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Celldeathin human diseases is often a consequence of disrupted cellular homeostasis.
If cell deathis prevented without restoring cellular homeostasis, it may leadtoa
persistent dysfunctional and pathological state. Although mechanisms of cell death
have been thoroughly investigated'™, it remains unclear how homeostasis can be
restored after inhibition of cell death. Here we identify TRADD* ¢, an adaptor protein,
asadirectregulator of both cellular homeostasis and apoptosis. TRADD modulates
cellular homeostasis by inhibiting K63-linked ubiquitination of beclin 1 mediated by
TRAF2, clAP1and cIAP2, thereby reducing autophagy. TRADD deficiency inhibits
RIPK1-dependent extrinsic apoptosis and proteasomal stress-induced intrinsic
apoptosis. We also show that the small molecules ICCB-19 and Apt-1bind to a pocket
onthe N-terminal TRAF2-binding domain of TRADD (TRADD-N), whichinteracts with
the C-terminal domain (TRADD-C) and TRAF2 to modulate the ubiquitination of RIPK1
andbeclin 1. Inhibition of TRADD by ICCB-19 or Apt-1blocks apoptosis and restores
cellular homeostasis by activating autophagy in cells with accumulated mutant tau,
a-synuclein, or huntingtin. Treatment with Apt-1restored proteostasis and inhibited
cell deathin amouse model of proteinopathy induced by mutant tau(P301S). We
conclude that pharmacological targeting of TRADD may represent a promising
strategy for inhibiting cell death and restoring homeostasis to treat human diseases.

The accumulation of misfolded proteins in human diseases promotes
cell death and progressive pathology by disrupting cellular homeo-
stasis’. As the activation of autophagy is highly effective in reducing
the accumulation of misfolded proteins and restoring cellular homeo-
stasis®®, we sought to identify targets that could be manipulated phar-
macologically to restore cellular homeostasis by inducing autophagy
and inhibiting apoptosis simultaneously.

Apoptosis inhibitors that activate autophagy

No known target can simultaneously modulate autophagy and cell
death; therefore, we designed and conducted amultiplexed cell-based
screen to identify small molecule inhibitors of apoptosis mediated by
proteasomal stress and RIPK1-dependent apoptosis (RDA) that can also
activate autophagy (Extended Data Fig. 1a). This quadruplexed screen
of 170,000 compounds identified two active structural analogues,
ICCB-17 and ICCB-19, and aninactive close analogue, ICCB-19i (Fig. 1a).
Anstructure-activity relationship study identified animproved deriva-
tive called apostatin-1 (Apt-1). ICCB-19 and Apt-1linhibited Velcade

(bortezomib)-induced apoptosis and RDA with a half-maximal inhibi-
tory concentration (IC,) of about 1 uM (Extended DataFig.1b, c). Apt-1
showed no significant off-target activity on 97 kinases in KINOMEscan
profiling (Extended Data Fig. 1d).

ICCB-19 and Apt-1 effectively induced autophagy' (Fig. 1b,
Extended Data Fig. 1e-i) and the degradation of long-lived proteins™
(Extended DataFig. 1j). The caspase inhibitor zZVAD.fmk had no effect
on autophagy (Extended Data Fig. 1k). ICCB-19 and Apt-1had no effect
on mTOR (Extended Data Fig. 11). Rather, treatment of cells with
ICCB-19 or Apt-lincreased levels of DsRed-FYVE dots, an indicator
for phosphatidylinositol-3-phosphate (PtdIns3P), which is a critical
autophagy lipid messenger generated by the ATG14L-beclin1-VPS34-
VPSI5 class Il phosphoinositide 3-kinase (PI3K-111) complex™ (Extended
Data Fig. 1m), suggesting that this complex was activated. Treatment
withICCB-19 or Apt-1, but not ICCB-19i, increased the lipid kinase activ-
ity of VPS34 (Extended Data Fig. 1n). Treatment with Apt-1increased
the interaction of beclin1with TRAF2, clAP1, and ATG14L, an impor-
tant activator of the VPS34 complex™, but not with VPS34 (Fig. 1c,
d, Extended Data Fig. 2a, b). Autophagy and degradation of long-lived
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Fig.1|Identification of autophagy-activatinginhibitors of bothintrinsic
and extrinsic apoptosis. a, Chemical structures of ICCB-17,ICCB-19, ICCB-19i,
and Apt-1.b, Representativeimages and quantification of GFP-LC3 punctain
GFP-LC3-expressing H4 cells treated asindicated. Mean +s.e.m.of n=5
biologically independent experiments. One-way ANOVA, post hoc Dunnett’s
test.c,Scatter plot depicting changes to theinteractome of beclin1from
quantitative proteomics experiment. The targets are depicted aslargered
dots. See Supplementary Table 1for details. d, Immunoprecipitation

proteins induced by ICCB-19 or Apt-1 were substantially reduced by
genetic or pharmacologicalinhibition of clAP1and clAP2 (here referred
to as clAP1/2) or TRAF2, and this effect was reversed by reconstitution
of clAP1or TRAF2, respectively (Fig.1le, Extended DataFig.2c-h). Thus,
autophagyinduced by ICCB-19 or Apt-linvolves the E3 ubiquitin ligases
clAP1and clAP2 and the adaptor TRAF2, which are not required for
autophagyinducedbyinhibition of TORC1 or starvation (Extended Data
Fig.2i-1). Treatment with ICCB-19 or Apt-1, but not ICCB-19i, markedly
enhanced K63-linked ubiquitination of beclin1(Extended Data Fig.2m).
Apt-1-induced K63-linked ubiquitination of beclin 1 was reduced by
clAP1/2 or TRAF2 deficiency and restored by reconstitution of clAP1or
TRAF2, respectively (Fig. 1f, g, Extended Data Fig. 2n-p).

Mass spectrometry analysis identified conserved K183 and K204 resi-
duesinbeclin1that may be modified by cIAP1(Extended Data Fig. 3a-c).
The double K183R/K204R mutant, but not the K183R or K204R single
mutants, reduced K63-linked ubiquitination of beclin 1 mediated by
cIAP1 (Extended Data Fig. 3d). Reconstitution of the KI83R/K204R dou-
ble mutant, but not of either single mutant, inbeclin 1-knockdown cells
blocked the induction of autophagy (Fig. 1h, Extended Data Fig.3e-g)
and reduced K63-linked ubiquitination of beclin 1induced by Apt-1
(Fig. 1i). Thus, Apt-1and ICCB-19 promote autophagy via K63-linked
ubiquitination of beclin1 mediated by clAP1/2 and TRAF2.

ICCB-19 and Apt-lindirectly inhibit RIPK1

The cleavage of caspase-3induced by Velcade was blocked by ICCB-19
or Apt-1, but not by necrostatin-1s (Nec-1s)"® (Extended Data Fig. 4a, b).
Like Nec-1s, ICCB-19 and Apt-1 protected against multiple RDA models
(Extended DataFig. 4c-m), but not against RIPK1-independent apopto-
sis (RIA; Extended DataFig. 4n, 0). ICCB-19 or Apt-1also partially inhib-
ited necroptosis (Extended Data Fig. 4p, q). However, unlike Nec-1s,
ICCB-19 and Apt-1cannotinhibit the activation of overexpressed RIPK1
(Extended DataFig. 4r). Thus, ICCB-19 and Apt-lareindirect inhibitors
of RIPK1kinase activity.
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(IP)-immunoblot of MEFs. e, h,Immunoblot (IB) and quantification of LC31I
levelsin MEFs of the indicated genotypes (e) orinreconstituted H4 cells (h)
treated with theindicated compounds.WT, wild-type.Mean+ts.e.m.of n=3
biologicallyindependentexperiments.f, g, K63-linked ubiquitination of beclin
1from MEFs of theindicated genotypes treated with Apt-1.i, Asinf, using
reconstituted H4 cells. Compounds used at 10 pM for 6 h. For gel source data
and Apt-1synthesis, see Supplementary Figs.1, 2.

ICCB-19 and Apt-1target TRADD

Stimulation with TNF promotes the formation of a transient intracel-
lular complex (complex) at TNFR1, which coordinates anintricate set
of ubiquitination and phosphorylation events to control the activa-
tion of RIPK1, including both K63-linked ubiquitination mediated by
TRAF2 or cIAP1and M1-linked ubiquitination mediated by the LUBAC
complex'®®, Treatment with ICCB-19 reduced the rapid activation of
RIPK1incomplexlinduced by TNF (Fig. 2a), suggesting that the target
of ICCB-19 and Apt-1may be acomponent of complex . Treatment with
ICCB-19 or Apt-lincreased recruitment of TRADD, HOIP, and A20, but
not RIPK1, to complex|;italsoincreased M1-linked ubiquitination, but
decreased K63-linked ubiquitination, of RIPK1 (Fig. 2b, ¢, Extended
Data Fig. 5a-c).

TRADD isa34-kDaadaptor protein with an N-terminal TRAF2-binding
domain and a C-terminal death domain. It is the first protein to be
recruited to complex I*°%, and therefore may be the target of ICCB-19
and Apt-1. Tradd” mouse embryonic fibroblasts (MEFs) are known to
beresistant to RDA%. Notably, Nec-1s, but not ICCB-19 or Apt-1, protects
Tradd”~MEFsfurther against RDA (Fig. 2d, e). Thus, TRADD is required
for protection against RDA by ICCB-19 or Apt-1, but not Nec-1s.

Incomplex |, TRADD-Ninteracts with TRAF2 and cIAP1/2 to promote
K63-linked ubiquitination of RIPK1***?2, The protective effects of ICCB-
19 and Apt-1, but not Nec-1s, against RDA were reduced by genetic or
pharmacologicalinhibition of cIAP1/2 and restored by clAP1 reconsti-
tution (Extended Data Fig. 5d-i). Thus, clAP1/2-mediated ubiquitina-
tionis involved in the suppression of RIPK1 activation by ICCB-19 or
Apt-1. Tradd-knockoutJurkat cells were effectively protected against
Velcade-induced apoptosis, and this protection could not be further
enhanced by ICCB-19 or Apt-1(Fig. 2f). TRADD, but not FADD or RIPK1,
was required for this protection (Extended Data Fig. 5j, k).

In Tradd™~ MEFs, basal autophagic flux and long-lived protein
degradation was increased relative to wild-type MEFs, and could not
be further enhanced by ICCB-19 or Apt-1 (Extended Data Fig. 6a-c).
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Fig.2|ICCB-19 and Apt-1require TRADD toblock apoptosis and activate
autophagy. a, ¢, Ubiquitination and activation of RIPK1in MEFs treated with
theindicated compounds. b, ComplexIwasisolated and analysed by mass
spectrometry.Red dots, significant changes inICCB-19-treated cells. Green
orblack dots, no change. See Supplementary Table 3 for details. d, f, Cell
survivalin MEFs (d) or Jurkat cells (f) of the indicated genotypes treated with
theindicated compounds. T/5z7, TNF and 5z7 together.Mean+s.d.ofn=3
biologically independent samples. Two-way ANOVA, post hoc Bonferroni’s

Tradd-knockout Jurkat cells also displayed increased levels of LC3 11,
which were not altered by Apt-1 (Fig. 2g). Thus, TRADD is involved in
inhibiting autophagy and is required for the induction of autophagy
by ICCB-19 or Apt-1. Inhibition of autophagy by Spautin-1?, AtgS§ knock-
out, or blocking lysosomal degradation prevented the activation of
autophagy and protection against proteasomal stress-induced apop-
tosisin Tradd knockout or Apt-1-treated cells, but had no effect on RDA
(Fig. 2g, Extended Data Fig. 6d-g).

Under homeostatic conditions, endogenous beclin 1 bound to
clAP1/2 and TRAF2, and binding was enhanced by TRADD deficiency
(Fig. 2h). Furthermore, K63-linked ubiquitination of Beclin 1 was
enhanced in Tradd™”~ MEFs; this was not affected by Apt-1, but could
be suppressed by adding back TRADD, which was overcome by Apt-1
treatment (Fig. 2i, Extended Data Fig. 6h). These results suggest that
ICCB-19 and Apt-1release cIAP1/2 or TRAF2 from TRADD and thereby
promote the K63-linked ubiquitination of beclin 1 mediated by clAP1/2
or TRAF2.

ICCB-19 and Apt-1reduce inflammatory responses
Tradd™~ mice are normal and are highly resistant to multiple sys-
temic inflammatory responses®** 2, Treatment with ICCB-19 or Apt-1
minimally affected early events in the NF-kB pathway, but reduced
expression of the TNF-induced inflammatory target gene products,
NOS and COXI17, and of inflammatory cytokines in cells stimulated
with pathogen-associated molecular patterns, including interferon
y (IFNy), lipopolysaccharide (LPS), Pam3CSK4 (a synthetic bacterial
lipopeptide), and muramyl dipeptide (MDP) (Extended DataFig. 7a-m).
Wild-type mice treated with Apt-1showed increased survival following
intravenous delivery of TNF, amouse model of systemic inflammation
(Extended Data Fig. 7n, 0).

ICCB-19 and Apt-1restore proteome homeostasis

We nextinvestigated whether ICCB-19 and Apt-1could restore cellular
homeostasis and promote the degradation of misfolded proteins.

test.e, g, Immunoblot and quantification of CC3 (cleaved caspase-3) in MEFs (e)
orof LC31linJurkatcells (g) of theindicated genotypes treated with the
indicated compounds. Mean +s.e.m. of n=3biologically independent
experiments. h,Immunoprecipitation-immunoblot of Jurkat cells of the
indicated genotypes. i, K63-linked ubiquitination of beclin1from control and
reconstituted Tradd”~ MEFs treated with Apt-1. Compounds used at 10 uM for
6horasindicated. For gel source data, see Supplementary Fig. 1.

Treatment with ICCB-19 or Apt-1reduced protein accumulation and
cell death in the presence of Htt-103Q, a-synuclein (wild-type, E46K,
orA53T), or tau (wild-type or P301L)*® (Extended Data Fig. 8a-f). PS19
mice, which express mutant human tau(P301S), develop progressive
neuronal loss and microgliosis associated with neurofibrillary tangle
(NFT)-like tau pathology®. Treatment with Apt-1for 3 hours induced
autophagy and reduced the accumulation of mutant tau in cultured
brain slices from PS19 mice, and this effect was blocked by lysosomal
inhibition (Extended Data Fig. 8g, h). Thus, Apt-1canrapidly promote
the degradation of accumulated mutant tau.

We tested whether Apt-1could restore proteostasis and reduce cell
death in a mutant tau fibril (pff) transmission model*°. Hippocampal
delivery of Apt-1(Extended DataFig. 8i) was able toinduce autophagy
andreducethelevels of tauin these mice (Fig. 3a). Treatment with Apt-1
reduced NFT-like pathogenesis induced by pffs, including areduction
of hyperphosphorylated tau” neurons and pathological misfolded MC1*
tau® (Fig. 3b, ¢). Miceinjected with tau pffs showed substantial increases
inactivated p-RIPK1" and apoptotic TUNEL cells in the CA1hippocam-
pus, which were inhibited by Apt-1 (Fig. 3d, e). These results suggest
that RIPKlisactivated in this tauopathy model and that treatment with
Apt-1can effectively restore cellular homeostasis and block apoptosis
drivenby pathological tau transmissionin vivo. We also tested whether
Apt-1could rescue proteostasis after NFT-like pathology had formed
in PS19 mice. Treatment with Apt-1for one week reduced pre-formed
NFT-like pathology in PS19 mice that had been injected with tau pff
3 weeks earlier (Extended Data Fig. 8j, k).

ICCB-19 and Apt-1interact with TRADD-N

We found that separately expressed TRADD-N (amino acids (aa)
1-197) and TRADD-C (aa 198-312) interacted, and that Apt-1reduced
this interaction (Extended Data Fig. 9a). Thus, ICCB-19 and Apt-1
might affect a previously unknown interaction of TRADD-N with
TRADD-C. NanoBiT-based interaction between LgBiT-TRADD-N and
TRADD-C-SmBIiT was dose-dependently reduced by ICCB-19 or Apt-1,
but not by ICCB-19i (Extended Data Fig. 9b-f). Direct binding of
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Fig.3|ICCB-19 and Apt-1reduce neurofibrillary tangle-like tauinclusions
and pathology induced by tau fibril transmission. a-e, Effects of Apt-1on the
pathological tangle-like tau aggregatesin the hippocampus CAlregion of PS19
miceinjected with tau pffs. Immunoblots of tau levels (a),immunostaining of
phospho-tau (AT8) (b), p-RIPK1(S166) (d), TUNEL (e), and

TRADD-N and TRAF2? was also reduced by Apt-1in NanoBiT and fluo-
rescenceresonance energy transfer (FRET) systems (Fig. 4a, Extended
DataFig. 9g-k). Thus, TRADD-N and TRADD-C normally interact with
each other; in cells stimulated by TNF, TRADD is recruited to TNFR1
by the binding of its death domain with the death domain of TNFR1,
which frees TRADD-N to interact with TRAF2 and organize complex
I recruitment. Notably, this model suggests that ICCB-19 and Apt-1
might bind to a conserved interface on TRADD-N that binds to both
TRADD-C and TRAF2. Apt-1increased the recruitment and retention
of TRADD at TNFR1and reduced binding of TRADD to TRAF2 or clAP1,
thus decreasing recruitment of TRAF2 or cIAP1to complex I (Fig. 4b,
Extended Data Fig. 91, m).

The addition of ICCB-19 or Apt-1to TRADD in a thermal shift assay®
increased its melting temperature (7,,,) by 3.2 °Cor 3.7 °C, respectively;
ICCB-19i had no effect (Extended Data Fig.10a-d). Incubation of Apt-1
with TRADD-N, but not with TRADD-C, also increased the T,,of TRADD-N
by 3.7 °C (Fig. 4c, Extended Data Fig. 10e), suggesting that ICCB-19
and Apt-1are likely to bind TRADD-N. Saturation transfer difference
(STD)-NMR? confirmed that ICCB-19 and Apt-1, but not ICCB-19i, bind
with TRADD-N (Extended Data Fig.10f-h).In addition, surface plasmon
resonance (SPR) analysis determined that the binding equilibrium dis-
sociation constant (K;,) of ICCB-19 or Apt-1with TRADD-N was 2.30 uM
or 2.17 uM, respectively (Fig. 4d, Extended Data Fig. 10i, j).

We performed a 'H-®N heteronuclear single-quantum correla-
tion NMR titration of Apt-1with TRADD-N. The addition of Apt-1to
TRADD-N in solution perturbed the following residues: Tyr16, Ala31,
His34,GIn37,1le72, Argl19, Gly121, Ala122, Arg124, and Argl46 (Extended
DataFig.11a). The perturbed residues localized to 3-sheets1,3,and 4,
indicating that the interface formed by these 3-sheets mediates binding
of Apt-1to TRADD-N.ICCB-19, but not ICCB-19i,showed similar binding
to TRADD-N (Extended Data Fig. 11b, c).

NMR-based structures for ICCB-19 and Apt-1bound to TRADD-N
generated computationally showed that Apt-1and ICCB-19 bound with
TRADD-Ninsimilar conformations (Fig.4e, Extended DataFig.11d). The
binding site for ICCB-19 or Apt-1isin the interface between TRADD-N
and TRAF2-C?. The TRADD-N residues Tyr16, Phel8, lle72, and Argl19
form a hydrophobic pocket that can bind the substituted cyclohep-
tane of ICCB-19 or Apt-1. The amide group of Gly121in TRADD-N forms
a hydrogen bond with the carbonyl oxygen of ICCB-19 or Apt-1. The
TRADD-N residues GIn142 and Asp145 form two hydrogen bonds with
the heteroatoms of a 4,5-dihydro-1H-imidazole group in ICCB-19. In

136 | Nature | Vol 587 | 5 November 2020

Tau fibrils injection

Vehicle

e Vehicle mApt-1
507 ——

c
S .
Apt-1 g 540
=3
i g
2 S 20 %
c
5 =10 a
400 um SN
Tau fibrils injection e
Apt-1 TUNEL/DAPI
Vehicle ® Vehicle
= Apt-1

c
k)
°
L
£
»
8
=
3
=

TUNEL* cells per section in CA1 region

immunohistochemistry (IHC) for tau in pathological conformation (MC1) (¢) in
hippocampus CAlregion. Eachdotrepresents the mean from anindividual
mouse. Mean =s.e.m. (n=3). Two-tailed t-test. For gel source data, see
SupplementaryFig.1.

addition, the phenyl group of Apt-1 forms -t stacking with Tyr16.
Binding of Apt-1with recombinant TRADD-N mutants (Y16A, F18A,
172A,R119A, and G121A) was reduced relative to binding with wild-type
TRADD-N (Fig. 4f, Extended Data Fig. 11e).

Mutations to Tyr16, Phel8, or lle72 of TRADD-N?* reduced its inter-
action with TRAF2-C (Extended Data Fig. 11f). TRADD-N(G121A) and
TRADD-N(A122T), but not TRADD-N(R119A), showed reduced interac-
tions with TRAF2-C. Expression of mutant TRADD (Y16A, F18A,172A,
GI121A, or A122T) in Tradd-deficient cells did not suppress autophagy
(Fig. 4g). The TRADD(R119A) mutant suppressed autophagy, and this
effect was not overcome by Apt-1(Fig.4g). Consistent with a predicted
H-bond between Gly121 and ICCB-19 or Apt-1, Apt-1 could not further
induce autophagy in TRADD(G121A)-expressing Tradd-knockout MEFs.
By contrast, Apt-linduced autophagy in Tradd-knockout cells express-
ing TRADD-N(A122T) (Fig. 4g). Thus, interactions between TRADD and
TRAF2 canregulate autophagy. Furthermore, ICCB-19 and Apt-linteract
with TRADD-Nresidues that mediate TRAF2-C binding®. Disrupting the
interaction between TRADD and TRAF2 may recapitulate the induction
of autophagy mediated by Apt-1or ICCB-19.

Wealso characterized theinteraction of TRADD-N with TRADD-Cin
suppressing RDA. Compared to wild-type TRADD-N, the interactions of
the F18A,172A,R119A, or G121A TRADD-N mutants with TRADD-C were
allcompromised (Extended Data Fig.11g). Tradd-knockout cells comple-
mented with mutant TRADD (Y16A, F18A,172A,R119A, G121A, or A122T)
retained partial resistance to RDA (Extended Data Fig.12a, b). Apt-1
was unable to provide additional protection in Tradd-knockout cells
expressing TRADD(G121A), and bound TRADD-N(G121A) with an esti-
mated K, of 274 pM (compared to a K, with wild-type TRADD-N of 2 uM;
Extended Data Fig. 12c-e). Apt-1 partially protected against RDA in
Tradd-knockout cells complemented with the Y16A, F18A, 172A, or
R119A mutant version of TRADD. RDA of Tradd-knockout cells recon-
stituted with double-mutant TRADD(Y16A/F18A) or triple-mutant
TRADD(Y16A/172A/R119A) could not be further protected by Apt-1
(Extended Data Fig. 12f-h). Thus, the hydrophobic pocket formed by
theside chainresidues of Tyr16, Phel8, lle72,and Argl19 in TRADD may
collectively stabilize the interaction of TRADD-N with ICCB-19 or Apt-1.

Conclusion

TRADD mediates extrinsic apoptosis by regulating RIPK1 activation
in TNFR1 signalling>**2¢, Our results show that TRADD also regulates
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Fig.4|The targeting mechanism ofICCB-19 and Apt-1on TRADD. a, The
effect of Apt-1on TRADD-N and TRAF2-C binding measured by NanoBiT assay
(see Methods). Mean s.d. of n=6 biologicallyindependent samples. Two-tailed
t-test. b, Immunoprecipitation-immunoblot and quantification (n=1) of
indicated proteinsin MEFs treated with Apt-1, representative of threeindependent
experiments.c, f, Invitro binding of Apt-1to wild-type His-TRADD-N and
indicated mutants as determined by thermal shift assay. d, Kinetic profile of
binding of Apt-1to TRADD-N from SPR analysis. e, Binding pose of Apt-1in
complexwith TRADD-N generated by induced-fit docking. Top, shape and

cellularhomeostasis and intrinsic apoptosis mediated by proteasomal
stress. ICCB-19 or Apt-1can bind with TRADD-N, disrupting its bind-
ing toboth TRADD-C and TRAF2. Binding of ICCB-19 or Apt-1releases
TRAF2 or clAP1/2 from TRADD to promote autophagy and diminish
proteasomal stress by enhancing K63-linked ubiquitination of beclin
1. InRDA, ICCB-19 or Apt-1 modulates TRADD to inhibit activation of
RIPK1in complex I and to decrease availability of TRADD to complex
Ila and thereby inhibit caspase activation®* (Extended Data Fig. 12i).
Targeting TRADD would protect against inflammation and cell death
mediated by both RIPK1-dependent and RIPK1-independent pathways,
as Tradd deficiency can protect against systemic inflammation and
apoptosisin RipkI”~ mice®.In conclusion, we identify TRADD as a novel
therapeutictarget thatis, to our knowledge, the first of its kind to both
block cell death and inflammationand concurrently activate autophagy
andrestore cellular homeostasis.
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Methods

Animals

Wild-type (cat. no. 004781) and transgenic tauP301S (catalog no.
008169) mice were from The Jackson Laboratory. All animals were
maintained in a pathogen-free environment, and the animal experi-
ments were conducted according to the protocols approved by the
Harvard Medical School Institutional Animal Care and Use Committee
(IACUC). Animals were assigned randomly to experimental and control
groups with the same numbers; we aimed for anumber of at least three
animals per group to allow basic statistical analysis. Animals were age-
and sex-matched in all experiments. Where possible, the investigators
wereblinded during data collection and analysis of animal experiments.

A multiplexed chemical screen

The primary screenwas conducted inJurkat cells treated with the pro-
teasomalinhibitor Velcade to induce apoptosis by proteasomal stress*.
Inhibition of apoptosis by the pan-caspase inhibitor zZVAD.fmk was able
to partially rescue cell survival, and thus was used as a positive control.
About 170,000 compounds were screened to identify hits which could
inhibit apoptosis induced by proteasomal stress better than could
zVAD.fmk. These positive hits were counter-screened against apoptosis
induced by 5-fluorouracil (5-FU) to remove generic inhibitors of DNA
damage-induced apoptosis. Hits that protected against apoptosis
induced by Velcade, but not 5-FU, were further evaluated for their abil-
ity toinduce autophagy using H4-GFP-LC3 cells. Finally, the hits were
further tested in an RDA assay of extrinsic apoptosis in RGC5 mouse
retinal ganglion cells treated with TNF and 5z-7-oxozeaenol (5z7, an
inhibitor of TAK1).

Stereotaxic surgery and Apt-1delivery

Intracranialinjections of synthetic tau-preformed fibrils (pffs) into PS19
mice accelerate the transmission of pathological tau tangle-like aggre-
gates throughout the brain and thus provide a model for Alzheimer’s
disease pathology and tauopathy®. Eight-week-old PS19 mice (P301S
tau), which express the T34 isoform of human P301S mutant tau under
the control of the mouse prion promoter, were deeply anaesthetized
with isoflurane and immobilized in a stereotaxic frame. The stere-
otaxic injections were made using predetermined coordinates with a
Hamilton syringe under aseptic conditions. All injected animals were
observed during and after surgery, and an analgesic was administered
after surgery. T40/PS recombinant tau pffs (2 pug/pl) were injected into
both sides of hippocampus of PS19 mice (ML +1.8 mm; AP -2.2 mm;
DV 1.8 mm)*. The total volume injected was 2.5 ul per injection for all
mice. The mice were then either dosed immediately or left for three
weeks before Apt-1was delivered intracerebroventricularly via an
ALZET micro-osmotic pump (ALZET Micro-Osmotic Model 1002). An
ALZET brain infusion kit was used for delivery into lateral ventricles
(ML-1.0mm; AP-0.5mm; DV 2.0 mm) atarate of 0.25ul/h. The ALZET
micro-osmotic pumps were fixed to the skulls of the mice using instant
adhesive and the skinincision was closed using sutures. Apt-1(20 mM)
inthe ALZET micro-osmotic pumps was renewed every two days and
the Apt-1delivery was maintained for a month in the immediate dos-
ing groups or one week in the delayed dosing group. Apt-1 treatment
resulted no apparent differencein survival or behaviour of the mice. At
the end of Apt-1dosing for one month or one week, the mice werekilled
and perfused with PBS, and the hippocampi from half of the brains were
dissected and analysed by immunoblotting after lysis in RIPA buffer
(50 mM Tris-HCI pH 7.5,150 mM NacCl, 1% NP-40, 0.1% SDS). The other
half of the brains were fixed in 4% paraformaldehyde and embedded
in paraffin blocks from which 5-um-thick sections were processed for
immunohistochemistry (IHC) using AT8 (specific for pathological tau
phosphorylated at Ser202/Thr205,1:10,000; Invitrogen), MC1 (specific
fora pathological conformation of tau,1:2,000)* and TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labelling).

Pharmacokinetic (DMPK) study of Apt-1

Wild-type mice (2 months old) were deeply anaesthetized with iso-
flurane and immobilized in a stereotaxic frame using predetermined
coordinates under aseptic conditions. Allanimals were observed during
and after surgery, and an analgesic was administered after surgery. Apt-1
(20 mM, 100 pl, release rate: 0.25 pl/h) was delivered intracerebroven-
tricularly viaan ALZET micro-osmotic pump (ALZET Model 1002) and
ALZET brain infusion kits into the lateral ventricles (ML -1.0 mm; AP
—-0.5mm; DV 2.0 mm). The ALZET micro-osmotic pumps were fixed to
the skulls of the mice with instant adhesive and the skin incision was
closed using sutures. At1h, 6 hand 24 h after the onset of delivery, cer-
ebrospinal fluid (CSF) was carefully withdrawn using aHamilton syringe
from the lateral ventricles (ML —1.0 mm; AP —0.5 mm; DV 2.0 mm)
for DMPK analysis. The mice were killed after 24 h and the hippocampi
were dissected for DMPK analysis. The number of mice was three for
eachtime point. The concentrations of Apt-lin collected samples were
measured by HPLC as a custom service by the Scripps Research Institute
Florida.

Organotypicbrainslice preparation

PS19 mice (4 months old) were anaesthetized with isoflurane before
decapitation. The brain was removed and immediately immersed in
ice-cold cutting solution (2.5 mM KCl, 5 mM MgCl,, 11 mM b-glucose,
238 mM sucrose, 26 mM NaHCO;, 1 mM NaH,PO,, 1 mM CacCl,). The
cerebellumwas trimmed off and the caudal end of the brain was glued
onto the cutting table of the vibratome (LEICA VT1000 S, Germany).
The brain was cut in coronal slices of 350 mm with an amplitude of
1.5mm, afrequency of 75Hz and a velocity of 0.1 mm/s. The slices were
collected and stored inice-cold cutting solution before floating onto
semi-porous membrane inserts (Millipore, Millicell-CMLow Height
Culture Plate Inserts, Schwalbach, Germany). Slices were cultured at
37 °Cwith 5% CO, in a culture medium consisting of 394 ml MEM, 10%
normal horse serum, 5 mg/ml penicillin, 5mg/ml streptomycin, 2.5ml
L-glutamine, 1 mM MgSO,, 11 mM p-glucose, 238 mM sucrose, 5 mM
NaHCO,,1mM CaCl,, 26.6 mM HEPES, 0.024 m1 25% ascorbic acid and
0.5 mginsulin. The medium was changed every other day. Slices were
maintained for 14 days in vitro before treatment.

Cell culture

HEK293T cells, MEFs, Jurkat cells, SH-SY5Y cells, HT-29 cells, U-937 cells,
H4 cells and HelL a cells were originally obtained from the American
Type Culture Collection (ATCC). HEK293T cells, MEFs and H4 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo
Fisher Scientific, cat. no. 11965) with 10% (vol/vol) fetal bovine serum
(FBS; Thermo Fisher Scientific, cat. no.10082-147). Jurkat, SH-SYS5Y,
and U-937 cells were cultured in RPMI1640 (Thermo Fisher Scientific,
cat. no. 11875085) with 10% (vol/vol) FBS. HT-29 cells were cultured in
McCoy’s 5A medium (Thermo Fisher Scientific, cat. no. 16600082)
with 10% (vol/vol) FBS. Knockout MEFs were made from the indicated
knockout mice and immortalized by infection of lentivirus expressing
SV40T. All of the mammalian cell lines were maintained at 37 °C with
5% CO,. The cells were tested every two months using a TransDetect
PCRMycroplasma Detection Kit (Transgen Biotech, cat. no. FM311-01)
to ensure that they were mycoplasma free.

Immunoblotting

Antibodies against the following proteins were used for western
blot analysis: ATG14L (CST, 96752,1:1,000), HOIP (Abcam, ab46322,
1:1,000), VPS34 (PTG, 12452-1-AP,1:1,000), LC3B (Sigma-Aldrich L7543,
1:1,000), SQSTM1/p62 (CST 5114, 1:1,000), a-tubulin (Sigma-Aldrich
T5168,1:10,000), beclin-1(CST 3738,1:1,000), phospho-RIPK1 (Ser166)
(CST 31122,1:1,000), phospho-RIPK1 (Ser166) (Biolynx, BX60008-C3,
1:500 for IF), RIPK1 (D94C12, CST 3493, 1:1,000), A20/TNFAIP3 (CST
4625,1:1,000), TRADD (Santa Cruz sc-7868,1:500), TNF-R1(CST 3736,
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1:1,000), B-actin (Santa Cruz sc-81178, 1:5,000), caspase-3 (CST 9662,
1:1,000), cleaved caspase-3 (CST 9661, 1:1,000), tau-5 (Invitrogen
AHBO0042,1:1,000), phospho-tau AT8 (Invitrogen MN1020, 1:1,000),
mouse clAP1 (homemade, 1:1,000), TRAF2 (CST 4724, 1:1,000, Santa
Cruz, sc-7346,1:1,000), phospho-AMPKa (CST 2535, 1:1,000), AMPKa
(CST 2532, 1:1,000), phospho-acetyl-CoA carboxylase (CST 3661,
1:1,000), acetyl-CoA carboxylase (CST 3662, 1:1,000), phospho-S6
(CST 2211, 1:1,000), S6 (CST 2217,1:1,000), FADD (Abcam, ab124812,
1:1,000), phospho-MLKL (CST 91689, 1:1,000), MLKL (CST 14993,
1:1,000), phospho-RIPK3 (CST 57220, 1:1,000), RIPK3 (CST 13526,
1:1,000), caspase-8 (CST 4790, 1:1,000), PARP (CST 9542, 1:1,000),
GAPDH (CST 2118, 1:1,000), phospho-IkBa (CST 9246, 1:1,000), IkBa
(CST 9242,1:1,000), phospho-IKKa/B (CST 2697,1:1,000), IKK[3 (CST
2684,1:1,000), phospho-ERK1/2 (CST 9101, 1:1,000), ERK1/2 (CST 9102,
1:1,000), phospho-SAPK/JNK (CST 9251,1:1,000), SAPK/JNK (CST 9252,
1:1,000), phospho-p38 MAPK (CST 9211, 1:1,000), p38 MAPK (CST
9212,1:1,000), iNOS (CST 2982, 1:1,000), COX2 (CST 4842,1:1,000),
a-synuclein (Abcam ab6162, 1:1,000), Flag (Sigma-Aldrich F3165,
1:1,000), HA (Sigma-Aldrich H6908, 1:1,000), beclin 1 (Santa Cruz,
sc-48341,1:100 for IP, CST, 3495, 1:1,000), ATGS5 (Abcam, ab108327,
1:1,000). Anti-K63 Ub and anti-M1 Ub were gifts from Dr. Vishva Dixit
(Genentech,1:1,000 for IP) and anti-MC1 was a gift from Dr. Peter Davies
(Feinstein Institute for Medical Research, 1:2,000 for IHC). The signals
were detected using Amersham ECL Western Blotting Detection Rea-
gent (RPN2106, GE Healthcare), SuperSignal West Pico PLUS Chemi-
luminescent substrate (34580, Thermo) or SuperSignal West Femto
Maximum Sensitivity substrate (34095, Thermo). The membranes were
reprobed after incubation in Restore Western Blot stripping buffer
(21063, Thermo).

Construction and transfection of plasmids

Full-length cDNAs for mouse and human TRADD were PCR-amplified
from the plasmid library and cloned into pcDNA3.1 using Phanta Max
Super-Fidelity DNA Polymerase (Vazyme Biotech Co., Ltd) with appro-
priate tags. Human TRADD (hTRADD) mutants were generated using
MutExpress Il mutagenesis kit (Vazyme Biotech Co., Ltd). For protein
purification, cDNA encoding truncated hTRADD (aa1-179, wild-type or
mutant) were cloned into pET-28a plasmid for expressionin Escherichia
coli using ClonExpress Il One Step Cloning Kit (Vazyme Biotech Co.,
Ltd), cDNA encoding GST-tagged hTRADD (full-length or aa180-312)
was cloned into EcoRV/Notl sites in pEBG plasmid for mammalian
expression, and cDNAs encoding mVenus- and Flag-tagged TRADD-N
(aa1-179) and mCerulean- and Flag-tagged TRAF2-C (aa310-501) were
clonedinto pLenti plasmid for mammalian expression. For constructs
used in the NanoBiT protein-protein interaction assay, TRADD-N
(aa1-179) was cloned into the pBiT1.1-N plasmid (Lg-TRADDN), and
TRAF2-C (aa 310-501) and TRADD-C (aa 180-312) were cloned into
the pBiT2.1-C plasmid (TRAF2C-Sm and TRADDC-Sm, respectively)
according to the manufacturer’s protocol. All plasmids were verified by
DNA sequencing and the details of the plasmid sequences are available
upon request. Transient transfections of H4 and SH-SY5Y cells were
performed using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. In brief, cells were plated at a density of
5x10*cells per wellina12-well plate and transfected with a total of 1 ng
DNA per well for 24 h. Medium was changed the day after transfection.

Generation of knockdown, knockout and reconstitution lines

Cellswere stably infected with shRNA against mouse 7raf2 (TAGTTCGG
CCTTTCCAGATAA), human BECNI3’-UTR (CTCTGTGTTAGAGATATGA)
or scramble control inthe pLKO.1 lentiviral background. For CRISPR-
Cas9 system-mediated gene knockout, we used guide RNAs against
human TRADD (sgTRADD-1(GCGCGCAGCTCCAGTTGCAG), sgTRADD-2
(GCGCCCCCTCGCGGTAGGCG)) or ATGS (sgATG5-1 (GCTTCAATTG
CATCCTTAGA), sgATG5-2 (GTGCTTCGAGATGTGTGGTT)) in the
Lenti-CRISPR v2 lentiviral background. Viral supernatant fractions

were collected 48 h after transfection. Cleared supernatant fraction
was filtered through a 0.45-mm filter. Polybrene (8 mg/ml) was sup-
plemented to viral supernatant fractions. Twenty-four hours after
infection, cells stably expressing ShRNA or sgRNA were obtained by
selection with 5pg/mlpuromycin. H4 cells expressing the BECN13’-UTR
shRNA were infected with lentiviral particles expressing Flag-beclin
1 (wild-type or mutant). Polyclonal populations were screened until
wild-type and mutant lines were generated that had near endogenous
beclin1reconstitution levels.

Analysis of cytotoxicity and viability

The rates of cell death were measured in triplicate or quadruplicate
in a 96-well or 384-well plate using SYTOX Green Nucleic Acid Stain
(Invitrogen) or ToxiLight Non-destructive Cytotoxicity BioAssay Kit
(Lonza). The intensity of luminescence was determined in an EnSpire
Multimode Plate Reader (PerkinElmer). Data were collected using
PerkinElmer EnVision Manager Version 1.13 software. Cytotoxicity
was expressed as percentages of cell death per well after deducting the
background signal in non-induced cells and compared to that of the
maximal cell death with100% Lysis Reagent. The rates of cell viability
were determined using CellTiter-Glo Luminescent Cell Viability Assay
(Promega) according to the manufacturer’s protocol and the results
are expressed as percentages of luminescence intensity per well after
deducting the background signalin blank wells and compared to that
of the viability in the non-treated wells. Concentration of drugs used
forinducing or inhibiting cell death: mTNF, 1 ng/ml; 5Z-7-oxozeaenol,
0.5 uM; Velcade, 50 nM; Apt-1/ICCB-19/ICCB-19i/Nec-1s,10 uM.

Caspase-8 activity assay

Caspase-Glo 8 assay (Promega) was used to detect the activity of
caspase-8in cells and in vitro by following the manufacturer’s proto-
col.Inbrief, 2 x10° cells (MEFs) were plated in 6-well plates and treated
asindicated in 2 ml for the indicated times. After treatment, medium
was removed, and 300 pl 0.5% NP-40 lysis buffer (50 mM Tris-HCI
pH 7.5,150 mM NaCl and 0.5% NP-40) was added to each well. Cells
were scraped and lysates were left onice for 5 min. Ten microlitres of
lysate per condition was transferred into a 384-well plate and 90 pl of
Caspase-Glo 8 reagent supplemented withMG-132 (30 uM) was added
toeach well. Plates were wrapped in foil and gently mixed using a plate
shaker at 300-500 rpm for 30 s. Reactions were allowed to proceed
byincubationat roomtemperature for1h. Caspase-8 activity was read
onaluminometer.

Complex-I/ll purification

Cells were seeded in 15-cm dishes and treated as indicated with Flag-
TNF (50 pg/ml). To terminate treatment, medium was removed and
plates were washed with 50 ml of ice-cold PBS. Plates were frozen at
-80 °C until all time points were acquired. Plates were thawed on ice
and cells were lysed in 0.5% NP-40 lysis buffer (50 mM Tris-HCI pH 7.5,
150 mM NaCland 0.5% NP-40) supplemented with protease inhibitors
and N-ethylmaleimide (2.5 mg/ml). Cell lysates were rotated at 4 °C for
30 min then clarified at 4 °C at 14,000 rpm for 30 min. Proteins were
immunoprecipitated from cleared proteinlysates with 20 pl anti-Flag
M2beads (Sigma) with rotation overnight at 4 °C. Four washesin 0.5%
NP-40 buffer with N-ethylmaleimide were performed, and samples
eluted by boiling in 50 pl1x SDS loading buffer. For complex-Il purifica-
tion, cells were seeded in10-cm dishes and treated as indicated using
medium containing TNF (10 ng/ml) and zZVAD (20 pM). Cells were lysed
onicein 0.5% NP-40 lysis buffer. Cell lysates were rotated at 4 °C for
30minthenclarifiedat4 °Cat14,000 rpmfor10 min. Twenty microlitresof
protein G sepharose (Sigma), after pre-blocking for 1 h with lysis buffer
containing 1% BSA, was incubated with FADD antibody (1.5 mg antibody
per mg protein lysate) and the mixture was incubated in rotation with
cleared proteinlysates4 hat4 °C. The samples were then washed four
timesin lysis buffer and eluted by boiling in 50 pl1x SDS loading buffer.



Concentration of compounds used in complex-I/Il purification: 10 uM
(Apt-10r ICCB-19).

Long-lived protein degradation assay

H4 cellswere cultured with L-[3,4,5-*H(N)]-leucine (0.1 uCi/ml) (Perki-
nElmer Life Sciences) for 24 h and chased in medium with nonradio-
active leucine for 18 h. Then the medium was changed and cells were
incubated foranadditional 6 halong with different compounds (10 pM
Apt-1,10 uMICCB-19,10 pMICCB-19i,1pM rapamycin). The mediawere
recovered and treated with 10% trichloroacetic acid to separate trichlo-
roaceticacid-soluble (amino acids) and trichloroacetic acid-insoluble
(proteins) fractions. The cells were completely dissolved with1 N NaOH.
Radioactivity was measured with aliquid scintillation analyser (Perki-
nElmer). Long-lived protein degradation was calculated by dividing
trichloroacetic acid-soluble radioactivity in the medium by total radio-
activity detected in the cells and medium. The values were expressed
as fold-change from the value obtained in control cells.

NanoBiT protein-protein interaction (PPI) assay

The Nano-Glo Live Cell assay kit (Promega) was used as follows:
HEK293T cells were seeded at 7.5 x 10° cells per well in a white,
clear-bottom 96-well plate 12 h before transfection (10 ng LgBiT-fused
construct (Lg-TRADDN) and 10 ng SmBiT-fused construct (TRADDC-Sm
or TRAF2C-Sm), HaloTag-Sm was used as a negative control according
to the manufacturer’s protocol). After 24 h incubation, medium was
removed and replaced with 100 pl Opti-MEM medium for 1hat 37 °C.
The Nano-Glo reagent was prepared according to the manufacturer’s
instructions and added to each well immediately before the lumines-
cencereading was taken. Luminescence was measured at 1-minintervals
for10 minonaplatereader and reported asrelative light units (RLU). For
quantitative comparison of LgBiT-SmBiT interactions, the peak values
atthe2-3mintime point were used. Concentration of compounds used
inNanoBiT assay: 10 uM (Apt-1, ICCB-19 or ICCB-19i).

Protein expression and purification

Recombinant wild-type and mutant His=-TRADD-N (aa 1-179) protein
fragments were expressed in BL21 (DE3) E. coli after induction with
0.5mMIPTG overnight at16 °C."*N-labelled TRADD-N domain protein
was purified from E. coli grown at 16 °C in minimal medium. Bacteria
were harvested and disrupted using a high-pressure homogenizer
and purified with Ni** affinity resin (GE Healthcare). All proteins were
further purified by size exclusion chromatography on a Superdex 75
column (GE Healthcare) in a buffer containing 20 mM imidazole (pH
6.6),200mM NaCl,20 mM DTT and 0.05% NaN,. AIINMR samples were
inthe same buffer at concentrations between 0.2 and 0.4 mM with 90%
H,0/10% D,0. Proteins were exchanged into assay buffer (120 mM NacCl,
20 mM NaH,PO,/Na,HPO,, pH 7.4) by dialysis for thermal shift assay.

NMR spectroscopy

The ®N-HSQC spectra of “N-labelled TRADD-N domain protein were
acquired in a buffer containing 20 mM imidazole (pH 6.6), 200 mM
NaCl,20mMDTT and 0.05% NaN, at 25 °C,ona 600-MHz Bruker Avance
Il spectrometer using a Prodigy cryoprobe. For the spectra of 0.2 mM
TRADD-Nwith 0.5 mM Apt-1ligand, the datawere collected with eight
scans for each free induction decay (FID), 512 complex points in the
direct'H dimension and 128 complex points in the indirect N dimen-
sion. For the spectra of 0.4 mM TRADD-N with 0.5 mM ICCB-19, or
0.5 mMICCB-19i, the data were collected with two scans for each FID,
512 complex pointsin the direct'H dimension and 128 complex points
intheindirect N dimension. The spectrawere processed and analysed
using Bruker Topspin 3.6.1 software.

Saturation transfer difference-nuclear magnetic resonance
(STD-NMR) spectroscopy® was used to detect the interaction of com-
pounds with TRADD-N. The STD spectrawere acquired ona 400 MHz
spectrometer (ICCB-19 and Apt-1) or 800 MHz spectrometer (ICCB-19i).

The samples for STD NMR were prepared as 13 pM TRADD-N or
TRADD-N(G121A) with 1 mM Apt-1, ICCB-19 or ICCB-19i in 0.5 ml PBS
inD,0 (10%). The on-resonance irradiation was performed at achemical
shift of —0.5 ppm, whereas the off-resonance irradiation was conducted
at37 ppm. The spectrawere acquired using the following parameters:
spectral window of 6.4 kHz, number of scans at 320, acquisition time
of 2s, and repetition time of 3 s. The decrease in signal intensity in
the STD spectrum, resulting from the transfer of saturation from the
proteinto the ligand, was evaluated by subtracting the on-resonance
spectrum from the off-resonance spectrum.

Thermostability shift assay

To determine stability, purified proteins were made to afinal concentra-
tion of 1 pg/pl. SYPRO Orange dye was added to the protein to make a
final concentration of 2x. Compounds were added to the mixture with a
final concentration of 250 uM or as indicated and incubated at 4 °C for
1h.The experiments were performed in 384-well plates specific for the
real-time PCR instrument with a total volume of 20 pl/well. The assay
plate was covered with asheet of optically clear adhesive to seal each
well. The assay plate was centrifuged at 800g for 2min at25 °Cto collect
solutionsinthe bottom of the well and remove bubbles. The assay plate
was placedinto the Applied Biosystems QuantStudio 6 Real-Time PCR
System.Thereactionwas runfrom 25 °C, ramping up inincrements of
0.05°C/s to afinal temperature of 95 °C with fluorescence detection
throughout the experiment to generate a dataset. The melting tempera-
ture of the protein (T;,) was determined by performing nonlinear fitting
ofthe datasetto a Boltzmannsigmoidal curve in GraphPad Prism with
the following equation: Y=bottom + (top — bottom)/(1 + exp(T,,, = X/
slope)), where Yis fluorescence emission in arbitrary units; Xis tem-
perature; bottomis the baseline fluorescence at low temperature; top is
the maximal fluorescence at the top of the dataset; and slope describes
the steepness of the curve, with larger values denoting shallower curves.

Surface plasmon resonance

The binding affinity between ICCB-19 or Apt-1and TRADD-N was ana-
lysed at 25 °C on a BlAcore T200 machine with CMS5 chips (GE Health-
care). PBS-P buffer (GE Healthcare) was used for all measurements.
For SPR measurements, Flag-tagged TRADD-N protein was purified
from HEK293T cells with anti-Flag affinity gel and eluted using 3 x Flag
peptide. The protein was further purified by size exclusion chromatog-
raphy onaSuperdex 75 column (GE Healthcare) in abuffer containing
20 mMimidazole (pH 6.6),200 mM NaCl,20 mM DTT. The protein was
dialysed into PBS and diluted to a final concentration of 40 pg/mlin
NaOAc buffer (pH 4.5) before immobilization on a CMS chip. About
5,000 response units of protein were immobilized on the chip with a
running buffer composed of PBS-P. A reference was used to normal-
ize the response unit (RU) values of protein. A series of compound
concentrations ranging from 0.3125 to 10 pM was tested at 30 pl/min
flow rate. The contact time was 100 s and the dissociation time was
120 s. When the data collection was finished in each cycle, the sensor
surface was regenerated with PBS-P buffer. DMSO solvent correction
was performed following the BIAcore T200 guide. Binding curves were
displayed, and equilibrium binding constants (K;,) for the interaction
were determined using the steady-state affinity method incorporated
in the BIAEVALUATION 4.1 software (GE Healthcare).

Invitro FRET assay

mVenus- and Flag-tagged TRADD-N (mVenus-TRADDN-Flag) and
mCerulean-and Flag-tagged TRAF2C (Flag-TRAF2C-mCerulean) were
expressed in HEK293T cells for 48 h. Then cells were lysed in NP-40
buffer followed by immunoprecipitation using anti-Flag affinity gel.
The proteins were eluted with 5 mg/ml 3 x Flag peptide and exchanged
into assay buffer (120 mM NacCl, 20 mM NaH,PO,/Na,HPO,, pH 7.4) by
dialysis for FRET assay. The proteins were added into Corning black
96-well microtitre plates in triplicate at a final concentration of 1 uM.
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Apt-1was incubated with the proteins for 1 h before measurement.
Measurements were performed on afluorescent platereader (Victor3,
1420 Multilabel counter, Perkin Elmer). The following filter set was
used: mCerulean filter set (excitation: 430/15 nm, emission: 460/20
nm); mVenus filter set (excitation: 485/15, emission 535/15); FRET filter
set (430/15 nm, emission 450-600 nm).

Mass spectrometry and data analysis

For complexImass spectrometry analysis, MEFs were treated with Flag-
TNF in the presence or absence of ICCB-19 (10 uM) for the indicated
time. Proteins thatbound to TNFR1 underwentimmunoprecipitation
pulldown with anti-Flag-beads and were trypsin digested. The pep-
tides were analysed ona Q Exactive HF-X Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Scientific). Protein identification and
quantification were performed by MaxQuant 1.2.1. The tandem mass
spectra were searched against the UniProt mouse protein database.
The precursor and fragment mass tolerances were set as 20 ppm. The
false discoveryrate (FDR) at peptide spectrum matchlevel and protein
level was controlled below 1%. The unique peptides plus razor peptides
were included for quantification.

For mass spectrometry analysis of ubiquitination sites of beclin1,
Flag-tagged mbeclinlisolated from HEK293T cells expressing this
construct was trypsin-digested on beads followed by immunopre-
cipitation. The resulting peptides were subjected to enrichment of
diGly peptides using an antibody against the ubiquitin remnant motif
(K-e-GG) (PTMBiolabsInc.). The enriched diGly peptides were analysed
on the Q Exactive HF-X mass spectrometer (Thermo Scientific). The
identification and quantification of diGly peptides was done by Max-
Quant1.2.1. The tandem mass spectra were searched against the UniProt
mouse protein database together with a set of commonly observed
contaminants. The precursor mass tolerance was set as 20 ppm, and
the fragment mass tolerance was set as 0.1 Da. The cysteine carbamido-
methylation was set as a static modification, and methionine oxidation
and lysine with a diGly remnant were set as variable modifications. The
FDR at peptide spectrum match level was controlled below 1%.

Theeffect of Apt-1onthe binding partners of beclin1was character-
ized by mass spectrometry. Proteins obtained by immunoprecipitation
against Flag-tagged beclin 1in cells with or without Apt-1 treatment
were trypsin digested. Theresulting peptidesin three replicates were
analysed on a Thermo Scientific Orbitrap Fusion Tribrid mass spec-
trometer. The protein identification and quantification were done
by MaxQuant 1.2.1¥. The tandem mass spectra were searched against
the UniProt human protein database and a set of commonly observed
contaminants. The precursor mass tolerance was set as 20 ppm, and
the fragment mass tolerance was set as 0.5 Da. The cysteine carbami-
domethylation was set as a static modification, and the methionine
oxidation was set as a variable modification. The FDR at the peptide
spectrum match level and protein level was controlled to be <1%. The
unique peptides plus razor peptides were included for quantification.
The summed peptide intensities were used for protein quantification.

Molecular modelling and docking methods

The 3D atom coordinates of TRADD and TRAF2 interaction complex
were obtained from the Protein Data Bank (PDB; https://www.rcsb.org)
withPDBID 1F3V. The TRADD part of this 3D structure served as the pro-
teinreceptorinthe followinginduced-fit docking procedure performed
withthe molecular simulation software suite Schrédinger (version 2018-
1,Schrodinger, LLC, New York, NY, 2018). The receptor was first prepared
with the Protein Preparation Wizard. The structure was preprocessed
following default settings except that no waters were deleted at this
step, then hydrogen bond assignment and restrained minimization
were performed in the refinement step, followed by removing water
molecules with fewer than three H-bonds to non-waters. The 3D struc-
tures of the small molecules were next prepared using LigPrep withno
ionization but stereoisomers were generated. The prepared structures

of the TRADD receptor and small molecules were then submitted for
induced-fit docking to predict the binding modes. At the beginning of
this step, to define the binding site, we inspected the interface of the
TRADD-TRAF2 interaction and set the docking pocket as the cavity
around the centre of residues lle72, Alal22 and Argl46. Considering
the surface residue flexibility, we specified refinement of the residues
within 9 A of the ligand during the induced-fit docking process.

Fluorescence microscopy

Cells were seeded at 2.5 x 10* cells per well on poly-L-lysine coated glass
coverslipsand transfected as described. Cells were fixed in 4% paraform-
aldehyde, followed by permeabilization with 0.1% Triton X-100. Nuclei
were stained using DAPI (Sigma). Cells expressing GFP- or RFP-fusion
proteins were imaged with an Olympus Fluoview FV1000 confocal micro-
scope (Olympus) usinga40x objective.Images were taken using Olympus
FV10-ASW 3.0 software. For quantification of GFP-LC3 and DsRed-FYVE
puncta, the average spotintensityin1,000 cells fromeachindicated sam-
plewas determined. Images were processed using ImageJ and Photoshop
CC. Concentrations of compounds used toinduce or block autophagy: 10
1M (Apt-1,ICCB-19, ICCB-19i or spautin-1), for 6 h or asindicated.

Invivo delivery of TNF

Wild-type mice (n=10, male, 8 weeks of age) were injected intravenously
via the tail vein with mTNF (9.5 pg/mouse) 30 min after an intraperi-
toneal injection of Apt-1 (20 mg/kg). Control mice (n=9) received an
equalamount of vehicle 30 min before mTNF challenge. Kaplan-Meier
survival curves were determined.

VPS34 lipid kinase assay

HEK293T cells were transfected with Flag-beclin 1for 18 h and then
treated with ICCB-19, ICCB-19i, or Apt-1 (10 pM) for another 6 h. Flag-
beclin 1 was immunoprecipitated with anti-Flag to isolate the beclin
1-VPS34 complex. Immunoprecipitated beads were added with soni-
cated phosphatidylinositol (1 pul of 5 mg) and ATP (1 ul of 10 mM) in 30 pl
reaction buffer (40 mM Tris (pH 7.5), 20 mM MgCl,, 1 mg/ml BSA) for
30 min at room temperature. Wortmannin (10 uM) was used as a con-
troland added to the reaction toinhibit VPS34. The conversion of ATP
into ADP was measured using an ADP-Glo Kinase Assay Kit (Promega)
according to the manufacturer’s instructions.

KINOMEscan profiling

KINOMEscan profiling was used to assess theinteraction of Apt-1witha
panel of 97 kinases as a custom service (DiscoverX/Eurofins, San Diego,
CAUSA).Inbrief, DNA-tagged recombinant kinases were produced in
E.coli. The assay plates with kinases were incubated at room tempera-
ture with shaking for 1h and the affinity beads were washed with wash
buffer (1x PBS, 0.05% Tween 20). The beads were thenre-suspendedin
elutionbuffer. The kinase concentrationin the eluates was measured by
qPCR. Apt-1was screened at 10 pM, and the results for primary screen
bindinginteractions are reported as percentage of control, where lower
numbers indicate stronger hits in the matrix.

Quantitative reverse-transcription PCR

Total RNA from skin tissue was extracted with Trizol reagent (Life Tech-
nologies) and RNeasy Columns (Qiagen) and cDNA was prepared using
aSuperscript Il cDNA-synthesis kit (Life Technologies). Quantitative
reverse-transcription PCR of Tnfwas performed using a QuantStudio 6
Flex Real-Time PCR System (Applied Biosystems). Data were collected
using QuantStudio 12K Flex software version1.3 (Applied Biosystems).
Gapdhwas used as areference gene. Data were analysed according to
the AC; method.

Quantification and statistical analysis
All cell death data are presented as mean *s.d. of one representative
experiment. Eachexperiment was repeated at least three times. Mouse
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dataare presented asmean ts.e.m. of the indicated n values. Allimmu-
noblots were repeated at least three times independently with similar
results. Quantifications ofimmunoblots were performed using Image)
1.52a,and the densitometry data were adjusted to loading controland
normalized to control treatment. Error bars forimmunoblot analysis
represent the s.e.m. between densitometry data from three unique
experiments. Curve fitting and statistical analyses were performed
using GraphPad Prism 8.0 or Microsoft Excel 2016 software, using
either unpaired two-tailed Student’s t-test for comparison between two
groups, or one-way ANOVA with post hoc Dunnett’s test for compari-
sons among multiple groups with a single control, or two-way ANOVA
with post hoc Bonferroni’s test for comparisons among different
groups. Statistical comparisons for series of data collected at differ-
ent time points were conducted by two-way ANOVA. The significance
of in vivo survival data was determined using the two-sided log-rank
(Mantel-Cox) test. Differences were considered statistically significant
if P<0.05.*P<0.05; **P<0.01; **P< 0.001; NS, not significant.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The 3D atom coordinates of the TRADD-TRAF2 interaction complex
were obtained from PDB (https://www.rcsb.org) with PDBID 1F3V. All
source dataassociated with the paper are provided as part of the paper.
Source dataforall figure plots are provided with the paper. The full gel
blots and the proteomics datasets are provided in the Supplementary
Information. Source data are provided with this paper.
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Extended DataFig.1|Isolation of ICCB-19 and Apt-1for modulatingboth
apoptosis and autophagy. a, Amultiplex chemical screening scheme for
compounds that can modulate cellular homeostasis by activating autophagy
and also block apoptosis. Primary screen: Jurkat cells were treated with Velcade
(50 nM) and individual compounds (10 pM) in the library for 25h and cell
viability was measured. 710 compounds which could protect against Velcade-
induced apoptosis were selected. Secondary counterscreen: HCT116 cells were
treated with 5-fluorouracil (5-FU) (100 uM) and individual compounds selected
fromthe Primaryscreen (10 pM) for 24 hand cell viability was measured. The
hits which protected against apoptosisinduced by 5-FU were eliminated from
further studies. Tertiary screen: H4-GFP-LC3 cells were treated with individual
compounds (10 pM) for 24 h and GFP-LC3 dots were quantified. Quaternary
screen: RGC-5 cells were treated with mTNF (0.5 ng/ml), TAK1inhibitor (5Z)-7-
Oxozeanol (0.5 uM) and individual compounds (10 uM) for 8 h and cell viability
was measured. b, ICs,s of ICCB-19 and Apt-1 protecting Velcade-induced
apoptosis (50 nM) inJurkat cells treated with indicated compounds for 24 hand
cell viability was measured. Mean +s.d. of n=3 biologically independent
samples, representative of 3independent experiments. ¢, ICs,s of ICCB-19 and
Apt-1protecting RDA in MEFs were treated with mTNF (1 ng/mL) and 5Z-7-
Oxozeaenol (0.5 pM) inthe presence of indicated compounds at different
concentrations for 8 hand cell survival was measured. Mean +s.d.ofn=3
biologicallyindependent samples, representative of 3independent
experiments. d, KINOMEscan profiling of Apt-1 (10 pM) against a panel of 97
kinases. Bindinginteractions reported as % Ctrl, where lower numbersindicate
stronger hits. Negative control=DMSO (100% Ctrl); positive control = control
compound (0% Ctrl); 0 < %Ctrl <0.1Very Strong; 0.1< %Ctrl <1Strong; 1< %Ctrl
<10 Medium; 10 < %Ctrl <35 Weak; %Ctrl > 35 No effects. No significant binding
of Apt-1to this panel of 97 kinases was detected. e, H4 cells were treated with
indicated concentrations of Apt-1. Autophagy was determined by LC3 Il levels

usingimmunoblotting.s.e.=shorter exposure, LE=longer exposure.

Mean ts.e.m.of n=3biologicallyindependent experiments. f-i, SH-SY5Y (f),
HelLa(g), HT-29 (h), andJurkat (i) cells were treated with Apt-1 (10 uM), NH,ClI
(20 mM) asindicated for 6 h. Autophagy was measured by LC3 Ilinductionand
p62reduction byimmunoblotting. Thelevels of LC3Ilin cells treated with both
Apt-1and NH,CI, the latter of which inhibits lysosome, were higher than that
treated witheither Apt-1or NH,Cl alone. Thus, ICCB-19/Apt-1, but not ICCB-19i,
induce autophagic flux. Mean ts.e.m. of n=3 independent experiments. Two-
tailed t-test. **P=0.0037 (f), 0.0024 (g), 0.0027 (h), 0.0036 (i).j, Effects of
ICCB-19/Apt-1onlong-lived protein degradation. Therates of long-lived protein
turnoverin H4 cells treated with indicated compounds (10 uM, 6 h); rapamycin
as positive control. Values expressed as fold changes relative to normal control
cells.Mean +s.e.m. of n=4Dbiologicallyindependent samples. One-way ANOVA,
posthocDunnett’stest. k, MEFs and Jurkat cells treated with zZVAD.fmk (20 pM)
for 6 h.Levels of LC3 11determined by immunoblotting.l, MEFs were treated
with vehicle (0 h), ICCB-19 (10 pM), or Apt-1 (10 uM) for indicated times. Cell
lysates analysed by immunoblotting using indicated antibodies. m, H4-DsRed-
FYVE cells were treated with indicated compounds for 6 hand imaged;
representative cells shown. Average DsRed-FYVE puncta per 1000 cells from
eachsample was determined using ImageJ. Mean +s.e.m. of the punctaper cell
fromn=5biologicallyindependent experiments. One-way ANOVA, post hoc
Dunnett’s test. **P=0.0034; ***P=0.0004; n.s. not significant (P=0.6502).

n, Beclin1/Vps34 kinase complexisolated from Flag-Beclin1transfected
HEK293T cells treated with ICCB-19, Apt-1, or ICCB-19i (10 pM) for 6 h. PI3P
kinase activity was measured by in vitro lipid kinase assay using ADP-Glo Kinase
Assay Kit. Wortmannin (10 pM) was used as a control to inhibit Vps34 kinase
activity. Meants.e.m.of n=4biologicallyindependent samples. One-way
ANOVA, post hoc Dunnett’stests. ***P=0.0003;1x 107 (left to right). For gel
source data, see Supplementary Fig. 1.
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Extended DataFig.2|See next page for caption.

kDa



Extended DataFig.2|cIAP1/2and TRAF2arerequired forinduction of
autophagy by ICCB-19/Apt-1.a, HEK29T cells were transfected with Flag-
Beclin1for12h, thentreated with Apt-1(10 pM) for another 12 h. Cell lysates
wereimmunoprecipitated using anti-Flag beads. clAP1and TRAF2 levels were
determined by immunoblotting. b, MEFs were treated with indicated
concentrations of Apt-1for 12 h. Cell lysates wereimmunoprecipitated using
anti-Beclin1antibody. cIAP1and TRAF2levels were determined by
immunoblotting. c,d, Long-lived protein turnover ratesin MEFs with indicated
genotypes treated withindicated compounds. Expressed as fold changes
relative tonormal control cells. Mean +s.d. of n=4 biologically independent
samples, representative of 3independent experiments. Two-way ANOVA, post

hocBonferroni’s tests. ***P=3x10™,6x107°,1x107,2x107® (left toright, ¢, d).

e, MEFswere pre-treated with SM-164 (1 uM) for 1h, then treated with Apt-1for
6h.LC3Illevels were determined by immunoblotting. Meants.e.m.ofn=3
biologicallyindependent experiments. Two-tailed t-test. ***P=0.0003.f,
shRNA-mediated TRAF2 stable knockdown MEFs were treated with Apt-1

(10 uM) for 6 h.LC3 Illevels were determined by immunoblotting. Mean +s.e.m.

of n=3biologicallyindependent experiments. Two-tailed t-test.**P=0.0012.
g, h,clapI” and Traf2”" MEFs reconstituted with HA-mcIAP1and HA-mTRAF2,
respectively, were treated with Apt-1 (10 pM) for 6 h. LC3 Il levels were

determined byimmunoblotting. Mean t+s.e.m. of n=3biologically
independent experiments. Two-tailed ¢-test**P=0.0057 (g), ***P=0.0007 (h).
i,j, MEFswithindicated genotypes were treated with rapamycin (1uM) for
indicated time.LC3 Il levels were determined by immunoblotting. The
quantification of each experiment was shownontheright (n=1),
representative of 3independent experiments. k, I, MEFs withindicated
genotypes wereincubated in HBSS for indicated time. LC3Il levels were
determined by immunoblotting. The quantification of each experiment was
shownontheright (n=1), representative of 3independent experiments.

m, MEFs were treated with indicated compounds for 6 h, then cell lysates were
tandem-immunoprecipitated with anti-Beclinlantibody and denaturedin3M
urea. Anti-K63-linkage specific polyubiquitin antibody was used to conduct
secondaryimmunoprecipitation. Samples were thenimmunoblotted with
anti-Beclin1antibody to measure the K63-linkage specific ubiquitination of
Beclin1.n, MEFs were pretreated with SM-164 (1uM) for 1 h, then treated with
Apt-1(10 pM) for 6 h, then K63-linkage specific ubiquitination of Beclin1was
analysed asin (m). o, p, Reconstituted MEFs were treated with Apt-1 (10 pM) for
6 h, thenK63-linkage specific ubiquitination of Beclin1was analysed asin (m).
Forgel source data, see Supplementary Fig.1.



Article

a b d
WT - + - - -
] . Flag- | K183R/K204R - - + — — -
His-Ub K63 only His-Ub K63 only HEK293T_IP_Flag-mBeclin 1_GlyGly(K) sites mBeclin 1 K18R - - - + - -

+ + o K204R - - - - + -
Flag-mBeclin 1 Flag-mBeclin 1/HA-mclAP1 Positions  Intensity Intensity Ratio HA-mclAP1 - + + + + —
N — within mBeclin1 mBeclin1 His-K63Ub + + + + + +

HEK293T proteins mclAP1 KkDa \
183 263950000 451099000  1.709032014 20 |
150 -
204 113540000 183964000 1.620257178 Ni-NTA Pull down : Flag-Beclin 1-
IP: anti-Flag 1005 (K63-Ub),
201 24357000 31848300  1.307562508 5. n
On-beads digest ﬂ 398 52814000 63685600  1.205846935 i
IP: anti-K-e-GG 235 89136000 93790400  1.052216837 75- - '
S o o o o Flag-Beclin 1
ﬂ 322 40192000 40766000  1.014281449
WS 263 64402000 59782800  0.928275519 NpUt | 75° e HA-CIAPT
246 2808300 2479290 0.882843713 ”
261 89979000 77105600  0.856928839 g | = Titbuiin
g =
c % % 25 .
£ o 2
£920{en | =
Mus musculus 181 ELKELALEEERLIQELEDVEKNRKVVA 207 33 I
— —_ Qo
Homo sapiens 183 _ELKELALEEERLIQELEDVEKNRKIVA 209 gE 15
Rattus norvegicus 18 17ELKELALEEERLIQELEDVEKNRKWAﬁZ07 e L 1.0
Bos Taurus 1817ELKELALEEERLIQELEDVEKNRKIVAﬁZ07 ‘; E
Felis catus 181 ELKELALEEERLIQELEDVEKNRKIVA 207 ST 0.5
Gallus gallus 180 ELKELALEEEQLIQELEDVEKNRKIVA 206 @ 500
Myotis lucifugus 181 ELKELALEEERLIQELEDVEKNRKLVA 207 22 N F L K
;| — © N\
© & & W 0
4 L &
\J
& N
e f e u ShBECN1-3-UTR
O K « Vehicl o
= O £ ‘ehicle - .
Hacels & S & « Apt-1 Flag-mBeclin 1 WT K183R K204R . X‘;:‘_";"e
\\,\fb Apt1 - + - + 2.0 Apt-;0 -+ -+ - +
O 20- = o S ‘- - LC31 S
s S Lc3n 5 5
75- : T 49 15"“ LC31 -
75- - — . e #» o <Beclin1 & LC31l LE. o
#»  <«Beclin1 [ —— 205 75- b
— — . . - i 8]
. B ubuiin 9 SR SN N e # lag-Beclin 1 9
kDa 0.0
. 50 - - TUbUIIN < ‘= ‘z’
shNC shBECN1- «Da & & K
3-UTR NN

Extended DataFig. 3| cIAP1 mediates K63-linked ubiquitination of Beclin1
at K183 and K204. a, Schematic representation of mass spectrometry assay to
determine K63-linked ubiquitination sites of Beclin1by cIAP1.b, The
quantitative mass spec analysis of K63-linked ubiquitination of each lysinessite.
¢, Sequence alignment of key ubiquitination sites (K) within Beclin1
orthologues from different species. See supplementary Table 2 for details.
d,HEK293T cells were transfected with indicated plasmids for 24 h. Cells were
lysed in 6 Mureaand lysates were subjected to pull-down with Ni** beads and
analysed by immunoblotting with anti-Beclin1antibody to detect

ubiquitylated Beclin1. e, Validation of Beclin1expressionin Beclin 1-silenced
H4 cells. f, Control and Beclin 1-silenced H4 cells were treated with Apt-1 (10 pM)
for 6 h.LC3Illevels were determined by immunoblotting. g, Beclin1-silenced
H4 cellsreconstituted with WT and mutants Beclin1were treated with Apt-1
(10puM) for 6 h.LC3 Il levels were determined by immunoblotting. Mean +s.e.m.
are quantified from n=3biologicallyindependent experiments in graphs.
Two-tailed t-test.**P=0.0022 (d), 0.0049 (f), 0.0024 (g); *P=0.0309, 0.0195
(lefttoright, d), 0.0126 (g); n.s. notsignificant, (P=0.6959) (f). For gel source
data, see Supplementary Fig. 1.
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Extended DataFig. 4 |See nextpage

for caption.
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Extended DataFig. 4 |ICCB-19/Apt-1block Velcade-induced apoptosis,
RIPKI1-dependent apoptosis and necroptosis. a, b, Jurkat (a) or SH-SY5Y (b)
cellswere stimulated by Velcade (50 nM) in the presence of Apt-1(10 uM), Nec-1
s (10 uM), or zVAD (20 uM) for 12 hand 24 h. The levels of cleaved caspase-3 were
determined by immunoblotting. ¢, TakI”~ MEFs were treated with 1 ng/mI mTNF
inthe presence of indicated compounds for 3 h.Mean £ s.d. of n=3biologically
independentsamples, representative of 3independent experiments. One-way
ANOVA, posthoc Dunnett’s tests. ***P=1x10"" (left to right); n.s. notsignificant,
(P=0.7989).d, Tak1”- MEFs were treated asin (a), the cell lysates were analysed
by immunoblotting usingindicated antibodies. e, MEFs were treated with
mTNF (1 ng/ml) and 5Z-7-Oxozeaenol (0.5 pM) inthe presence of indicated
compoundsforlhand2handthecelllysates were analysed by immunoblotting
using indicated antibodies. f, g, ICCB-19/Apt-1inhibit RDA, including complex
Ilaformation (f) and caspase-8 activation (g). MEFs treated as in (e) were lysed
with IPbufferand FADD wasimmunoprecipitated by anti-FADD antibody. Total
lysates and IP samples were analysed by immunoblotting to determine the
recruitment of RIPK1to FADD in complex Ila (f). MEFs were treated with mTNF
(Ing/ml) and 5Z-7-Oxozeaenol (0.5 pM) in the presence of ICCB-19 (10 pM),
Apt-1(10 pM), Nec-1s (10 pM), or zVAD.fmk (20 uM) for 4 h and the activity of
caspase-8 was determined using Caspase-Glo 8 Assay Systems (g). Mean £ s.d.
of n=3biologicallyindependent samples, representative of 3independent
experiments. One-way ANOVA, post hoc Dunnett’s tests. **P=1x10"(g).

h-k, RDAwasinducedin ThkI”~ MEFs (h, i), Nemo™ MEFs (j, k) by the treatment
with mTNF (10 ng/ml) together with ICCB-19 (10 pM) and Nec-1s (10 uM) at
indicated times and cell death was determined by SYTOX Green (h, j) and
caspase-3 cleavage (CC3) immunoblotting (i, k). Mean t s.d. of n=3 biologically
independentsamples, representative of 3independent experiments (h, j).).
Two-way ANOVA.***P=5x107 (h),4 x107 (j).1, RDAwasinduced in WT MEFs by the
treatment withmTNF (10 ng/ml) and IKK inhibitor TPCA-1(5 uM) inthe presence

of ICCB-19 (10 uM) or Nec-1s (10 pM) for indicated times and cell death was

determined by SYTOX Green.Mean +s.d. of n=3biologicallyindependent
samples, representative of 3independent experiments. Two-way ANOVA.
“*p=1x10"°.m,Recombinantactive caspase-8 was incubated with vehicle,
ICCB-19 (10 uM), Apt-1(10 uM), or zVAD.fmk (20 uM) for 1h and the activity of
caspase-8 was determined using Caspase-Glo 8 Assay Systems. Mean +s.d. of
n=3biologicallyindependent samples, representative of 3independent
experiments. One-way ANOVA, post hoc Dunnett’s tests. n.s. not significant,
(P=0.9931,0.9215 (left toright)). n, WT MEFs were treated with mTNF (1 ng/ml)
and cycloheximide (CHX, 1pg/mL) toinduce RIAin the presence or absence of
ICCB-19 (10 pM) or Nec-1s (10 pM) for indicated time and cell survival was
determined by CellTiter-Glo assay. Mean +s.d. of n =8 biologically independent
samples, representative of 3independent experiments. One-way ANOVA, post
hoc Dunnett’s tests. n.s. notsignificant, (P=0.9962). 0, p65/p50 DKO MEFs
were treated with mTNF (1 ng/ml) together with ICCB-19 (10 uM) for indicated
times and cell survival was determined by CellTiter-Glo assay. Mean +s.d. of
n=3biologicallyindependent samples, representative of 3independent
experiments. Two-way ANOVA. n.s. not significant, (P=0.1895). p, MEFs were
treated asindicated and the cell survival was measured by CellTiter-Glo assay.
The concentrations of reagents used: mTNF:1ng/mL; (5Z)-7-oxozeaenol:
0.5uM;zVAD: 20 uM; ICCB-19:10 pM; Apt-1:10 pM; Nec-1s:10 pM. Mean £ s.d. of
n=3biologicallyindependent samples, representative of 3independent
experiments. q, Necroptosis of MEFs was induced by the treatment with
TNF/5z7/zVAD inthe presence of indicated compounds for indicated hours and
theactivation of RIPK1(p-S166), RIPK3(p-T231/S232), and MLKL(p-S345) was
determined by immunoblotting.r, HEK293T cells were transfected with Flag-
RIPK1expression construct for12hinthe presence of Nec-1s (10 pM), ICCB-19
(10 uM), or Apt-1 (10 uM). The activation of RIPK1was determined by
immunoblotting using p-RIPK1(S166) antibody. For gel source data, see
SupplementaryFig.1.
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Extended DataFig. 5| The protection of RDA by ICCB-19/Apt-1requires
TRADD. a, b, Mass spectrometry analysis shownin Fig.2b using ICCB-19 (a) or
Apt-1(b) were confirmed by immunoprecipitation-immunoblotting using
indicated antibodies, quantified ontheright (n=1), representative of 3independent
experiments. ¢, MEFs were treated with Flag-mTNF (50 ng/ml) in the presence
of Apt-1(10 pM) for indicated time. The complex I wasisolated by anti-Flag
beadsand denaturedin 6 Murea. The complex I was further analysed by
immunoprecipitation using anti-M1(6 M urea) or K63 (3 M urea) ubiquitin
antibody under denatured condition. The levels of RIPK1 ubiquitination were
analysed byimmunoblotting.d, WT and Traf2”’~ MEFs were stimulated by mTNF
(I1ng/ml) and 5Z-7-Oxozeaenol (0.5 uM) in the presence of indicated compounds
for 8 h.Cellsurvival was determined by CellTiter-Glo assay. Mean +s.d.of n=4
biologicallyindependent samples, representative of 3independent experiments.
Two-way ANOVA, post hoc Bonferroni’s tests. ***P=0.0001.e, WT and clapl/2”~
MEFs were stimulated by mTNF (10 ng/ml) in the presence of vehicle, ICCB-19
(10 M) or Nec-1s (10 uM) for indicated time. Cell death was determined by
CellTiter-Glo assay. Mean +s.d. of n =4 biologicallyindependent samples,
representative of 3independent experiments. Two-way ANOVA. f, MEFs were
pretreated with SM-164 (50 nM) for 1 h, then stimulated by mTNF (10 ng/ml) in

the presence of vehicle, ICCB-19 (10 uM) or Nec-1s (10 pM) for indicated time.
Celldeathwas determined by SYTOX Green assay. Mean +s.d.ofn=3
biologicallyindependentsamples, representative of 3independent
experiments. Two-way ANOVA. ***P=4x107%; n.s. not significant, (P=0.1772).
g, clapl/2”~ MEFs were stimulated with Flag-TNF (50 ng/ml) for indicated
minutesinthe presence of vehicle or ICCB-19 (10 uM) and the complex I was
pulled down using anti-Flag beads. The levels of activated RIPK1and total RIPK1
were determined by immunoblotting. h, i, clapl/2”~ MEFs (h) and clAP1-
reconstituted clAP1/2 DKO MEFs (i) were stimulated with Flag-TNF (50 ng/ml)
forindicated minutesinthe presence of vehicle or Apt-1(10 pM) and the
complexIwas pulled down using anti-Flagbeads. TRADD recruitment to
complexIwas determined byimmunoblotting, quantified ontheright (n=1),
representative of 3independent experiments. j, k, Fadd-deficient and Ripk1-
deficientJurkat cells were treated with Velcade (50nM) in the presence of
ICCB-19 (10 pM), Nec-1s (10 pM), NAC (100 uM), or zVAD.fmk (20 uM). The
activation of caspase-8, PARP cleavage (j), and activation of caspase-3 (k) were
determined by immunoblotting. For gel source data, see Supplementary Fig.1.



a b c
S ! 65\' Tradd**  Tradd” . S
<@ <@ « Vehicle —_— ——— Shoe ks 167 ———
B = ICCB-19 Apt1 -+ -+ -+ - ®
ICCB-19 - + — + 25 ns. NHCI - - + + - - + + ©8 §’ 1.4 "
NS Lc3l B 20 L3l Be £3
T — - — - 15- "0 ooy T2
LGl 5 - amemmemen (C31 S se 12
37- s 37- o4 s o
- TRADD = - TRADD 2 g 10
—— 3 2 $
37 - e v e GAPDH 50 e anes e @banes  Tubulin 30 =4 8
kDa E—— kDa 3 Tradd""* Tradd™
Tradd*"* Tradd™
d e f
. A Jurkat
;’ agz \I/(VC-)r « Control urka
i%0 rada- 150 * Chloroquine + E64d 150, * Atg5WT
= Atg5-KO
9 | — g — s . Jurkat
= 100 % g 100 A = 100 il WT KO
e kDa
=1 3 > ATG5
2 50 2 50 2 50 50'.
o [0} [0} -
© ﬂ © ﬂ h ﬁ ° Tubuli
50 - e we  Tubulin
0 Control Vehicle Apt-1 Apt-1 o AL, e r\ﬂ/rTI v"? Vel
ontrol Vehicle Apt- pt-1+ @ ) ) N T e e e
i O O N X +Apt-1 +zVAD
Spautin-1 Ae}\\ AQ}cgb oéb va
Velcade 0,‘\ (bbe
& &
Az\
g h His-K63Ub + — + + + +
Flag-Beclin 1 — + + + + +
o Myc-cl]AP1 - - = + + +
1507 * Afg5/ HA-TRADD - - — — + +
. " Atg5 Aptt - - - - - +
§ 250 -
— 100 n.s. g 150 -
< I Pu'l‘l" d’;‘;ﬁ o0 Flag-Beclin 1-
< (K63-Ub)n
a 7s-
= 50 n.s. < Flag-Beclin 1
8 [
75-
G i ﬁ'h i gg:' m
Vehicle T/5z7 T/5z7 + 28 = W& S His-K63 Ub
Apt-1 Input | 15—
10-- -
™ = — Myc-clAP1
37- —— HA-TRADD

Extended DataFig. 6 | Autophagy isrequired for ICCB-19/Apt-1toinhibit
Velcade-induced apoptosis. a, Tradd”* and Tradd”~ MEFs were treated with
vehicle or ICCB-19 (10 pM) for 6 h. Autophagy levels were determined by
immunoblotting using anti-LC3 antibody. Mean +s.e.m. of n=3 biologically
independent experiments (right). Two-tailed t-test. n.s. not significant,
(P=0.9172).b, Tradd"* and Tradd”~ MEFs were treated with Apt-1 (10 uM),
NH,CI (10 mM) asindicated for 6 h. Autophagy levels were determined by
immunoblotting using anti-LC3 antibody. Mean + s.e.m. of n =3 biologically
independent experiments. Two-tailed t-test. n.s. notsignificant (P=0.4064,
0.8913 (left to right)). ¢, Long-lived protein turnover ratesin Tradd"”* and
Tradd”~MEFs. Expressed as as fold changes relative to Tradd"* cells.

Mean +s.e.m.of n=5biologicallyindependent samples, representative of 3
independent experiments. Two-tailed t-test.***P=0.0001.d, WT and Tradd-KO
Jurkat cells were treated with Apt-1(10 uM) and Spautin-1 (10 pM) followed by
Velcade (50 nM) for 24 h. Cell survival was determined by CellTiter-Glo assay.
Mean ts.d. of n=4biologicallyindependent samples, representative of 3
independent experiments. Two-way ANOVA, post hoc Bonferroni’s tests.
***p=2x1075,3x1075 (left toright). e, Jurkat cells were treated with ICCB-19
(10 pM), Apt-1 (10 uM), Chloroquine (50 pM), E64d (5 pg/ml) followed by
Velcade (50 nM) for 24 h. The cell survival was determined by CellTiter-Glo

assay.Meants.d.of n=4biologicallyindependent samples, representative of 3
independent experiments. Two-way ANOVA, post hoc Bonferroni’s tests.
***p=4x107,1x107 (left to right). f, AtgS-WT and Atg5-KO Jurkat cells were
pretreated with Apt-1(10 pM) or zZVAD (20 uM) for 1 h, then stimulated by
Velcade (50 uM) for 24 h. Cell survival was determined by CellTiter-Glo assay.
Mean ts.d.of n=4biologicallyindependent samples, representative of 3
independent experiments. Two-way ANOVA, post hoc Bonferroni’s tests.
***p=1x107, Validation of Atg5 knockout was determined by immunoblotting
andshownontheright.g, AtgS”* and AtgS”~ MEFs were stimulated by TNF
(I1ng/ml)and 5z7 (0.5 pM) for 8 hin the presence or absence of Apt-1(10 pM). Cell
survivalwas determined by CellTiter-Glo assay. Mean +s.d. of n =4 biologically
independent samples, representative of 3independent experiments. Two-way
ANOVA, post hoc Bonferroni’s tests. n.s. not significant, (P=0.2568, 0.0822
(lefttoright)). h, HEK293T cells were transfected withindicated expression
plasmids for 24 h. The whole-cell lysate lysed in 6 M ureawas subjected to
pull-down with Ni** beads and analysed by immunoblotting with anti-Beclin 1
antibody to detect ubiquitylated Beclin1. The ubiquitination of Beclin1by
clAP1wasreduced upon overexpression of TRADD, which was restored by
Apt-1.For gelsourcedata, see Supplementary Fig. 1.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|ICCB-19/Apt-1inhibitinflammatory responses.

a, MEFs were stimulated by mTNF (10 ng/ml) in the presence of vehicle or
ICCB-19 (10 uM) for indicated time. NF-kB and MAPKs activity were determined
by immunoblotting usingindicated abs. b, MEFs were stimulated by mTNF

(10 ng/ml) inthe presence of vehicle or ICCB-19 (10 uM) for indicated time. The
proteinlevels of iNOS and Cox2 were determined by immunoblotting. c-g, BV2
cells (amicroglial-like cell line) (c, d, €) and BMDMs (bone marrow-derived
macrophages) (f,g) were treated with IFNy (¢, 1unit/pl), Pam3CSK4 (ligand for
TLR2) (e,10 ng/ml), LPS (ligand for TLR4) (f, 10 ng/ml), or MDP (ligand for
NOD2/RIPK2 pathway) (d, g,10 pg/ml) forindicated time. The mRNA levels of
TNF were determined using quantitative PCR. Mean +s.d. of n=3biologically
independentsamples, representative of 3independent experiments (c-g).
h,BV2cells were treated with IFNy (1 unit/pl) together with Apt-1(10 uM) or
Nec-1s (10 uM) for 24 h. TNF production was determined by ELISA. i, BV2 cells
were pretreated with Apt-1 (10 pM) or Nec-1s (10 uM) for1h and then MDP

(10 pg/ml) was added to cells together with transfection reagent for 7h. TNF
productionwas determined by ELISA. j, BV2 cells were pretreated with Apt-1

(10 pM) or Nec-1s (10 uM) and then treated with Pam3CSK4 (10 ng/ml) for 8 h.
TNF productionwas determined by ELISA. k, BMDMs were pretreated with Apt-1
(10 uM) or Nec-1s (10 uM) for 1hand then treated with LPS (10 ng/ml) for 7 h.
TNF production was determined by ELISA.1, BMDMs were first primed with
IFNy (10 ng/ml) for 2hand then removed. The cells were then treated with Apt-1
(10 uM) or Nec-1s (10 uM) for1hand MDP (10 pg/ml) was added to cells directly
and treated for 8 h. TNF production was determined by ELISA. Mean +s.d. of
n=3biologicallyindependent samples, representative of 3independent
experiments (h-1).m, BMDMs were treated with LPS (10 ng/ml) in the presence
of'vehicle control or Apt-1(10 pM) or Nec-1s (10 puM) for indicated time. NF-kB
and MAPKs activity were determined by immunoblotting using indicated abs.
n, Body temperature was measured in male mice (n=10, 8 weeks) injected with
mTNF (9.5ug, i.v.) after pretreatment with Apt-1(20 mg/kg) 30 min before.
Control mice (n=9) received anequal amount of vehicle before mTNF
challenge. Mean +s.e.m. Two-way ANOVA. ***P=0.0007. 0, Kaplan-Meier
Survival Curve was measured on mice treated asin (n). Two-sided log-rank
(Mantel-Cox) test.***P=1x10". For gel source data, see Supplementary Fig. 1.
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Extended DataFig. 8| Restoring proteome homeostasis by ICCB-19/Apt-1.
a, b, Parallel wells of PC12/Htt-Q103 cells were cultured with Vehicle, ICCB-19
(10 pM), ICCB-19i (10 pM), Apt-1 (10 uM), Nec-1s (10 pM), and zZVAD (20 pM) as
indicated before the addition of Ponasterone A (5 uM) for 48 h. Nuclei were
labelled with DAPI. The amount of Htt-Q103-EGFP aggregates per mm?was
quantified using Image]J. Cell viability was measured by CellTiter-Glo assay.
Survival rate iscompared with vehicle-treated cells (b). Mean +s.d.of n=3 (a),
n=4(b)biologicallyindependent samples, representative of 3independent
experiments. One-way ANOVA, post hoc Dunnett’s tests. ***P=1x107 (left to
right, a, b); n.s. not significant, (P=0.8556,0.9195,0.8613,0.5687,0.5304,
0.9998,0.6029,0.2821 (left toright, a, b)). ¢, d, SH-SY5Y cells were transfected
with expression vectors for RFP-a-Synuclein WT, E46K, or AS3T for 24h and
thentreated with vehicle or Apt-1(10 pM) for 24 h. RFP-a-Synuclein was
quantified by Fluorescence/Cell (RLU) by Image). The cells treated asin (c) were
lysed and analysed by immunoblotting for the levels of a-Synuclein (d).

Mean +s.d. of n=3 biologically independent samples, representative of 3
independent experiments. Two-way ANOVA, post hoc Bonferroni’s tests.
**p=8x107;*P=0.0262,0.0367 (left toright, ¢). e, f, Quantification of GFP-Tau
fluorescence (e) orimmunoblots of tau levels (f) in H4 cells treated with Apt-1.
Mean ts.d. of n=3 biologicallyindependent samples, representative of 3
independent experiments. Two-way ANOVA, post hoc Bonferroni’s tests.

**p=8x107°,8x107* (e, left toright). g, Representativeimages and
quantification of cultured brain slices from PS19 mice (4 months old) stained
with phospho-tau (red) and cell nuclei (DAPI/blue). Mean ts.e.m.of n=35
biologicallyindependent samples. Two-tailed t-test. h, Immunoblots of tau
levelsin cultured PS19 mouse (4 months old) brainslices treated with indicated
compounds.i, Pharmacokinetics of Apt-1over 24 h dosing period in
cerebrospinal fluid (CSF) and hippocampus. Apt-1was delivered using
intracerebroventricular Alzet micro-osmotic pump (20 mM Apt-1,100 pl,
releaserate: 0.25 pl/h). CSF was collected at1h, 6 h,and 24 h. Hippocampiwere
collected at24 h. The concentrations of Apt-1were measured by HPLC. The
concentration of Apt-1in hippocampusat 24 hwas 6.27 uM.Mean ts.e.m.(n=3
miceineachgroup).j, k, Synthetic preformed fibrils (pffs) [Spg full length tau
(2N4R) with P301S mutation (T40/PS) per injection] or vehicle were injected
into the hippocampiof PS19 mice (8 weeks old). Three weeks after the pffs
injection, Apt-1was delivered intracerebroventrically by Alzet micro-osmotic
pumps (20 mM Apt-1, release rate 0.25pl/h) for one week before sacrificing. The
hippocampi wereisolated from the mice forimmunoblotting using TAU-5
(ThermoFisher) (j), orimmunostaining for phospho-Tau (AT8) (k). Dots
representthe mean fromindividual mice. Meants.e.m.(n=3miceineach
group). Two-tailed ¢-test. ***P=0.0007. For gel source data, see Supplementary
Fig.1.
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Extended DataFig.9|ICCB-19/Apt-1reduce theinteraction of TRADD and
TRAF2.a, Expression constructs encoding Flag-TRADD-N (1-179) and HA-TRADD-C
(180-312) were transfected into HEK293T cells for 18 h. Then the cells were
treated with Apt-1(10 uM) or vehicle for another 6 h. The binding between
Flag-TRADD-N (1-179) and HA-TRADD-C (180-312) was analysed by Co-IP assay
asindicated.b-d, The effect of Apt-1and ICCB-19 on the binding between
TRADD-N and TRADD-C was determined by NanoBiT assay. Constructs were
made encoding LgBiT and SmBiT fused to the Nand C termini of TRADD-N and
TRADD-C, respectively. HEK293T cells were transfected with these two plasmids
for24 handthentreated withindicated compounds for 6 h. The luminescence
indicating theinteraction of TRADD-N and TRADD-C was measured using
Nano-Glo Live Cell Reagent. e, Test of the Nano-Bit system assay using aknown
binding pair: PRKAR2A and PRKACA. f, Apt-1 (10 uM) does not affect the Nano-
Bit system assay as determined by using the known binding pair: PRKAR2A and
PRKACA. g, Apt-1reduces thebindingbetween TRADD-N and TRAF2-Cina
dose-dependent manner as determined by NanoBiT assay. h, Schematic
representation of a cell-free Forster resonance energy transfer (FRET)-based
assaytodetect TRADDN and TRAF2Cinteraction.i, Purification ofindicated
proteins for FRET assay expressed in HEK293T cells. Proteins were pulled down
by anti-Flag affinity gel and eluted by 3 x Flag peptide. CBB staining of the
proteins areshownontheright.j, FRET-based assay to measure the direct
interaction of TRADD-N and TRAF2-C was developed in which the donor

Flag-TRAF2C-mCenulean (TRAF2C-mC) was excited at430 nm, and the
emission was measured from 450 to 600 nm. When FRET occurs, the acceptor
mVenus-TRADDN-Flag (mV-TRADDN) emission willincrease and the donor
emissionwill decrease. Apt-1was added to the system with indicated
concentration and incubated for 1h, then subjected to FRET assay. k, Effect of
TRAF2onthebindingbetween TRADD-N and TRADD-C was determined by
NanoBiT assay. HEK293T cells were transfected with the plasmids as indicated
for24hand thentreated with Apt-1(10puM) for 4h, then luminescence was
measured.l, U937 cells were stimulated with TNF (10 ng/ml) forindicated
minutesinthe presence of vehicle or Apt-1(10 pM) and the complex1was pulled
downusing anti-TNFR1. Levels of cIAP1, TRAF2,and TRADD recruitment were
determined by immunoblotting. Quantifications of clAP1, TRAF2,and TRADD
areshownbelow each blot.m, Due to the lack of agood anti-TRADD antibody
forimmunoprecipitation, Tradd”” MEFs were reconstituted with Flag-mTRADD.
Cellswere treated with indicated concentrations of Apt-1for12 h, then co-IP
was performed using anti-Flag antibody followed by immunoblotting using
indicated antibodies.Meants.d.ofn=3(e,f),n=4(c,g),n=5(b),n=6(d, k)
biologicallyindependentsamples, representative of 3independent
experiments. One-way ANOVA, post hoc Dunnett’s test. ***P=1x107 (b, left to
right), ***P=1x107", n.s. not significant, (P=0.3357) (d). ***P=1x10" (k, left to
right). For gel source data, see Supplementary Fig. 1.
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Extended DataFig.10|ICCB-19/Apt-1bind to TRADD-N. A fluorescence-
based thermal shift assay was developed to quantify ICCB-19/Apt-1binding to
TRADD by measuring changes in thermal denaturation temperature (Tm).

a, CBBstaining of GST-tagand GST-TRADD purified from HEK293T cells.

b, invitrobinding of GST-TRADD (50 pM) with ICCB-19 (250 pM) and Apt-1

(250 uM) was determined by thermal shift assay. Thermal unfolding of
GST-TRADD is monitored using SYPRO Orange. Datawere collected inthe
presence of ICCB-19 and Apt-1, leading to arightward shift in the unfolding
transition. The apparent melting temperature (Tm) is the peak in the derivative
ofthe unfolding curve (dF/dT), whichis used as anindicator of thermal stability.
¢, GST-tag (50 pM) does not bind to the compounds (250 pM) as determined by
thermal shiftassay. d, ICCB-19i does notbind to GST-TRADD as determined by
thermal shiftassay. e, GST-TRADD-C (50 pM) alone does not bind to either
ICCB-19 (250 puM) or Apt-1 (250 uM) as determined by thermal shift assay.

f-h, TRADD-N/ICCB-19 (f), TRADD-N/Apt-1(g),and TRADD-N/ICCB-19i (h)
samples used for STD NMR experiments were prepared as1mMICCB-19 (f),
1mM Apt-1(g),1mMICCB-19i (h),and 13 pM TRADD-Nin 0.5 mL of PBSin D,O
(10%). The on-resonanceirradiation of TRADD-N was performed at achemical

shift of-0.5ppm, whereas the off-resonance irradiation was conducted at 37 ppm.
Spectrawere acquired using the following parameters: spectral window of
6.4kHz, number of scans at 320, acquisition time of 2 s, and repetition time of 3s.
Thedecreaseinsignalintensity inSTD spectrum, resulting from the transfer of
saturation fromthe proteintothe ligand, is evaluated by subtracting the
on-resonance spectrum from the off-resonance spectrum. This subtraction
yields a positive signal fromaboundligand. The asterisks indicate the signals
ofthe compounds. The STD data suggest that both ICCB-19/Apt-1, but not ICCB-
19i, bind with TRADD-N. i, CBB staining of 6 x His- and Flag-tagged TRADD for
SPR purified from HEK293T cells. The proteins were pulled down by anti-Flag
affinity gel and eluted by 3 x Flag peptide. The proteins were further purified by
size exclusion chromatograph onaSuperdex 75 column (GE Healthcare) ina
buffer containing 20 mMimidazole (pH 6.6),200 mM NaCl,20 mM DTT.
Jj,BlAcore SPR analysis of ICCB-19 binding to TRADD-N. The kinetic profile of
ICCB-19 binding to TRADD-Nis shown. A series of concentrations of ICCB-19
(ranging from 0.3125to 10 uM) was used to measure the binding kinetics, with
TRADD-Nimmobilized on the CMS5 chip.
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Extended DataFig.11|The binding mechanism of ICCB-19/Apt-1on TRADD.
a-c, Superposition of 2D 'H-*N HSQC spectra of *N-labelled His-TRADD-N

(250 uM) inthe presence (red) and absence (blue) of Apt-1(500 pM) (a), ICCB-19
(500 uM) (b) or ICCB-19i (500 pM) (c). The close-up view of the region exhibited
large perturbations was shownright. d, Binding pose of ICCB-19 in complex with
TRADD-N was generated by induced-fit docking. The left panel demonstrated
the shape and polarity of theligand binding pocket surface, withred regions
indicating negatively charged and blue positively charged. The right panel
showed details of theinteractions between the compound and TRADD-N. The
compound was shown as cyan sticks, and the protein was shown as pink

cartoon with key residues highlighted in sticks. Hydrogen bonds were shown as
red dashed lines. e, Coomassie blue staining of WT and each mutant protein for
thermalshift assay. f,g, HEK293T cells were seeded at 7.5 x 10° cells per well ina
white, clear-bottom 96-well plate 24 hbefore transfection. Cells were then
transfected with theindicated plasmids for 24h. Medium was removed and
replaced with Opti-MEM medium (100 pl) for1hat 37 °C. The Nano-Glo reagent
was prepared and added to each wellimmediately before the luminescence
reading was taken. Luminescence was measured immediately ona plate reader
andreported asrelative light units (RLU). Mean t s.d. of n=6 biologically
independent samples, representative of 3independent experiments.
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Extended DataFig.12|See next page for caption.
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Extended DataFig.12 | A mutagenesis study of ICCB-19/Apt-1binding with
TRADD toinhibit RDA and activate autophagy. a, Tradd”~ MEFs were
reconstituted with Flag-tagged WT or mutant TRADD asindicated. Expression
levels of TRADD were determined byimmunoblotting. b, Tradd”- MEFs transfected
with Flag-tagged WT orindicated TRADD mutants were stimulated by TNF/5z7
for9hinthepresenceorabsence of Apt-1 (10 pM). Cell survival was determined
by CellTiter-Glo assay. Mean t s.d. of n=3 biologically independent samples,
representative of 3independent experiments. Two-tailed t-test.c,d, TRADD-
N(G121A)/Apt-1(c),and TRADD-N(G121A)/ICCB-19 (d) samples for STD-NMR
analyses were prepared as that of WT TRADD in (10f) with1mM Apt-1(c), 1mM
ICCB-19 (d),and13uM TRADD-N(G121A) in 0.5mL of PBSin D,0 (10%). e, BlAcore
SPR analysis of Apt-1binding to TRADD-N(G121A). The kinetic profile of Apt-1
binding to TRADD-N(G121A) is shown. A series of concentrations of Apt-1
(ranging from 0.15625to 5 uM) was used to measure the binding kinetics, with
TRADD-N(G121A)immobilized onthe CM5 chip. f, Tradd”- MEFs were reconstituted
with Flag-tagged WT or indicated TRADD mutants. The expression levels of
TRADD were determined by immunoblotting.g, h, Tradd” MEFs reconstituted
with Flag-mutant TRADD (Y16A/F18A or Y16A/172A/R119A) were stimulated by

TNF/5z7 forindicated time in the presence or absence of Apt-1 (10 uM). The cell
survivalwas determined by CellTiter-Glo assay. Mean + s.d. of n=3 biologically
independent samples, representative of 3independent experiments.

i, Amodel for mechanism by which Apt-1targets TRADD toinhibit RDA and
activate autophagy. In TNF-stimulated cells: Apt-1binds to TRADD-N to reduce
itsbinding with TRADD-C which stabilizes the binding of TRADD mediated by
itsDDin TRADD-C with the DD in TNFR1. The binding of Apt-1with TRADD in
complex I modulates the K63/M1-linked ubiquitination of RIPK1by reducing
thebinding of TRADD with TRAF2/cIAP1/2 whichincreases the recruitment of
A20and HOIP to inhibit the activation of RIPK1kinase. Increased retention of
TRADD incomplexlalso decreases cytosolicavailability of TRADD for the
formation of complexIlain which TRADD is known to be a key component.
Treatment with Apt-lalsoreduces the activation of NF-kB in TNF-stimulated
cells. Inautophagy pathway: TRADD normally binds to TRAF2 and clAP1/2
homeostatically. Apt-1canrelease TRAF2 and cIAP1/2 from their binding with
TRADD. Released TRAF2/clAP1/2in turn mediates K63-linked ubiquitination of
Beclin1to promote the formation of Vps34 complex, production of PtdIns3P,
and activation of autophagy. For gel source data, see Supplementary Fig. 1.
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Data collection All data collection softwares came with the equipment utilized for experiments, including FV10-ASW 3.0 (Olympus), EnVision Manager
Version 1.13 (PerkinElmer), BlAevalution 4.1 software (GE Healthcare), QuantStudio 12K Flex software version 1.3 (Applied Biosystems).

Data analysis The softwares utilized for analysis were all commercially available or could be downloaded from open source, including ImageJ 1.52a,
GraphPad Prism 8, Schrodinger (version 2018-1), Bruker Topspin 3.6.1, Microsoft Excel 2016, MaxQuant 1.2.1
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The 3D atom coordinates of TRADD and TRAF2 interaction complex were obtained from PDB (https://www.rcsb.org) with PDB ID of 1F3V. Source Data for all Figures

are provided with the paper. Uncropped western blot scans are shown in Supplementary Fig. 1. The proteomics datasets are provided as supporting material with
the paper.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen according to the standards of the field and was based on our previous work (DOI: 10.1126/science.aaf6803, DOI:
10.1016/j.cell.2018.07.041). We aimed for a number of at least 3 animals per group to allow basic statistical analysis, which gave sufficient
statistics for the effect sizes of interest and supported meaningful conclusions. Based on previous experience from similar studies (DOI:
10.1016/j.cell.2018.07.041), in vitro experiments with cultured cells for cell death assay were performed at least 3 times
(biological replicates including 3 technical replicates for each experiment) to confirm reproducibility.

Data exclusions  Data were not excluded from analysis.

Replication Whenever possible, readouts were performed with at least 3 animals per group. For in vitro studies we independently replicated all
experiments at least 3 times (biological replicates) for cell death assay (including 3 technical replicates for all the experiments) and at least
three times (biological replicates) for the immunoblotting analysis. All attempts at replication were successful.

Randomization  Animals were assigned randomly to experimental and control groups with same number (e.g. six animals were randomly assigned to two
groups, one control group and one experimental group, three animals in each group.). Where possible, animals were age- and sex-matched.
However all cells experiments were analyzed equally with no sub-sampling and thus, there was no requirement for randomization.

Blinding For the in vivo experiment, the experiment and data collection was done by Heng Zhao and the conditions were well controlled. Blinding
during analysis in vivo experiments were performed by Daichao between experimental and control groups. For experiments other than in vivo
studies, the investigators were blinded during data collection and analysis where possible, included immunofluorescence experiments, drug
treatment experiments on brain slices, mass spectrometry data collection and analysis. However, for in vitro study such as cell death assay,
blinding is not necessary as the output of cell viability was determined by an automated pipeline using a fluorescent plate reader in an
unbiased manner, with pre-established criteria.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [x]|[ ] chip-seq
Eukaryotic cell lines E] D Flow cytometry
Palaeontology E] D MRI-based neuroimaging

Animals and other organisms

Human research participants
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Clinical data

Antibodies

Antibodies used Anti-Atg14L, CST, 96752, 1:1000
Anti-HOIP, Abcam, ab46322, 1:1000
Anti-Vps34, PTG, 12452-1-AP, 1:1000
Anti-K63 Ub, a generous gift from Vishva Dixit, Genentech, 1:1000 for IP (catalogue number unavaliable)
Anti-M1 Ub, a generous gift from Vishva Dixit, Genentech, 1:1000 for IP (catalogue number unavaliable)
Anti-LC3B, Sigma-Aldrich L7543, 1:1000
Anti-SQSTM1/p62, CST 5114, 1:1000
Anti-a-Tubulin, Sigma-Aldrich T5168, 1:10000
Anti-Beclin-1, CST 3738, 1:1000
Anti-Phospho-RIPK1 (Ser166), CST 31122, 1:1000
Anti-Phospho-RIPK1 (Ser166), Biolynx, BX60008-C3, 1:500 for IF

=
Q
=3
(-
=
D
=
(D
wn
(@)
QD
=
(@)
o
=
D
o
©)
=
)
(@]
(2]
<
3
3
Q
=
S

810¢ 41290120




Validation

Anti-RIPK1, D94C12, CST 3493, 1:1000
Anti-A20/TNFAIP3, CST 4625, 1:1000
Anti-TRADD, Santa Cruz sc-7868, 1:500
Anti-TNF-R1, CST 3736, 1:1000

Anti-B-Actin, Santa Cruz sc-81178, 1:5000
Anti-Caspase-3, CST 9662, 1:1000
Anti-Cleaved Caspase-3, CST 9661, 1:1000
Anti-TAU-5, Invitrogen AHB0042, 1:1000
Anti-Phospho-Tau ATS, Invitrogen MN1020, 1:1000
Anti-MC1, a generous gift from Peter Davies, Feinstein Institute for Medical Research, 1:2000 (commercial source unavailable)
Anti- mouse clAP1, homemade, 1:1000
Anti-TRAF2, CST 4724, 1:1000

Anti-TRAF2, Santa Cruz, sc-7346, 1:1000
Anti-Phospho-AMPKa, CST 2535, 1:1000
Anti-AMPKa, CST 2532, 1:1000
Anti-Phospho-Acetyl-CoA Carboxylase, CST 3661, 1:1000
Anti-Acetyl-CoA Carboxylase, CST 3662, 1:1000
Anti-Phospho-S6, CST 2211, 1:1000

Anti-S6, CST 2217, 1:1000

Anti-FADD, abcam ab124812, 1:1000
Anti-phospho MLKL, CST 91689, 1:1000
Anti-MLKL, CST 14993, 1:1000

Anti-phospho RIPK3, CST 57220, 1:1000
Anti-RIPK3, CST 13526, 1:1000

Anti-Caspase-8, CST 4790, 1:1000

Anti-PARP, CST 9542, 1:1000

Anti-GAPDH, CST 2118, 1:1000
Anti-Phospho-IkBa, CST 9246, 1:1000
Anti-IkBa, CST 9242, 1:1000
Anti-Phospho-IKKa/B, CST 2697, 1:1000
Anti-IKKB, CST 2684, 1:1000
Anti-Phospho-Erk1/2, CST 9101, 1:1000
Anti-Erk1/2, CST 9102, 1:1000
Anti-Phospho-SAPK/JNK, CST 9251, 1:1000
Anti-SAPK/JNK, CST 9252, 1:1000
Anti-Phospho-p38 MAPK, CST 9211, 1:1000
Anti-p38 MAPK, CST 9212, 1:1000

Anti-iINOS, CST 2982, 1:1000

Anti-Cox2, CST 4842, 1:1000
Anti-Alpha-synuclein, abcam ab6162, 1:1000
Anti-Flag, Sigma-Aldrich F3165, 1:1000
Anti-HA, Sigma-Aldrich H6908, 1:1000
Anti-Beclin 1, Santa Cruz, sc-48341, 1:100 for IP
Anti-Beclin 1, CST, 3495, 1:1000

Anti-Atg5, Abcam, ab108327, 1:1000

anti-MC1 antibody has been validated on mouse samples by Michiyo Iba (doi.org/10.1523/JINEUROSCI.2642-12.2013).

anti-K63, M1 antibody have been validated in previous study by Vishva Dixit group on both human and mouse samples
(doi.org/10.1016/j.cell.2008.07.039, doi.org/10.1016/j.jmb.2011.12.053).

Custom-made anti-mclAP1 antibody has been validated in clAP1/2-knockout MEFs in this study.

All other antibodies have been validated for use as stated on the product webpages or literature, including:

The Anti-Atg14L, CST 96752 antibody has been validated for Western-blots of both human and mouse samples by many previous
publications (e.g. PMID: 31123703).

The Anti-HOIP Abcam, ab46322 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 26148235).

The Anti-Vps34 antibody has been validated for Western-blots of mouse samples by previous publications (e.g. PMID:
25906440).

The Anti-K63 Ub antibody has been validated for Western-blots of mouse samples by previous publications (e.g. PMID:
22227388).

The Anti-M1 Ub antibody has been validated for Western-blots of mouse samples by previous publications (e.g. PMID:
26649818).

The Anti-LC3B Sigma-Aldrich L7543 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 20038797).

The Anti-SQSTM1/p62, CST 5114, antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 31844040).
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The Anti-a-Tubulin, Sigma-Aldrich T5168 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 14718566).

The Anti-Beclin-1, CST 3738 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32071300).

The Anti-Phospho-RIPK1 (Ser166), CST 31122 antibody has been validated for Western-blots of mouse samples by previous
publications (e.g. PMID: 32269263).

The Anti-Phospho-RIPK1 (Ser166), Biolynx, BX60008-C3 has been validated for IF of mouse samples by previous publications (e.g.
PMID: 31827280).

The Anti-RIPK1, D94C12, CST 3493 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32444644).

The Anti-A20/TNFAIP3, CST 4625 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 29622561).

The Anti-TRADD, Santa Cruz sc-7868 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 24336074).

The Anti-TNF-R1, CST 3736 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32411707).

The Anti-B-Actin, Santa Cruz sc-81178 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 30814309).

The Anti-Caspase-3, CST 9662 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 31971852).

The Anti-Cleaved Caspase-3, CST 9661 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32223461).

The Anti-TAU-5, Invitrogen AHB0042 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 28367114).

The Anti-Phospho-Tau ATS, Invitrogen MN1020 antibody has been validated for Western-blots IF and IHC of both human and
mouse samples by previous publications (e.g. PMID: 29379433).

The Anti-MC1, a generous gift from Peter Davies, Feinstein Institute for Medical Research, 1:2000 antibody has been validated
for Western-blots and IHC of both human and mouse samples by previous publications (e.g. PMID: 23325240).

The Anti- mouse clAP1 antibody has been validated for Western-blots of mouse samples by previous publications (e.g. PMID:
30146158).

The Anti-TRAF2, CST 4724 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32065579).

The Anti-TRAF2, Santa Cruz, sc-7346 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 29920217).

The Anti-Phospho-AMPKa, CST 2535 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 31970200).

The Anti-AMPKa, CST 2532 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32439975).

The Anti-Phospho-Acetyl-CoA Carboxylase, CST 3661 antibody has been validated for Western-blots of both human and mouse
samples by previous publications (e.g. PMID: 32273511).

The Anti-Acetyl-CoA Carboxylase, CST 3662 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 31680948).

The Anti-Phospho-S6, CST 2211 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32444668).

The Anti-S6, CST 2217 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32444668).

The Anti-FADD, abcam ab124812 antibody has been validated for Western-blots of mouse samples by previous publications (e.g.
PMID: 31949127).

The Anti-phospho MLKL, CST 91689 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32433961).

The Anti-MLKL, CST 14993 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32195002).

The Anti-phospho RIPK3, CST 57220 antibody has been validated for Western-blots of mouse samples by previous publications
(e.g. PMID: 32269263).

The Anti-RIPK3, CST 13526 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32444644).

The Anti-Caspase-8, CST 4790 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32246052).

The Anti-PARP, CST 9542 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32195376).

The Anti-GAPDH, CST 2118 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32452418).

The Anti-Phospho-IkBa, CST 9246 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32411707).

The Anti-IkBa, CST 9242 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32425739).

The Anti-Phospho-IKKa/B, CST 2697 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32431607).

The Anti-IKKB, CST 2684 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32448393).
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The Anti-Phospho-Erk1/2, CST 9101 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32440348).

The Anti-Erk1/2, CST 9102 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32440348).

The Anti-Phospho-SAPK/INK, CST 9251 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32072069).

The Anti-SAPK/INK, CST 9252 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 31854220).

The Anti-Phospho-p38 MAPK, CST 9211 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 32405532).

The Anti-p38 MAPK, CST 9212 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32348937).

The Anti-iNOS, CST 2982 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32079242).

The Anti-Cox2, CST 4842 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32079242).

The Anti-Alpha-synuclein, abcam ab6162 antibody has been validated for Western-blots and IF of both human and mouse
samples by previous publications (e.g. PMID: 30783136).

The Anti-Flag, Sigma-Aldrich F3165 antibody has been validated for Western-blots of both human and mouse samples by
previous publications (e.g. PMID: 20376207).

The Anti-HA, Sigma-Aldrich H6908 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 10966468).

The Anti-Beclin 1, Santa Cruz, sc-48341, 1:100 for IP antibody has been validated for Western-blots of both human and mouse
samples by previous publications (e.g. PMID: 29439667).

The Anti-Beclin 1, CST 3495 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 32377725).

The Anti-Atg5, Abcam, ab108327 antibody has been validated for Western-blots of both human and mouse samples by previous
publications (e.g. PMID: 31949142).
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T (ATCC CRL-1573)
MEF (CF-1) (ATCC SCRC-1040)
Jurkat (ATCC TIB-152)
Hela (ATCC CCL-2)
SH-SY5Y (ATCC CRL-2266)
HT-29 (ATCC HTB-38)
U-937 (ATCC CRL-1593.2)
H4 (ATCC HTB-148)

Authentication None of the cell lines have been authenticated.

Mycoplasma contamination The cells were tested every two months by a TransDetect PCR Mycroplasma Detection Kit (Transgen Biotech, cat. no.
FM311-01) to ensure that they are mycoplasma free.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8 weeks and 4 months old female WT (Catalog No. 004781) and Tg tauP301S (Catalog No. 008169) male mice were from The
Jackson Laboratory.

Wild animals No wild animals were used in this study.
Field-collected samples No field-collected samples were used in this study.
Ethics oversight The mouse work was performed under the study protocol IS00001127, as approved by the Harvard Medical School Institutional

Animal Care and Use Committee (IACUC)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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