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Necroptosis is a lytic and pro-inflammatory form of programmed cell death executed by
the terminal effector, the MLKL (mixed lineage kinase domain-like) pseudokinase.
Downstream of death and Toll-like receptor stimulation, MLKL is trafficked to the plasma
membrane via the Golgi-, actin- and microtubule-machinery, where activated MLKL accu-
mulates until a critical lytic threshold is exceeded and cell death ensues. Mechanistically,
MLKL’s lytic function relies on disengagement of the N-terminal membrane-permeabilising
four-helix bundle domain from the central autoinhibitory brace helix: a process that can be
experimentally mimicked by introducing the R30E MLKL mutation to induce stimulus-inde-
pendent cell death. Here, we screened a library of 429 kinase inhibitors for their capacity
to block R30E MLKL-mediated cell death, to identify co-effectors in the terminal steps of
necroptotic signalling. We identified 13 compounds — ABT-578, AR-A014418, AZD1480,
AZD5363, Idelalisib, Ipatasertib, LJI308, PHA-793887, Rapamycin, Ridaforolimus, SMI-4a,
Temsirolimus and Tideglusib — each of which inhibits mammalian target of rapamycin
(mTOR) signalling or regulators thereof, and blocked constitutive cell death executed by
R30E MLKL. Our study implicates mTOR signalling as an auxiliary factor in promoting the
transport of activated MLKL oligomers to the plasma membrane, where they accumulate
into hotspots that permeabilise the lipid bilayer to cause cell death.

Introduction
Necroptosis is caspase-independent form of programmed cell death characterised by cell swelling, lysis
and expulsion of cellular contents into the extracellular milieu. The expulsion of damage-associated
molecular patterns (DAMPs) is known to elicit an immune response [1], which can trigger inflamma-
tion. Consequently, necroptosis is considered to have arisen as an altruistic cell death mode to counter
pathogens [2–6]. However, much of the recent interest in this pathway has arisen from the observation
that dysregulated necroptosis occurs in many human diseases [7–17], and the deletion of key pathway
effectors can protect mice from disease in experimental models [18–25]. Because the terminal
pathway effectors are dispensable for development [23,26–28], the necroptotic cell death pathway has
attracted substantive interest as pharmacological targets to counter inflammatory diseases.
Necroptosis relies on three core proteins: the kinases, receptor-interacting serine/threonine protein

kinase (RIPK)-1 and RIPK3; and the terminal effector, the mixed lineage kinase domain-like (MLKL)
pseudokinase [29,30]. Necroptotic signalling is initiated upon ligation of the TNF or other death
receptors [31,32], pathogen sensors, such as Toll-like receptors (TLR)-3 and TLR-4 [33] and the intra-
cellular pathogen RNA sensor, ZBP1 [34,35]. In contexts where the proteolytic caspase enzymes and
the E3 Ubiquitin ligases of the cIAP (cellular inhibitor of apoptosis proteins) family are depleted or
disarmed, necroptosis ensues. MLKL resides in a dormant form bound to its upstream regulator,
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RIPK3 under basal conditions [36,37]. Upon the triggering of necroptosis, the RIPK3:MLKL subcomplex is
recruited to a high molecular mass cytoplasmic platform termed the necrosome, which is nucleated by oligo-
meric assembly of the RIPK1 and RIPK3 kinases via functional amyloids formed by their RHIM (receptor
homotypic interaction motif ) sequences [38,39]. Here, RIPK3 phosphorylates MLKL to instigate three key
events: (1) MLKL dissociation from the necrosome [40]; (2) a co-ordinate conformational interconversion of
MLKL’s pseudokinase domain [40]; and (3) MLKL assembling into oligomers that are then trafficked by the
Golgi-, actin- and microtubule-machinery to the plasma membrane [41]. Activated MLKL oligomers accumu-
late in hotspots at the plasma membrane until a critical threshold is met to enable MLKL to permeabilise the
lipid bilayer and induce cell death [41].
Despite extensive study of the terminal events mediated by MLKL over the past decade, there are several

important gaps in knowledge. Thus far, the molecular cues directing the recruitment of the RIPK3:MLKL sub-
complex to the necrosome, the stoichiometry of MLKL oligomers, co-effectors in trafficking MLKL oligomers
to the plasma membrane, whether co-effector proteins are required for membrane permeabilisation, and the
precise mechanism of MLKL-mediated membrane permeabilisation remain poorly understood. Targeted
studies and screens have implicated ESCRT-trafficking, extracellular vesicle formation and inhibitory phosphor-
ylation events in MLKL in negating necroptotic signalling [8,42-45], yet few studies have identified co-effector
proteins that promote necroptosis. To date, CK1 and TAM kinases, RGMb, Thioredoxin-1 have been proposed
to serve auxiliary functions in promoting necroptotic signalling [46-49], although whether these functions are
context-dependent and more broadly conserved are currently unclear. The identities of other co-effector pro-
teins are currently unknown and remain of outstanding interest.
Previous screens have employed small molecule drug libraries to identify candidate downstream co-effector

proteins based their ability to inhibit cell death mediated by an activated MLKL mutant. These studies have
pinpointed a role for the kinase co-chaperones, HSP90:Cdc37, in promoting necroptosis [50], consistent with
the requisite function of the HSP90:Cdc37 co-chaperones in directing the folding of kinases and pseudokinases,
including RIPK1, RIPK3 and MLKL [51-55]; and for RIPK1 as serving a role downstream of MLKL in necrop-
tosis signalling [56,57]. These screens relied on activated mouse MLKL mutants, which unlike human MLKL
[58], were found to be readily activated by mutations in the pseudokinase domain that mimic the molecular
switch mechanism [26]. Because human MLKL signalling is more tightly regulated than the mouse orthologue,
only recently has a human MLKL mutant, R30E, been identified as an activated mutant that signals for death
constitutively on induction of expression and in the absence of necroptotic stimuli [59]. Here, we used human
R30E MLKL expressing cells to screen a library of 429 kinase inhibitors for their capacity to inhibit cell death.
We identified 13 inhibitors, with known targets in the mammalian target of rapamycin (mTOR) signalling
pathway, which overall blocked cell death by preventing MLKL translocation to the plasma membrane. Based
on these findings, we propose that inhibiting mTOR signalling impacts vesicular transport by the Golgi and
actin machinery, which in turn prevents MLKL trafficking and accumulation at the plasma membrane hotspots
required to execute necroptotic cell death.

Results
R30E MLKL-induced necroptotic cell death relies on unknown kinases
Previously, we reported R30E MLKL executed constitutive cell death upon expression in MLKL−/− HT29 cells
[59]. R30E is an artificial mutation in human MLKL that disrupts the salt bridge between the four-helix bundle
(4HB) domain (R30) and the brace region (E136 and D140) by the introduction of a negative charge. While
substitutions at R30 of MLKL have not been reported in ClinVar or the Catalogue of Somatic Mutations in
Cancer (COSMIC) [60,61], the R30E mutation was selected as an experimental tool to dissect mechanisms of
downstream MLKL signalling. Specifically, R30E MLKL expression in cells leads to the formation of high-order
MLKL oligomers that associate with biological membranes and enact cell death without additional stimulation
[59]. We previously observed that constitutive cell death by R30E MLKL was partially inhibited by RIPK3
inhibitor, GSK0872 [59]. We attributed this inhibition to an essential upstream role of RIPK3 autophosphoryla-
tion in facilitating the assembly of the basal RIPK3:MLKL subcomplexes that are subsequently recruited to
necrosomes and connected to the trafficking machinery following induction of necroptosis.
To further investigate the relationship of R30E MLKL-mediated cell death to RIPK3, we expressed R30E

MLKL in MLKL−/− RIPK3−/− HT29 cells and tested the ability of R30E MLKL to signal for cell death.
Wild-type (WT) and R30E MLKL exogene expression was induced with doxycycline, and the capacity to
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undergo cell death was assessed in the absence or presence of the necroptotic stimulus (TSI: T, TNF; S, Smac
mimetic Compound A; I, pan-Caspase inhibitor IDN-6556/Emriscasan) by monitoring SYTOX Green uptake
using IncuCyte live cell imaging. Unexpectedly, deletion of RIPK3 did not inhibit R30E MLKL-induced cell
death (Figure 1A,B), which contrasts the RIPK3 inhibitor, GSK0872, blocking R30E MLKL-mediated death in
MLKL−/− HT29 cells [59]. Importantly, cell death occurred independently of RIPK3-mediated phosphorylation
of MLKL (Figure 1C), consistent with our earlier finding [59] and indicative of a mode of MLKL activation dis-
tinct from RIPK3-mediated phosphorylation triggering MLKL release from the necrosome, a change in con-
formation and oligomerization. We next assessed if GSK0872 inhibited R30E MLKL-mediated death in a
concentration-dependent manner (Figure 1D,E, Supplementary Figure S1A,B). MLKL−/− HT29 cells that were
stimulated with doxycycline to induce expression of R30E MLKL were inhibited by concurrent treatment with
GSK0872 in a concentration-dependent manner (Figure 1D). GSK0872 suppressed R30E MLKL-mediated death
in MLKL−/− RIPK3−/− HT29 cells to a similar extent as observed in MLKL−/−HT29 cells (Figure 1E). This is
suggestive that GSK0872 protects cells from death through a mechanism that is not dependent on RIPK3.
GSK0872 was reported to inhibit 20 human protein kinases when assessed at 1 mM against a panel of 301

protein kinases [62]. GSK0872 exhibited 70–90% inhibition for 11 of these kinases and 50–70% inhibition of a
further nine kinases [62]. Considering the dispensability of RIPK3 for R30E MLKL-mediated death, our findings
raise the possibility that GSK0872 inhibition of R30E MLKL killing arises from off-target inhibition of other
kinases, which prompted us to further explore whether additional kinases contribute to necroptotic signalling.

Screening for kinase inhibitors that counter R30E MLKL constitutive death
To identify previously unattributed roles for protein kinases in modulating R30E MLKL constitutive death, we
screened a library of 429 known kinase inhibitors (Supplementary Table S1). In contrast with conventional
necroptotic signalling stimulated by TNF receptor ligation and disarming of Caspases and IAPs (Figure 2A),
our screen relied only on inducing expression of R30E MLKL, which kills cells in the absence of any additional
stimulus (Figure 2B). To screen for inhibitors, MLKL−/− HT29 cells were stimulated with doxycycline (100 ng/
ml) to induce expression of R30E MLKL and, following overnight induction, compounds were added at 1 mM
and cell death monitored by SYTOX Green uptake using IncuCyte live cell imaging (Figure 2B, Supplementary
Table S1). Of 429 kinase inhibitors screened, 266 exacerbated (<0 fold decrease) R30E MLKL-mediated cell
death (Figure 2C). Compounds that had a decrease in cell death equivalent to or greater than the fold decrease
for GSK0872 (0.2882) minus one standard deviation (0.0855) at 24 h post-induction were considered candidate
inhibitors. Fifty compounds were identified to have a one-fold decrease in R30E MLKL-mediated cell death
(≥0.2027 fold; Figure 2C) and underwent further examination.
To further validate these hits, the 50 candidate compounds were screened for their capacity to inhibit R30E

MLKL-mediated constitutive death when added simultaneously with doxycycline stimulation. We reasoned that
the addition of these compounds at the onset of cell death, rather than 16 h post-induction as in our initial
screen, would amplify any protection and allow us to more readily identify the most potent inhibitors. Of these
compounds, 13 robustly inhibited R30E MLKL-mediated constitutive death (Figure 2D, Table 1). MLKL−/−

HT29 cells expressing R30E MLKL and treated with AZD5363, AR-A014418, ABT-578, Tideglusib, Ipatasertib,
PHA-793887, Rapamycin, Ridaforolimus, SMI-4a, LJI308, AZD1480, Idelalisib or Temsirolimus showed a
one-fold decrease in cell death of ≥0.695 (mean of all samples (0.388) plus one standard deviation (0.307)) at
24 h post-stimulation (Figure 2D).
We next investigated the ability of the 13 compounds to inhibit R30E MLKL constitutive death at a range of

concentrations (Figure 3A–M, Supplementary Figure S2A–M). We found that PHA-793887, Ridaforolimus,
Temsirolimus, Rapamycin and ABT-578 displayed robust, concentration-independent inhibition of R30E
MLKL-mediated death (Figure 3A–E, Supplementary Figure S2A–E). This protection was lost at 50 nM for
PHA-793887 and 25 nM for Ridafololimus, Temsiroluimus, Rapamycin and ABT-578 (Supplementary
Figure S2N). Idealisib, AZD1480 and LJI308 significantly inhibited R30E MLKL-mediated death and displayed
increased inhibition at higher doses (Figure 3F–H, Supplementary Figure S2F–H). Of note, AZD1480 showed
toxicity at 4 mM (Figure 3G, Supplementary Figure S2G). AZD5363, Tideglusib, AR-A014418 and Ipatasertib
exhibited inhibition at higher concentrations only (Figure 3I–L, Supplementary Figure S2I–L). Treatment with
SMI-4a reduced R30E MLKL constitutive cell death; however, this was not statistically significant (Figure 3M,
Supplementary Figure S2M).
We also tested the ability of the 13 compounds to inhibit R30E MLKL constitutive death in MLKL−/−

RIPK3−/−HT29 cells at 1 mM (Figure 3N, Supplementary Figure S2O). Consistent with our findings in MLKL−/−
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Figure 1. RIPK3 deletion does not inhibit R30E MLKL-mediated cell death. Part 1 of 2

(A,B) Evaluation of necroptotic signalling by wild-type and R30E full-length human MLKL in MLKL−/− and MLKL−/− RIPK3−/−

HT29 cells. Human MLKL expression was induced with doxycycline (Dox; 100 ng/ml) and cell death was measured in the
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HT29 cells, PHA-793887, Ridaforolimus, Temsirolimus, Rapamycin and ABT-578 displayed robust inhibition of
R30E MLKL-mediated cell death. AZD5363 and Ipatasertib also exhibited statistically significant inhibition of
constitutive cell death, whilst Idealisib, AZD1480, Tideglusib, AR-A014418 and LJI308 showed marginal reduc-
tions in cell death levels (Figure 3N, Supplementary Figure S2O). In contrast with observations in MLKL−/−

HT29 cells, treatment with 1 mM of SMI-4a resulted in a slight, non-significant increase in R30E
MLKL-mediated cell death. These findings are suggestive that a subset of the compounds may rely on mechan-
isms that involve RIPK3 to interfere with R30E MLKL-mediated cell death.

Compounds do not inhibit cell death induced by upstream necroptotic stimuli
We next assessed whether the 13 kinase inhibitors identified to suppress R30E MLKL-mediated death in our
screen could protect WT HT29 cells from necroptotic cell death induced by upstream stimuli. WT HT29 cells
were stimulated with a range of necroptotic cell death inducers, of varying strengths, in the absence or presence
of 1 mM of each compound. Cell death was measured by SYTOX Green uptake using IncuCyte live cell
imaging at 24 h post-stimulation. We found that none of the 13 compounds showed any reductions in levels of
TSI-induced cell death, whilst treatment with the RIPK3 inhibitor, GSK0872, resulted in a statistically significant
reduction in when added at the time of stimulation (Figure 4A). In comparison, when compounds were tested
against TSQ-induced death (TSQ: T, TNF; S, Smac mimetic Compound A; Q, QVD-OPh), known to be a
weaker inducer of necroptosis than TSI [63,64], we observed that treatment with 1 mM of PHA-793887 signifi-
cantly increased the levels of cell death at 24 h (Figure 4B). The remaining 12 compounds did not alter the
levels of TSQ-induced death, whilst again treatment with GSK0872 resulted in a significant ∼30% reduction in
necroptotic cell death (Figure 4B). Necroptotic stimulation via TLR3, which senses extracellular lipopolysac-
charide (LPS), was also used to instigate cell death. WT HT29 cells were stimulated with LPS, inhibitors of
cIAPs (Smac mimetic, Compound A) and Caspase-8 (IDN-6556) (LSI). Again, cells treated with LSI and 1 mM
of compound exhibited similar levels of necroptotic cell death (Figure 4C). We also tested the inhibition of
TSI-induced necroptotic signalling in MLKL−/− HT29 cells reconstituted with WT MLKL. Consistent with our
observations in WT HT29 cells, none of the 13 compounds showed reductions in TSI-induced cell death
(Figure 4D). Importantly, these findings confirm that none of the 13 compounds suppressed R30E
MLKL-mediated death by interfering with doxycycline induction of MLKL exogene expression. Together, the
lack of inhibition of necroptotic signalling by the 13 compounds — even upon stimulation by a range of death
stimuli of different necroptotic potency — indicates these compounds do not act directly on the signalling
checkpoints in the conventional necroptotic cascade.

CDK and mTOR inhibition reduces MLKL-USP21 constitutive cell death
Based on the above results, we hypothesised that these 13 kinase inhibitors might operate on a mechanism
downstream of MLKL activation that is specific to constitutively active MLKL protein. To test this idea, we
examined the capacity of each kinase inhibitor to reduce the levels of necroptotic cell death executed by
MLKL-USP21, known to render human MLKL constitutively active [65]. MLKL-USP21 is a fusion protein in
which the catalytic domain of deubiquitylating enzyme USP21 is fused to the C-terminal end of human MLKL.

Figure 1. RIPK3 deletion does not inhibit R30E MLKL-mediated cell death. Part 2 of 2

presence or absence of a necroptotic stimulus (TNF, Smac mimetic, IDN-6556; TSI). Cell death was quantified as a percentage

of SYTOX Green-positive cells using IncuCyte SX5 live cell imaging. MLKL−/− RIPK3−/− HT29 independent lines were assayed

in n = 2 for each of two independent cell lines for a total of n = 4 independent experiments. One MLKL−/− HT29 cell line was

assayed in n = 2 and the other in n = 3, for a total of n = 5 independent experiments. Data are plotted as mean ± SEM. (C)

MLKL−/− or MLKL−/− RIPK3−/− HT29 cells were stimulated with doxycycline (Dox; 100 ng/ml overnight) to induce the

expression of wild-type or R30E human MLKL. Protein levels of MLKL and RIPK3, both unphosphorylated and phosphorylated

forms, were detected by immunoblotting in the presence or absence of necroptotic stimulation (TSI; 4 h). Data are

representative of duplicate independent experiments. (D,E) MLKL−/− and MLKL−/− RIPK3−/− HT29 cells stably transduced with

MLKLR30E were treated with doxycycline (Dox) in the presence of RIPK3 kinase inhibitor, GSK0872, at increasing
concentrations. IncuCyte SX5 imaging was used to quantify the percentage of cell death (SYTOX Green-positive cells) every

hour for 48 h. Data are plotted as mean ± SEM of n = 3. One independent cell line transduced with MLKLR30E was assayed in n

= 3 independent experiments.
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Figure 2. Screen identifies 13 kinase inhibitors that block R30E MLKL-mediated cell death. Part 1 of 2

(A) Schematic of the necroptosis pathway. TNF (T) stimulates the TNFR1; cIAP1/2 activity is blocked with Smac mimetic (S);

and the pan-caspase inhibitor, IDN-6556 (I), blocks caspase-8 activity. This leads to the formation of the necrosome,

subsequent phosphorylation and activation of MLKL. Activated MLKL oligomerizes and traffics to biological membranes where

its accumulation facilitates membrane permeabilization. (B) The activated R30E MLKL mutant (highlighted by red star)

oligomerizes and initiates cell death in the absence of TSI stimulation or RIPK3 activation enabling a screen for inhibitors of
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This artificial fusion protein was designed to constitutively deubiquitinate MLKL and intriguingly, like R30E
MLKL, MLKL-USP21 can induce necroptotic cell death independent of necroptotic stimulation.
MLKL−/− HT29 cells stably transduced with an exogene encoding MLKL-USP21 were treated with doxycyc-

line to induce expression of the MLKL-USP21 fusion protein and treated with 1 mM of each kinase inhibitor.
Cell death was measured by SYTOX Green uptake at 48 h post-stimulation using IncuCyte live cell imaging.
We observed that the cyclin-dependent kinase (CDK) inhibitor, PHA-793887, robustly inhibited levels of
MLKL-USP21-induced cell death (Figure 4E), consistent with the inhibition of cell death that occurred in cells
expressing R30E MLKL (Figure 3A). To a lesser extent, mTOR inhibitors Ridaforolimus and Rapamycin both
significantly reduced levels of MLKL-USP21-induced cell death (Figure 4E). Interestingly, SMI-4a treatment led

Figure 2. Screen identifies 13 kinase inhibitors that block R30E MLKL-mediated cell death. Part 2 of 2

necroptosis downstream of MLKL activation. The skull and crossbones image (Mycomorphbox_Deadly.png; by Sven

Manguard) is used via a Creative Commons Attribution-Share Alike 4.0 license. (C) Phenotypic screen of 429 kinase inhibitors

to identify rescue of R30E MLKL constitutive cell death. MLKL−/− HT29 cells were stimulated with 100 ng/ml doxycycline to

induce expression of R30E MLKL. Following 16 h of induction, cells were treated with 1 mM compound. IncuCyte SX5 imaging

was used to quantify the percentage of cell death by determining the number SYTOX Green-positive cells (dead cells) relative

to the number of DRAQ5-positive cells (total cell number) at 24 h post-stimulation. Mean of technical duplicates for each

compound is plotted as fold decrease in percentage cell death. GSK0872 depicted in pink, with mean ± SD of n = 11

independent biological replicates. Positive hits that displayed a fold decrease in R30E MLKL-mediated cell death ≥0.2027
(dotted line; GSK0872 — 1 SD) are depicted in yellow. (D) Fifty positive hit compounds were re-screened for their capacity to

inhibit R30E MLKL cell death. MLKL−/− HT29 cells were stimulated with 100 ng/ml doxycycline to induce expression of R30E

MLKL and stimulated with 1 mM of compound simultaneously. IncuCyte SX5 imaging was used to quantify the percentage of

cell death (SYTOX Green-positive cells) at 24 h post-stimulation. Data plotted as fold decrease between R30E MLKL-mediated

cell death in the absence and presence of the compound. Plotted data represent one independent replicate. Dotted line

(0.6948) represents the population mean (0.388) plus 1 standard deviation (0.307). Thirteen identified compounds that

displayed a fold decrease in R30E MLKL-mediated cell death ≥0.6948 (dotted line) are coloured.

Table 1. Kinase inhibitors that inhibit R30E MLKL constitutive cell death

Compound Synonyms Primary target Pathway CAS ID

AZD5363 N/A Protein kinase B (Akt) PI3K/Akt/mTOR 1143532-39-1

AR-A014418 GSK-3β inhibitor VIII Glycogen synthase kinase 3
(GSK-3)

PI3K/Akt/mTOR 487021-52-3

ABT-578 Zotarolimus Mammalian target of rapamycin
(mTOR)

PI3K/Akt/mTOR 221877-54-9

Tideglusib N/A Glycogen synthase kinase 3
(GSK-3)

PI3K/Akt/mTOR 865854-05-3

Ipatasertib GDC-0068 Protein kinase B (Akt) PI3K/Akt/mTOR 1001264-89-6

PHA-793887 N/A Cyclin-dependent kinase (CDK) Cell Cycle 718630-59-2

Rapamycin Sirolimus mTOR Autophagy, DNA
Damage

53123-88-9

Ridaforolimus Deforolimus,
MK-8669, AP23573

mTOR PI3K/Akt/mTOR 572924-54-0

SMI-4a N/A Proto-oncogene serine/threonine
protein kinase (Pim)

JAK–STAT 438190-29-5

LJI308 N/A S6 kinase PI3K/Akt/mTOR 1627709-94-7

AZD1480 N/A Janus kinase 2 ( JAK2) JAK/STAT 935666-88-9

Idelalisib CAL-101, GS-1101 Phosphoinositide 3-kinase (PI3K) PI3K/Akt/mTOR 870281-82-6

Temsirolimus CCI-779, NSC
683864

mTOR Neuron signaling 162635-04-3
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Figure 3. PHA-793887, Ridaforolimus, Temsirolimus, Rapamycin and ABT-578 exhibit concentration-independent inhibition of R30E MLKL

death. Part 1 of 2

(A–M) Evaluation of R30E MLKL constitutive death inhibition in MLKL−/−HT29 cells, following simultaneous stimulation with varying compound

concentrations (0.25–4 mM) and doxycycline (100 ng/ml) to induce MLKL expression. (N) Evaluation of R30E MLKL constitutive death inhibition in

MLKL−/− RIPK3−/− HT29 cells, following simultaneous stimulation with compound (1 mM) and doxycycline (100 ng/ml) to induce MLKL expression.
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to a significant increase in the level of cell death (Figure 4E). Consistent with this finding, SMI-4a similarly ele-
vated cell death in MLKL−/− RIPK3−/− HT29 cells expressing R30E MLKL (Figure 3N), although the under-
lying mechanism is currently unknown. The other nine compounds showed no statistically significant
differences in the levels of cell death at 48 h (Figure 4E). Overall, our data indicate that the majority of kinase
inhibitors identified herein suppress R30E MLKL-mediated cell death by targeting protein modulators of path-
ways distinct to those that confer constitutive activity on MLKL by removal of ubiquitylation sites.

Compounds inhibit R30E MLKL oligomer membrane association
The R30E MLKL mutation disrupts salt bridges between the 4HB domain (R30) and the brace region (E136
and D140) [59]. As a result, human R30E MLKL oligomerises into higher-order structures that associate with
biological membranes, independent of RIPK3-mediated phosphorylation. We examined the effects of our com-
pounds on the association of R30E MLKL with the membrane to determine if inhibition is mediated by dis-
rupting the translocation of high molecular mass oligomers to the plasma membrane. MLKL−/− HT29 cells
expressing MLKL (WT or R30E) were treated with compound (1 mM) or TSI stimulation and fractionated into
crude membrane and cytoplasmic fractions. MLKL assembly into high molecular mass complexes was exam-
ined by Blue-Native PAGE (BN-PAGE) (Figure 5). TSI stimulation in MLKL−/− HT29 cells expressing WT or
R30E MLKL resulted in high molecular mass MLKL complexes, which were present in the membrane fractions.
In the absence of inhibitors, R30E MLKL expressed in MLKL−/− HT29 cells assembled into
membrane-associated oligomers (Figure 5), consistent with our earlier findings [59]. Eleven of the 13 com-
pounds identified herein blocked the translocation of high molecular mass oligomers to biological membrane,
with the exceptions being AZD5363 and Tideglusib (Figure 5). These findings suggest that the primary mode
of action of the inhibitors identified in our screen is to impede the association of MLKL oligomers with the
plasma membrane to block R30E MLKL-mediated cell death (Figure 6).

Discussion
Regardless of the stimulus — whether death receptor or pathogen sensor — necroptosis signalling coalesces on
the core terminal effectors, RIPK1, RIPK3 and MLKL [30]. As our knowledge of the pathway has grown, there
has been a greater appreciation of how signalling flux can be tuned through post-translational modification,
such as by phosphorylation, ubiquitylation and acylation [45,66-71]. However, identifying protein modulators
of the pathway has proven challenging. Here, to address this knowledge gap, we capitalised on the recent dis-
covery of an activated mutant of human MLKL, R30E, which when expressed in a cell line commonly used for
studies of necroptosis signalling, HT29 cells, induces cell death in the absence of any additional stimulus [59].
We screened a library of 429 kinase inhibitors for their capacity to suppress R30E MLKL-mediated cell

death, and identified 13 inhibitors of diverse chemotype and reported targets. The primary mechanism by
which these inhibitors prevented cell death was by blocking the translocation of R30E MLKL to the plasma
membrane, which is known to precede MLKL-mediated membrane permeabilisation and is, therefore, an essen-
tial checkpoint in necroptotic signalling. Few of these 13 inhibitors have been fully characterised for specificity
against a near-complete kinome panel. However, from reported targets and off-targets of these inhibitors, we
deduced that mTOR signalling is a common thread in their activities, and the likely basis for suppression of
R30E MLKL-mediated cell death. Intriguingly, not all mTOR inhibitors in our panel, including INK128 and
MLN0128, blocked R30E MLKL-mediated cell death, suggesting additional factors, such as potency, cell perme-
ability, mode of inhibition or off-target effects, may contribute to blocking death. Whether GSK0872 exerts its
effects by targeting mTOR is currently unclear; the published profile of GSK0872 kinase specificity does not
include mTOR [62]. Thus, we cannot rule out the possibility that GSK0872 inhibition of R30E MLKL-mediated
cell death could also occur via off-target inhibition of mTOR.
Of the 13, four are known mTOR inhibitors: Rapamycin, Ridaforolimus, Temsirolimus and ABT-578

[72-75]. The other 9 inhibitors target kinase activators of mTOR: AKT (AZD5363, Ipatasertib [76,77]), p90

Figure 3. PHA-793887, Ridaforolimus, Temsirolimus, Rapamycin and ABT-578 exhibit concentration-independent

inhibition of R30E MLKL death. Part 2 of 2

Cell death was quantified over 44 h as percentage by determining the number SYTOX Green-positive cells (dead cells) relative

to the number of DRAQ5-positive cells (total cell number) using IncuCyte SX5 live cell imaging. Cells were assayed in n = 3 (G,

N), n = 4 (H, I, M), n = 5 (A, B, C, D, F, K, L) or n = 6 (E, J) independent experiments with data plotted as mean ± SEM.
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Figure 4. PHA-793887, Rapamycin and Ridaforolimus inhibit constitutive cell death induced by MLKL-USP21. Part 1 of 2

(A–C) Evaluation of compound inhibition of necroptotic signalling in wild-type HT29 cells stimulated with necroptotic stimulus. Wild-type HT29 cells

were treated with 1 mM of compound and (A) TSI (TNF, Smac mimetic, IDN-6556), (B) TSQ (TNF, Smac mimetic, QVD-OPh), or (C) LSI (LPS, Smac
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ribosomal S6 kinase (RSK; LJI308, PHA-793887 [78] and lincs.hms.harvard.edu/kinome), GSK3β (Tideglusib,
AR-A014418, PHA-793887 [79,80] and lincs.hms.harvard.edu/kinome), PI3K p110 isoforms (Idelalisib [81])
and PIM1 (SMI-4a [82]). While the JAK2 inhibitor AZD1480 has not been subjected to a full kinome selectiv-
ity panel, initial screening showed off-target inhibition of LKB1, the master regulator of AMPK family kinases,
at 1 μM [83]. Accordingly, LKB1 inhibition would attenuate downstream AMPK activation, which would in
turn suppress mTOR signalling. Of the 13 identified compounds, those that directly targeted mTOR and the
kinase activator AKT retained inhibition of R30E MLKL-mediated cell death in the absence of RIPK3. This
observation suggests that indirect targeting of the mTOR signalling machinery may partially operate through a
RIPK3-mediated signalling axis. However, it is important to note that while all 13 inhibitors exert effects on
the mTOR signalling machinery, we cannot rule out activities on other kinases, including those for which the
compounds were developed, such as PHA-793887 towards CDKs [84]. Nonetheless, the commonality of the
on- and off-target effects towards mTOR pathway components provides strong evidence for a mode of action
via mTOR attenuation.

Figure 4. PHA-793887, Rapamycin and Ridaforolimus inhibit constitutive cell death induced by MLKL-USP21. Part 2 of 2

mimetic, IDN-6556). Cell death was quantified at 24 h as a percentage by determining the number SYTOX Green-positive cells

(dead cells) relative to the number of DRAQ5-positive cells (total cell number) using IncuCyte SX5 live cell imaging. Cells were

assayed in n = 4 independent experiments with data plotted as mean ± SEM. (D) MLKLWT expression was induced with

doxycycline (100 ng/ml) in MLKL−/− HT29 cells treated with TSI (TNF, Smac mimetic, IDN-6556) and 1 mM of compound. (E)

Evaluation of compound inhibition on MLKL-USP21 constitutive cell death. MLKL−/− HT29 cells were treated with doxycycline

(100 ng/ml) to induce the expression of MLKL-USP21 and stimulated with 1 mM of the respective compound. Cell death was

quantified at 48 h as a percentage by determining the number SYTOX Green-positive cells (dead cells) relative to the number of

DRAQ5-positive cells (total cell number) using IncuCyte SX5 live cell imaging. Cells were assayed in n = 4 (E) or n = 5 (D)

independent experiments with data plotted as mean ± SEM. P-value calculated using an unpaired, two-tailed t-test. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 5. Compounds inhibit the association of R30E MLKL oligomers with the membrane.

MLKL−/− HT29 cells stably transduced with MLKLWTor MLKLR30E were treated with doxycycline (Dox; 100 ng/ml) only or

doxycycline plus necroptotic stimulus (Dox, TSI) in the presence or absence of kinase inhibitors (1 mM). Membrane fractions

were resolved by BN-PAGE and fractionation was verified by probing for VDAC via SDS–PAGE. Images are representative

of n = 2 independent experiments.
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The precise role of mTOR signalling in necroptotic cell death remains unclear and is an area of intense interest.
To date, mTOR signalling has been primarily implicated at the level of RIPK1 or RIPK3 in necroptosis [85–88],
where mTOR was reported to promote RIPK1:RIPK3 assembly into necrosomes [85,89]. To the best of our
knowledge, mTOR has not been implicated in modulating necroptosis via direct MLKL regulation. Whether
inhibition of mTOR signalling or an off-pathway function of the pleiotropic mTOR activator, FKBP12, underlies
the blockade of necroptosis has been debated. It has been proposed that rather than mTOR signalling per se,
blocking the non-mTOR functions of FKBP12 can diminish necroptotic signalling [89]. FKBP12 is the target of
rapamycin and its analogues, such as Ridaforolimus and Temsirolimus, all of which blocked R30E
MLKL-mediated death in our study. However, inhibitors that target other regulators of mTOR showed similar
protection against cell death in our study, arguing for a broader function of mTOR signalling in R30E
MLKL-mediated death than solely targeting FKBP12. Additionally, R30E MLKL-mediated death was also observed
in cells lacking RIPK3, indicating mTOR signalling is required at the level of MLKL membrane translocation and
does not exert its effects through upstream pathway effectors. Equally, R30E MLKL-mediated death did not
require necroptotic stimuli, which rules out mTOR inhibition impacting Caspase-8 inactivation via the mTOR
regulatory kinase, p90 RSK, which was reported to promote necroptosis in mouse cells [90]. One possibility is that
inhibition of mTOR signalling compromises MLKL trafficking to the plasma membrane by impacting the Golgi
and actin machinery, or potentially by dysregulating autophagic flux. Interplay between necroptosis and autophagy
has been previously proposed [91], such that mTOR-mediated phosphorylation and inhibition of ULK1 kinase to
block autophagy [92-94] would enable RIPK3 accumulation and poise cells to undergo necroptosis [87].

Figure 6. Inhibiting the mTOR pathway blocks R30E MLKL membrane translocation and cell death.

Our data argue for a role for mTOR signalling in promoting R30 MLKL-mediated cell death. Inhibition of mTOR kinase activity or upstream activators

of mTOR block R30E MLKL membrane translocation and killing. The skull and crossbones image (Mycomorphbox_Deadly.png; by Sven Manguard)

is used via a Creative Commons Attribution-Share Alike 4.0 license.
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Strikingly, in contrast with previous studies [88,89], our data do not support an obligate role for mTOR sig-
nalling in promoting necroptotic cell death, even when death is triggered with different stimuli of a range of
potencies. In our hands, only cell death mediated by the activated MLKL mutant, R30E, but not WT MLKL,
relied on mTOR signalling. These findings argue for an auxiliary role, rather than an essential function, of
mTOR in directing necroptosis. By definition, necroptosis is a pathway requiring RIPK3-mediated phosphoryl-
ation and activation of MLKL, which in turn serves as the terminal cellular executioner. However, we and others
have previously noted that many animals, including many bird and rabbit species, lack a RIPK3 orthologue
[6,95,96], which raises the possibility that other kinases might have been co-opted in evolution to activate MLKL
for host defence or other unknown functions. The identities of such kinases remain a matter of outstanding
interest, including whether mTOR-related kinases contribute to MLKL activation in species other than humans.

Methods
Reagents and antibodies
Primary antibodies used in this study were: rat anti-MLKL (clone 3H1 [26], produced in-house; 1:1000 dilu-
tion; available as MABC604, EMD Millipore, Billerica, MA, U.S.A.), rat anti-MLKL (clone 7G2 [41], produced
in-house; 1:1000 dilution; available as MABC1636, EMD Millipore, Billerica, MA, U.S.A.) rabbit anti-human
MLKL phospho-S358 (AB187091, Abcam; 1:3000), rat anti-human RIPK3 (clone 1H2 [6], produced in-house;
1:1000 dilution; available as MABC1640, EMD Millipore, Billerica, MA, U.S.A.), rabbit anti-human
phospho-S227 (D6W2T, CST, 1:1000), mouse anti-actin (A-1978, Sigma–Aldrich, St Louis, MO, U.S.A.;
1:5000), rabbit anti-GAPDH (#2118, Cell Signalling; 1:2000) and rabbit anti-VDAC (AB10527, Millipore; 1:10
000). Recombinant hTNF-Fc, was produced in-house [97], and the Smac mimetic, Compound A, and pan-
caspase inhibitor, IDN-6556/emricasan, were supplied by Tetralogic Pharmaceuticals. QVD-OPh was purchased
from MP Biomedicals (#SKU q03OPH10901), LPS was purchased from Sigma (#L2630) and GSK0872 from
SynKinase (#SYN-5481).

Generation of cell lines
DNA sequences encoding human MLKL were synthesised by ATUM (CA, U.S.A.) and subcloned into the
pFTRE3G PGK puro vector [26], as previously reported [36,40,58,59,65]. Midiprep DNA was co-transfected
into HEK293T cells (ATCC) with pVSVg and pCMV δR8.2 helper plasmids to generate lentiviral particles
using Effectene (Qiagen). MLKL−/− or MLKL−/− RIPK3−/− HT29 cells derived from HT29 cells originally
sourced from ATCC were stably transduced with the resulting lentivirus. Successful transductants were selected
using puromycin (1.25–2.5 mg/ml; StemCell Technologies).

Generation of MLKL−/− RIPK3−/− HT29 cells
A full protocol for generating reconstitutable CRISPR/Cas9 knockout cell lines using integrase-deficient lenti-
virus has been published previously [98]. In brief, to generate the MLKL−/− RIPK3−/− HT29 cell lines, a guide
sequence specifically targeting the second exon of RIPK3 (GAATTCGTGCTGCGCCTAGA) [40,99] was intro-
duced into the FgH1tUTG lentiviral expression vector. This vector was then used to produce lentivirus (as
above) to transduce previously described MLKL−/− HT29 cells [58]. Guide expression was induced using 1 mg/
ml doxycycline, and cell lines were sorted based on high GFP expression to ensure uptake of the lentivirus 2
days later. After a further week, cells which had failed to integrate the lentiviral vector were selected and single
cell sorted based on the absence of GFP expression. The absence of RIPK3 expression was confirmed by
western blotting and Illumina next-generation sequencing.

Cell culture
Human colorectal adenocarcinoma HT29 (parental, MLKL−/−and MLKL−/− RIPK3−/−) cells were cultured in
high glucose DMEM (Gibco) media supplemented with 8% v/v foetal calf serum (FCS; Sigma). Puromycin
(2.5 mg/ml; StemCell Technologies) was added to maintain the selection of cell lines stably transduced with
inducible MLKL constructs. Routine PCR testing confirmed cell lines to be mycoplasma-negative.

429 Kinase inhibitor compound screen
MLKL−/− HT29 cells were seeded into 96-well flat bottom plates at 2 × 104 cells/well and left to settle for 6–
8 h prior to treatment with doxycycline (100 ng/ml) overnight (∼16 h) to induce expression of R30E MLKL
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constructs. Cells were then treated with 1 mM of test compound or 10 mM of GSK0872 and fresh doxycycline
(100 ng/ml) in DMEM supplemented with 2% FCS, SYTOX Green (Invitrogen S7020; 1:10 000) and DRAQ5
(ThermoFisher Scientific #62251; 1:5000). Cells were moved into the IncuCyte SX5 System (Essen Bioscience;
v2022B) and images captured every hour. Cell death percentage values were quantified by number of SYTOX
Green-positive (dead) cells out of DRAQ5-positive (total) cell numbers. Compounds were assayed in tech-
nical duplicates.

Incucyte cell death assays
For rescreening of 50 candidate compounds, MLKL−/−HT29 cells stably transduced with R30E MLKL were
seeded into 96-well flat bottom plates at 2 × 104 cells/well and left to settle for 6–8 h prior to treatment with
doxycycline (100 ng/ml) and 1 mM compound. The next morning, media was removed and replaced with fresh
DMEM supplemented with 2% FCS, SYTOX Green (Invitrogen S7020; 1:10 000), DRAQ5 (ThermoFisher
Scientific #62251; 1:5000), doxycycline (100 ng/ml) and 1 mM of compound. Cells were moved into the
IncuCyte SX5 System (Essen Bioscience; v2022B) and cell death percentage values were quantified by number
of SYTOX Green-positive (dead) cells out of DRAQ5-positive (total) cell numbers. Fold change was quantified
as ratio of R30E MLKL-mediated cell death with no compound to compound.
MLKL−/− RIPK3−/− HT29 cells were seeded into 48-well plate at 4.5 × 104 cells/well and left to settle for 6–

8 h prior to treatment with doxycycline (100 ng/ml) overnight to induce expression of WT or R30E MLKL
constructs. Following overnight doxycycline induction, MLKL−/− RIPK3−/− HT29 cells were stimulated with
the outlined combination treatments of doxycycline (100 ng/ml), TNF (100 ng/ml), Smac mimetic Compound
A (500 nM), pan-caspase inhibitor IDN-6556 (5 mM) and GSK0872 in DMEM supplemented with 2% FCS,
SYTOX Green (Invitrogen S7020; 1:10 000) and DRAQ5 (ThermoFisher Scientific #62251; 1:5000).
MLKL−/− or MLKL−/− RIPK3−/− HT29 stably transduced with WT or R30E MLKL were seeded into 96-well

plates at 2.0 × 104 cells/well and MLKL−/− HT29 stably transduced MLKL-USP21 were seeded into 96-well
plates at 1.5 × 104 cells/well. All cells were left to settle for 6–8 h. For compound titration (including GSK0872)
and MLKL-USP21 experiments, cells were stimulated with doxycycline (100 ng/ml) and compounds (0.025–
10 mM) in DMEM supplemented with 2% FCS, SYTOX Green (Invitrogen S7020; 1:10 000) and DRAQ5
(ThermoFisher Scientific #62251) and plates were moved immediately into the IncuCyte SX5 System (Essen
Bioscience; v2022B). Images were taken every hour and cell death percentage values were quantified by number
of SYTOX Green-positive (dead) cells out of DRAQ5-positive (total) cell numbers.
For assessment of response to necroptotic death stimuli, WT HT29 cells were seeded into 96-well plates at

2.0 × 104 cells/well and left to settle for 6–8 h. Cells were then stimulated with combination treatments TSI,
TSQ or LSI (TNF (100 ng/ml), Smac mimetic Compound A (500 nM), pan-caspase inhibitor IDN-6556
(5 mM), QVD-OPh (10 mM), LPS (20 ng/ml)) in the presence or absence of compound (1 mM; 10 mM
GSK0872) in DMEM supplemented with 2% FCS, SYTOX Green (Invitrogen S7020; 1:10 000) and DRAQ5
(ThermoFisher Scientific #62251). Plates were moved into the IncuCyte SX5 System (Essen Bioscience; v2022B)
and cell death percentage values were quantified by number of SYTOX Green-positive (dead) cells out of
DRAQ5-positive (total) cell numbers.

Western blot
MLKL−/− RIPK3−/− HT29 cells were seeded into 48-well plates at 6 × 104 cells/well and left to settle for 6–8 h.
Cells were stimulated with doxycycline (100 ng/ml) overnight to induce human MLKL expression. Cells were
harvested in 2× SDS Laemmli reducing lysis buffer, boiled at 100°C for 10–15 min, and then resolved by 4–
15% Tris-Glycine gel (Bio-Rad). Proteins were transferred to the PVDF membrane and probed with antibodies
as indicated.

BN-PAGE
MLKL−/− HT29 cells were seeded at 0.6 × 106 cells/well in a 6-well plate and left to settle overnight. The next
day, cells were induced with doxycycline (100 ng/ml) and compound (1 mM) overnight. Where applicable, cells
were treated with necroptotic stimulants — TNF (100 ng/ml), Smac mimetic Compound A (500 nM), and
Pan-caspase inhibitor IDN-6556 (5 mM) — for 4.5 h. Cells were harvested and permeabilised in MELB buffer
(20 mM HEPES pH 7.5, 100 mM sucrose, 100 mM KCl, 2 mM N-ethyl maleimide, 2.5 mM MgCl2, 0.25% (v/v)
digitonin, and protease and phosphatase inhibitors). Cells were fractionated into cytoplasmic and crude mem-
brane fractions by centrifugation (5 min, 11 000×g) and solubilised in 1% digitonin. Samples were resolved on
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a 4–16% NativePAGE (Invitrogen) gel and proteins were transferred to the PVDF membrane. Membranes were
destained in 50% v/v methanol and 25% v/v acetic acid and then denatured (6 M guanidine hydrochloride,
10 mM Tris PH 6.8, 5 mM β-mercaptoethanol). Following blocking in 5% w/v skim milk, membranes were
probed with indicated antibodies.

Data availability
All data and reagents are available from the authors upon request. Uncropped western blots are included as
Supplementary Data.
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