysosomal degradation of several
membrane receptors as well as membrane-targeted p-MLKL.
We, however, found no difference in p-MLKL with or without
ESCRT," but instead found that ESCRT acts downstream of
MLKL activation. Both studies, however, found that ESCRT
can promote cell survival and therefore allow cells to produce
more cytokines and chemokines that may contribute to cellular
communication.**>*® They also found a physical association of
MLKL and the ESCRT complex, using mass spectroscopy as
well as western blot, further strengthening the molecular link
between necroptosis and membrane remodeling.”> Although
we found no direct binding between MLKL and CHMP4B
(Fig. 4C), interaction with other ESCRT components would be
consistent with the co-localizaiton we observed (Fig. 4B).
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Figure 6. Hypoxia mimicking reagent CoCl, induces necroptosis. (A) Incucyte quantification of SytoxOrange™ RIPK3-2Fv-NIH3T3 cells (WT, MikI~'~, or MikI~'~ reconsti-
tuted with mMLKL-HA clone #3) treated with 600 M CoCl,. (B) Verification of MLKL expression in cells used in (A). Note that clone #3 had a higher level of MLKL than
WT, which may explain why clone #3 died more rapidly than WT cells. (C-D) Incucyte quantification of SytoxOrange™ 1929 cells (WT or MIkI~'~, or transfected with indi-
cated siRNA) treated with 800 M CoCl,. (E-F) Assessment of p-MLKL and HIF1« in CoCl,-treated (24 hr) RIPK3-2Fv-NIH3T3 clone #3 (E) and L929 (F) cells, determined by
western blot. * indicated non-specific band. (G) Incucyte quantification of SytoxOrange™ L929 cells (with or without 60 +M Nec-1s) treated with 800 M CoCl,. (H) Incu-
cyte quantification of SytoxOrange™ L929 cells (with indicated siRNA) treated with 800 1M CoCl.. For all Incucyte quantification, data are mean = S.D. of at least triplicate

samples.
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Figure 7. Genes upregulated during the recovery of apoptosis or necroptosis. Heatmap showing differential gene expression between resuscitated and control samples
from necroptosis and apoptosis experiments, with log,-fold change (LFC) of average expression scaled to z-score (columns). Data on apoptosis resuscitation (anastasis)
were kindly provided by Dr. Denise Monach (UC Santa Barbara)*. Differential expression was modeled separately for each experiment, and significant genes
(FDR < 0.05) with an LFC > 0.5 in both experiments were grouped according to concordance/discordance of signal between the experiments. Enriched pathways
(FDR < 0.05) for each visualized group were obtained from Reactome gene set analysis.

These biological events during necroptosis and the molecular
mechanisms behind them require further investigation. Is there
a channel responsible for MLKL-induced Ca*" influx? How is
PS exposed during necroptosis? What does ESCRT sense in
order to translocate to the broken sites punctured by MLKL? Is
there a phosphatase that can remove the phosphate from p-
MLKL? What is the role of Ca®" in necroptosis? Although
MLKL’s role as an executioner molecule has been well charac-
terized, we lack a comprehensive understanding of its functions.

A key question in the study of necroptosis is when and
why necroptosis occurs in vivo. In studies investigating this
question, p-MLKL is often used as a marker to label “necrop-
totic” cells in tissue samples. This approach suffers, however,
from the lack of a murine p-MLKL antibody for histological
studies, which hampers our ability to further confirm whether
the p-MLKL staining pattern in human samples is truly spe-
cific using murine MLKL knockout samples. Furthermore,
murine studies with genetically modified animals are



potentially confounded by the roles that RIPK3 and MLKL
play in other processes unrelated to necroptosis. Due to these
limitations, the role of in vivo necroptosis in physiological or
pathological conditions has not been well characterized thus
far. Moreover, studies of necroptosis in vitro generally require
a block of caspase-8, which may be an uncommon physiologi-
cal setting.”” However, our findings suggest a basal level of
MLKL activation can occur without caspase-8 inhibition and
counterbalanced by ESCRT-IIL* which may further raise the
possibility that p-MLKL need not necessarily lead to cell elimi-
nation in vivo.

Although necroptosis is a form of programmed cell death,
the extent of the complete program’s complexity is unknown.
Despite these shortcomings, progress in this field has led to a
better understanding of the pathology of numerous diseases;
in some circumstances, such work has facilitated the identifi-
cation of therapeutic targets and putative therapeutic com-
pounds that have shown potential for clinical application.!
The ability to rescue cells from programmed death, or even to
predict whether certain cells are more or less poised to recover
from necroptosis, would likewise have implications for patient
outcomes.

Materials and methods
Compounds, antibodies and reagents

The dimerizer (B/B) was purchased from Clontech. The cyto-
kines used were: mTNF« (Peprotech) and hTNF« (Peprotech).
The SMAC mimetic and inhibitor of IAP (LCL-161) was pur-
chased from Chemietek. Other reagents included 7-Cl-O-Nec-
1 (Nec-1s, 504297, calbiochem), zVAD-fmk (A1902, Apexbio)
and CoCl, (Sigma). Antibodies used for immunoblotting in
this study were anti-actin (sc-1616, Santa Cruz), anti-
FLAG (A8592, Sigma), anti-HA (H6908, Sigma), anti-mMLKL
(AP14272b, Agent), anti-pMLKL (ab187091, Abcam) and anti-
HIF-1a (10006421).

Plasmids

Flag-hCHMP2A, “humanized” mMLKL-HA, truncated hMLKL
with two Fv domains and HA tag were cloned into pMX-IRES-
mCherry. Flag-MLKL was cloned into pMX-IRES-GFP.
hCHMP4B-mCherry was cloned into pBabe-puro. GCaMP3 was
cloned into pLZRS vector. GFP-Ub was cloned into pEGFP-C1.
GFP-CHMP4B expressing plasmid was a gift from Dr. Paul
Bieniasz (Rockefeller University). The hCHMP4B-mCherry plas-
mid was a gift from Dr. Jennifer Lippincott-Schwartz (Janelia
Research Campus).

Cell lines

NIH3T3, 1929, MEF and immortalized macrophages (iMacs)
were maintained at 37°C, 5% v/v CO, in a humidified incuba-
tor in DMEM (GIBCO) supplemented with 10% FBS, 2 mM L-
glutamine (GIBCO), 200 U/mL penicillin--streptomycin
(GIBCO). HT-29 cells were cultured using the same conditions
except McCoy’s 5A media (GIBCO). Jurkat cells were cultured
in RPMI-1640 media (GIBCO) with the same supplements as
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above. All media and supplements were purchased from Life
Technology. All media were supplemented with 10 pg/mL
plasmocin (Invivogen). The HT-29 and Jurkat cell lines are
authenticated by the University of Arizona Genetics Core. Pri-
mary peritoneal macrophages were prepared following the
standard protocols.®

RIPK3-2Fv-NIH3T3 cells, h(MLKL''*'-2Fv-NIH3T3, MLKL-
HA-MEF™*~/7)and  hMLKL'"*’-2Fv-Venus-MEF**~/~)
were previously described.* GCaMP3, “humanized” MLKL-HA
and CHMP4B-mCherry are stably expreesed by retroviral trans-
duction. NIH3T3™*~/7), 19297 and HT-20™*~/7) cell
lines were generated by CRSPR/Cas9 plasmid pSpCas9(BB)-2A-
GFP (PX458) and has been described in our previous study.*

siRNA

All of the “on-target” siRNA (smart-pool) were purchased from
Dharmacon. siRNA transfection was performed by Lipofecta-
min RNAiMax (Life technology) on HT-29 and INTERFERin
(polyplus transfection) on L929 cells, respectively. RNAi effi-
ciency was assessed by realtime PCR at 60 h post transfection
or cell death assay at 66-70 h post transfection.

Flow cytometric quantification of cell death

To assess necroptosis, cells were trypsinized, resuspended in
serum-free DMEM and stained with MGF-E8-FITC (1:50, Hae-
matologic Technologies), Annexin V-APC (1:50-100, eBio-
science), 50 nM SytoxGreen (invitrogen) or 2 ug/ml PI
(Sigma) for 5 min. For X-rhod-1, AM preloading, cells were
cultured in complete media with 2 uM X-rhod-1, AM for
30 min at 37°C, 5% v/v CO,. Before cell death stimulation, cells
were washed once by HBSS. Data were analyzed by flow cytom-
etry using FACsCalibur systems (BD Biosciences) and FlowJo
Collectors’ Edition software (Tree Star). The percentages of dif-
ferently labeled cells were calculated by FlowJo software (Tree
Star).

Real-time PCR

Total RNA for real-time PCR was prepared using the RNeasy
Mini Kit (Qiagen). Reverse transcription reactions were catalyzed
by M-MLYV reverse transcriptase (Life Technology), following the
standard protocol using random hexamers (IDT). Real-time PCR
was performed with SYBR™ Green labeling in 7500 Fast Real-
Time PCR System (Applied Biosystems). PCR conditions were
50°C for 2 min, 95°C for 10 min, and 45 cycles of 95°C for 15 s
and 60°C for 1 min. mRNA expression was normalized against
actin, therefore allowing comparison of mRNA levels. Primers
used for qPCR are CATGTACGTTGCTATCCAGGC, CATG-
TACGTTGCTATCCAGGC (actin); CGCGAGCGACAGAAAC
TAGAG, CCCGCATCAATACAAACTTGC (hCHMP2A); TCA
GCGTGAGGCCATTGAG, GTTGTTCCGTGATGTCAGTCA
(hCHMP4A); TGCAGAGGAGATTTCAACAGC, TGTTTCG
GGTCCACTGATTTC (hCHMP4B); ATGGCTACTGGACA-
CATACCC, GCGGATAGGATGCCGAAATAG (hTSGI101);
GTGATGGAGAAGCCCAACATAC, CAAGTGTGGGAATTT
GATTGGC (hVPS4A); and CGACCAAATGTGAAATGGAG
TGA, TCCAGGCGGCCCAAATAATAG (hVPS4B).



1758 Y.-N. GONG ET AL.

IncuCyte analysis

For IncuCyte analysis, cells were first seeded into 12 or 24 well
plates one day before the assays. On the other day, 50 nM
SytoxGreen (Molecular Probes) plus the indicated cell death
stimuli were added, and then, cells were moved into an Incu-
Cyte live cell imaging system (http://www.essenbioscience.
com/en/products/incucyte/?gclid = CJ7ywJynytICFd63wAod-
CeEALA). Cells were imaged every 0.5 h or 1 h and the Sytox-
Green labeled cells (counted as dead cells) were quantified by
the IncuCyte FLR or Zoom software (http://www.essenbio
science.com/en/products/software/). When percentages are cal-
culated, total cell number was quantified at the end of each
course of treatment, using 200 pg/ml digitonin (Sigma-
Aldrich) to permeabilize all cells that were stained with 50 nM
SytoxGreen. Data were then shown as a percentage of
SytoxGreen™ cells to total cell numbers. At least two experi-
ments were performed with four replicates for each condition.

Alternatively, 50 nM SytoxOrange (Molecular Probes) plus
50 nM Sytol6 (Molecular Probes) together with cell death stim-
uli were added. As SytoxOrange only labels dead cells while
Sytol6 can label all the cells, the percentage of SytoxOrange™
cells to total cell numbers can be calculated.

Confocal microscopy

Cells were plated on 2-well or 4-well glass chamber slides (Mat-
tek) coated with fibronectin (100 wg/mL in PBS, Millipore), one
day before analysis. Cells were maintained in complete media at
37°C and 5% CO, in a climate controlled chamber (Solent Scien-
tific, UK). Annexin V-Alexa Fluor-488 (Molecular Probes) or
Annexin V-FITC (eBioscience) was added into the media to label
PS externalization (1:100). As indicated, TOPRO-3 (500 nM,
Molecular Probes) was added into media to label the nuclear.
Cells were then stimulated with B/B dimerizer or TSZ before
confocal microscopy analysis. To measure Dextran uptake,
10 kDa Dextran-NH,-Alexa Fluor 647 (10 pg/mL, Molecular
Probes) and Annexin V-Alexa Fluor-488 (molecular probes)
were added to the dying cells for 5 min, then without wash,
immediately fixed with 4% paraformaldehyde (Electron Micros-
copy Science, diluted by serum free DMEM, with additional
5 mM CaCl,) for 15min at room temperature. Then the cells
were washed once with serum free DMEM and examined by
confocal microscopy. For flag staining, flag antibody (M2, Sigma)
was applied according to the product technical bulletin.

Confocal microscopy was performed with a Marianas spin-
ning disk confocal imaging system (Intelligent Imaging Innova-
tions/3i) consisting of a CSU-22 confocal head (Yokogowa
Electric Corporation, Japan); solid-state diode-pumped laser
launch (3i) with wavelengths of 445 nm, 473 nm, 523 nm,
561 nm, and 658 nm; and a Carl Zeiss Axiovert 200M motorized
inverted microscope equipped with a precision motorized XY
stage (Carl Zeiss Microlmaging) and spherical aberration correc-
tion optics (3i). The images were analyzed with Slidebook 6.

Super resolution fluorescence microscopy

Stochastic optical reconstruction microscopy (STORM) was
performed as recently described.”® Briefly, cells were fixed with

4% paraformaldehyde followed by treatment with sodium
borohydride to quench free reactive groups. Cells were subse-
quently permeabilized for 3 min in buffer (50 mM Tris-HCI,
pH8.0, 50 mM NaCl) containing 0.1% Triton-100 prior to
blocking in buffer containing 2% BSA and 0.05% Tween-20.
Samples were incubated overnight in TBS buffer containing
BSA, anti-GFP (Biolegend, cat#338002) and anti-mCherry
(Abcam, cat#167453) antibodies, and detected with CF568
and CF647 labeled secondary antibodies (Biotium). 3-dimen-
sional STORM acquisition was facilitated using an N-STORM
system (Nikon Instruments) comprised of a 100 x 1.49NA
TIRF objective and an astigmatic lens inserted into the light
path, before collection using an iXon DU897 ultra EMCCD
camera with frame rate of 109 fp.s. and EM gain of 17 mHz
at 16 bit, as previously described.’”® Samples were imaged
in buffer comprised of 50 mM Tris-HCL, 50 mM NaCl and
10% glucose, containing 10 mM cysteamine and oxygen scav-
engers. Images were processed using algorithms previously
described *° and incorporated into Elements imaging software
(Nikon Instruments).

Western blotting

Cells were lysed directly with loading buffer (50 mM Tris pH =
6.8, 2%SDS and 10% glycerol) and denatured by heating. Pro-
tein concentration was determined by a BCA assay (Pierce)
and systematically normalized before loading on SDS-PAGE.
Following the transfer to Hybond C nitrocellulose (Amersham
Bioscience), immunodetection was performed using the indi-
cated primary and peroxidase-coupled secondary antibodies
(GE). Proteins were visualized by enhanced chemiluminescence
(ECL, GE).

For HIF1-« blotting, the antibody 10006421 (Cayman) was
used. For p-MLKL detection in L929 and NIH3T3 cells, the
antibody ab196436 (Abcam) was used. For p-MLKL detection
in MEF cells, a construct expressing a “humanized” mouse
MLKL was stably introduced. In this construct, the human
MLKL sequence “ELRKTQTSMSLGTTR?”, which is the RIPK3
phosphorylation site, replaced the mouse MLKL sequence
“ELSKTQNSISRTAKS”. This “humanized” mouse MLKL is
able to be phosphorylated by mouse RIPK3 and also recognized
by human p-MLKL antibody ab187091 (Abcam).

In vitro phagocytosis assay

Apoptosis was induced in Jurkat cells expressing mCherry by
treatment with TNFeo (20 ng/mL) plus UV irradiation (80 m]/
cm®) for 6 hr. Necroptosis was induced in Jurkat cells express-
ing mCherry by treatment with TSZ for 5.5 hr. Before the
phagocytosis assay, dying cells were analyzed by FACS to deter-
mine the percentage of Annexin-V*, SytoxGreen™ cells, which
were used for normalization later. Dying Jurkat cells were
added to peritoneal macrophage cultures at a ratio of 1:3 (dead
cell: macrophage). After spinning at 350 g for 5 min, the cells
were back into incubator for 1 hr or examined by time-lapse
confocal imaging. After incubation, macrophages and Jurkat
cells were collected together and stained with CD11b-APC
(eBioscience) for 10 min and assessed by flow cytometry. We
calculated how many Jurkat cells could be engulfed by
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macrophages in each condition (mCherry"CD11b*/total
mCherry ). For normalization, only Annexin-V* SytoxGreen ™
cells were counted as total mCherry* cells for apoptotic and
necroptotic conditions.

Expression analyses

Necroptosis was induced by addition of B/B dimerizer to
NIH3T3 cells expressing MLKL''*'-2Fv for 1 hr, AnnV* cells
were sorted, and then treated with “washout” (Clonetech) for
6 hr to cause resuscitation, and subjected to microarray analysis
as described® (Gene Expression Omnibus Accession
GSE85660). Data from untreated control and resuscitated sam-
ples (n = 3 for each) were corrected for background noise,
quantile normalized, and median-polish summarized in R
using the RMA method,*" as implemented in the BioConductor
package oligo (v1.40.1).** Affymetrix probe set identifiers were
annotated using the BioConductor package AnnotationDbi
(v1.38.1)* with the mogene20sttranscriptcluster database
(v8.6.0).** Differential expression between control and resusci-
tated samples was tested using per-gene linear models and an
empirical Bayes estimation of expression variances, as imple-
mented in the BioConductor package limma (v3.32.2).** P-val-
ues were adjusted for multiple testing by applying the
Benjamini & Hochberg false discovery rate (FDR) method.

Differentially expressed genes from an RNA-Seq experiment
studying apoptosis-resuscitation (anastasis) were kindly pro-
vided by Sun and colleagues for comparison to necroptosis-
resuscitation.”* For this comparison, we used the recovery time
point most comparable to that of the necroptosis experiment (8
hr), again utilizing only those genes that were significantly dif-
ferentially expressed (FDR < 0.05) between control and resus-
citation conditions.

To compare expression between necroptosis- and apoptosis-
resuscitation, we focused on the gene sets that were either upre-
gulated in both resuscitation conditions (Necroptosist
Apoptosis?) or upregulated in one condition and downregu-
lated in the other (i.e, Necroptosis? Apoptosis|; Necroptosis|,
Apoptosis?). We then calculated a z-score of relative expres-
sion in each experiment by scaling the log,-fold change (LFC)
values from all of these genes, regardless of gene set. The z-
scores of genes that were differentially expressed at > 0.5 LFC
in both experiments were visualized using the R package NMF
(v0.17.6)* with designated ordering of genes based on signal
concordance between experiments. These same gene sets were
also analyzed for Mus musculus pathway enrichment using the
Reactome Pathway Knowledgebase with options “Project to
human” and “Include interactors” both disabled.”” FDR was
again used to adjust for multiple comparisons.
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