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CELL BIOLOGY

Tankyrase-mediated ADP-ribosylation is a

regulator of TNF-induced death

Lin Liu'?, Jarrod J. Sandow'?, Deena M. Leslie Pedrioli®, Andre L. Samson'?, Natasha Silke’,
Tobias Kratina', Rebecca L. Ambrose*®, Marcel Doerflinger'?, Zhaoqing Hu', Emma Morrish'?,
Diep Chau', Andrew J. Kueh'?, Cheree Fitzibbon'?, Marc Pellegrini'?, Jaclyn S. Pearson
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Tumor necrosis factor (TNF) is a key component of the innate immune response. Upon binding to its receptor,
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TNFR1, it promotes production of other cytokines via a membrane-bound complex 1 or induces cell death via a
cytosolic complex 2. To understand how TNF-induced cell death is regulated, we performed mass spectrometry of
complex 2 and identified tankyrase-1 as a native component that, upon a death stimulus, mediates complex 2
poly—-ADP-ribosylation (PARylation). PARylation promotes recruitment of the E3 ligase RNF146, resulting in
proteasomal degradation of complex 2, thereby limiting cell death. Expression of the ADP-ribose-binding/
hydrolyzing severe acute respiratory syndrome coronavirus 2 macrodomain sensitizes cells to TNF-induced death
via abolishing complex 2 PARylation. This suggests that disruption of ADP-ribosylation during an infection can

prime a cell to retaliate with an inflammatory cell death.

INTRODUCTION

Tumor necrosis factor (TNF)/TNF receptor 1 (TNFR1) signaling
helps coordinate anti-pathogen responses by promoting transcrip-
tional up-regulation and secretion of other cytokines and inflam-
matory mediators (1-3). To counter this, pathogens have evolved
mechanisms to disrupt signaling from the membrane bound
complex 1 that nucleates around TNFR1 (4, 5). This, in turn, has
prompted an evolutionary arms race, whereby disruption of the tran-
scriptional response can provoke TNF-induced cell death via a sec-
ondary cytosolic complex 2, containing receptor-interacting protein
kinase 1 (RIPK1), Fas-associated death domain protein (FADD),
and caspase-8 (6-20). Dysregulation of TNF signaling has been
implicated in a diverse range of inflammatory and autoimmune
diseases (21-24), stimulating research that has generated a detailed
understanding of complex 1 and the TNF/TNFR1 transcriptional
response. Compelling evidence showing that TNF-induced cell
death is also pathogenic has stimulated the development of drugs
to block the cell death response (23, 25, 26), but a correspondingly
detailed insight into the composition and regulation of complex 2
is lacking.

RESULTS

Tankyrase-1 is acomponent of TNFR1 complex 2

To identify TNFR1 complex 2 components, we generated and vali-
dated both N- and C-terminally 3x FLAG-tagged murine caspase-8
constructs (fig. S1, A to C). These tagged constructs allowed us to
immunoprecipitate caspase-8 with several controls that increase the
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chance of identifying true hits. Complex 2 formation was induced
by treating cells with TNF (T) and SMAC mimetic (S) to induce
the apoptotic response and the pan-caspase inhibitor emricasan/
IDN-6556 (I) (TSI) to stabilize complex 2 (27, 28). As expected, mass
spectrometry (MS) analysis of the caspase-8 C3FLAG immunopre-
cipitate from TSI-treated mouse dermal fibroblasts (MDFs) revealed
known complex 2 components, such as RIPK1, RIPK3, A20, TRADD,
and FADD, of which RIPK1, RIPK3, and A20 showed a significant
enrichment (Fig. 1A and table S1). We also identified a previously
unreported complex 2 protein, tankyrase-1 [TNKS/TNKS1/ARTDS5/
poly(ADP-ribose) (PAR) polymerase 5a (PARP5a)] (Fig. 1A and
table S1). TNKS1 is an ADP-ribosyltransferase of the ARTD family
(fig. SID) (29, 30) and has not previously been implicated in regu-
lating TNF-induced cell death. To explore the physiological signifi-
cance of this finding, we generated both N- and C-terminally
3XxFLAG-tagged caspase-8 (Casp8™"“A% and Casp8“*4%) knockin
mice using CRISPR-Cas9 technology (fig. S1, E and F). Bone marrow-
derived macrophages (BMDMs), MDFs, and mouse embryonic
fibroblasts (MEFs) generated from Heterozygous knockin mice were
treated with TSI, and caspase-8 was immunoprecipitated with +
FLAG peptide spiking. Consistent with the MS results, cleaved
caspase-8, FADD, RIPK1, RIPK3, TRADD, and A20 were immuno-
precipitated together with caspase-8 upon TSI from Casp8+/ NSFLAG
and Casp8"/CHLAG cells, although we precipitated slightly more of
these proteins from Casp8"/“314C cells (Fig. 1B and fig. S1, G and H).
We also observed higher levels of TNKSI coprecipitating with caspase-8
C3FLAG (Fig. 1B and fig. S1, G and H). In contrast, we did not observe
PARPI, the most widely studied ARTD family member, coprecipitat-
ing with caspase-8 after TSI stimulation (fig. S1I).

To further validate these results, we immunoprecipitated endog-
enous RIPK1 (Fig. 1C and fig. S1, J and K), FADD (fig. S1K), and
cleaved caspase-8 (Fig. 1D and fig. S1J) from wild-type (WT)
BMDMs, MDFs, and MEFs and likewise observed TNKS1 copre-
cipitating with these proteins only when the cells were treated with
TSI Last, endogenous tankyrases immunoprecipitated FADD, RIPK1,
and cleaved caspase-8 from WT BMDMs and MEFs treated with
TSI (Fig. 1D and fig. S1J). TNKS1 also immunoprecipitated with
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Fig. 1. Tankyrase-1 is an interactor of native TNFR1 complex 2. (A) Log; fold change volcano plots of protein enrichment upon TSI stimulation in Casp8~'~MIkI”~MDFs
expressing caspase-8 C3FLAG compared to the untreated control. Proteins were first filtered by requiring a P < 0.05 in a pairwise comparison between the caspase-8
C3FLAG and tagless caspase-8—negative control in either the untreated or TSI-treated samples. Known constituents of the native TNFR1 complex 2 (RIPK1, RIPK3, FADD,
TRADD, and A20) are labeled and highlighted in green, while TNKS1 (TNKS) is highlighted in red. P values are calculated using Limma (n =5 independent experiments).
(B) TNF-induced complex 2 immunoprecipitation using anti-FLAG M2 affinity beads. Casp8*'*, Casp8™***A%, and Casp8"/*™4° BMDMs were treated with TNF (100 ng/ml) +
Smac mimetic compound A (500 nM) + caspase inhibitor IDN-6556 (5 uM; TSI) for 1.5 hours before lysis and anti-FLAG immunoprecipitation (IP). FLAG spiked controls
contained 3xFLAG peptides at a final concentration of 50 pg/ml. Caspase inhibitor was used to stabilize complex 2. (C to D) TNF-induced complex 2 immunoprecipitation.
Wild-type (WT) BMDMs were treated with TSI [as in (B)] to induce complex 2 assembly. Lysates were immunoprecipitated with anti-RIPK1 (C) or anti-cleaved caspase-8 or
anti-tankyrase (D), separated on SDS—polyacrylamide gel electrophoresis gels and probed with the indicated antibodies. Filled arrowheads alone denote bands between
100 and 150 kDa detected by anti-tankyrase, which might indicate TNKS1 isoform 2 (106 kDa) or TNKS2 (127 kDa). For detailed domain information, see fig. S1D. * indicate
immunoglobulin G (IgG) chains.
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RIPK1, caspase-8, and FADD following TSI treatment of human
HT1080 and HT29 cells (fig. S1, L and M).

Inhibition of protein synthesis with cycloheximide (CHX)
sensitizes cells to TNF. TNF + CHX-induced cell death, in con-
trast to TS-induced death, does not require RIPK1 (6, 7, 31). We
did not observe the recruitment of TNKSI to complex 2 after
TNF + CHX treatment (fig. SIN), suggesting that the different cell
death stimuli generate different types of complex 2. Moreover,
unlike cellular inhibitors of apoptosis (cIAPs) and RIPK1, we did
not detect TNKSI1 in complex 1 (fig. S10), implying that TNKS1
is specifically recruited to TSI-induced complex 2.

Complex 2 is PARylated

Tankyrases catalyze the formation of PAR chains on their substrates
(29, 30). To determine whether complex 2 becomes PARylated, we
immunoprecipitated caspase-8 from Casp8"“*"*4¢ heterozygous
MEFs treated with or without TSI + the tankyrase inhibitor IWR-1
(32, 33) and blotted with anti-PAR. A strong PAR signal was present
in the immunoprecipitate from TSI-treated cells and was reduced
and shifted to lower molecular weight upon IWR-1 treatment (Fig. 2A).
This indicated that complex 2 is PARylated in a tankyrase-dependent
manner. To confirm that the signals detected were protein ADP-
ribosylation, we treated WT BMDMs with TSI + IWR-1 and
immunoprecipitated PAR chains with an anti-PAR antibody
(Fig. 2B). Modified RIPKI, indicative of ongoing TNF signaling,
precipitated with anti-PAR and was slightly reduced in the pres-
ence of IWR-1. Cleaved caspase-8 was, however, only immuno-
precipitated by the anti-PAR antibody in the absence of the tankyrase
inhibitor (Fig. 2B).

The Trp-Trp-Glu (WWE) domain of the E3 ligase RNF146 recognizes
the iso-ADP-ribose linkage between two ADP-ribose monomers in
PAR chains (34). We therefore generated a glutathione S-transferase
(GST) fusion of WT WWE or a single-point mutant (R163A) that is
unable to bind PAR chains (35) and precipitated lysates from WT
BMDMs treated with + TSI £ IWR-1 or the PARP1/2 inhibitor,
olaparib (Fig. 2C and fig. S2A) (36). Consistent with the anti-PAR
immunoprecipitation result, GST-WWE precipitated FADD, mod-
ified RIPK1, and cleaved caspase-8 only from lysates of cells treated
with TSI (Fig. 2C and fig. S2A). Notably, unmodified RIPK1 was
purified using either the WT or the mutant WWE motif (fig. S2A),
suggesting that this interaction and that observed with anti-PAR
(Fig. 2B) are nonspecific and most likely due to the sepharose beads.
As expected, precipitate from the GST-WWE but not the GST-WWE
R163A mutant contained a PARylation smear detected by anti-PAR
in the presence or absence of TSI treatment (Fig. 2C and fig. S2A).
Furthermore, PARP1 and TNKSI were also precipitated irrespective
of TSI treatment, indicating that they auto-PARylate (Fig. 2C and
fig. S2A). Consistent with this interpretation, the PARP1 inhibitor
olaparib essentially eliminated GST-WWE precipitation of PARP1
(Fig. 2C and fig. S2A). Olaparib, but not IWR-1, treatment also sub-
stantially removed PAR signal from the lysates (Fig. 2C), indicating
that most of the cellular PARylation is mediated by PARP1 and not
TNKSI1. Despite depleting most cellular PAR signal, olaparib did
not affect the ability of GST-WWE to purify TNKS1, FADD, modi-
fied RIPK1, and cleaved caspase-8 (Fig. 2C and fig. S2A). Conversely,
IWR-1 treatment had little impact on the amount of PARP1 and
PAR chains precipitated with GST-WWE but almost completely
prevented precipitation of FADD, modified RIPK1, and cleaved
caspase-8 (Fig. 2C and fig. S2A). Notably, IWR-1 treatment increased
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the levels of cleaved caspase-8 in the TSI cell lysates when compared
with dimethyl sulfoxide (DMSO) control while simultaneously
reducing the level of cleaved caspase-8 precipitated by GST-WWE,
an effect that was also observed in MEFs (Fig. 2D) and MDFs
(fig. S2B). The precipitation of FADD and modified RIPK1 by
GST-WWE upon TSI treatment was completely abrogated by the
loss of Casp8 (Fig. 2D). To exclude a potential off-target effect of
the tankyrase inhibitor IWR-1 and to rule out the possibility that
TNKS1 and TNKS2 may compensate for each other (37), we
depleted TNKS1 in MDFs derived from Tnks2™”~ mice using a
doxycycline (Dox)-induced TNKSI short hairpin RNA (shRNA)
and found that the combined absence of TNKS1 and TNKS2
markedly decreased the level of cleaved caspase-8 and modified
RIPK1 pulled down with GST-WWE (fig. S2C). In contrast, over-
expression of TNKS1 isoform 2 but not TNKS2 markedly increased
the level of complex 2 components precipitated by GST-WWE
(fig. S2D), indicating that TNKSI plays a predominant role in
complex 2 PARylation.

To confirm that at least one complex 2 component was PARylated,
we performed FLAG immunoprecipitation from homozygous
Casp8FLAG/GHLAG BMD M (Fig. 2E) or heterozygous Casp8*/C3HAG
BMDMs (fig. S2E) stimulated with TSI and then treated this + PAR
glycohydrolase (PARG), a dePARylating enzyme that cleaves con-
jugated ADP-ribose polymers (38). GST-WWE was then used to
sequentially purify PARylated proteins from the purified complex.
Consistent with our previous results, FADD, modified RIPK1, TNKS],
and cleaved caspase-8 were precipitated following TSI treatment,
but only if PAR chains had not been removed by PARG treatment
(Fig. 2E and fig. S2E). A similar approach using the ADP-ribose-
binding macrodomain Af1521 from Archaeoglobus fulgidus, which
binds mono-ADP-ribose groups and the terminal ribose in PAR
chains (34, 39), also sequentially precipitated FADD, modified RIPK1,
TNKS1, and cleaved caspase-8 (fig. S2F).

We next explored which complex 2 components undergo
PARylation. We confirmed that 1% SDS was sufficient to dissociate
complex 2 (fig. S2G) and therefore performed a GST-WWE
pull-down on 1% SDS-dissociated complex 2 (fig. S2H). After
GST-WWE pull-down, we detected clear signals for only TNKS1
and RIPK3 (fig. S2H). This indicated that a proportion of both
TNKS1 and RIPK3 were PARylated in complex 2 (fig. S2H). Tech-
nical challenges prevented us from identifying ADP-ribosylated
peptides/proteins in purified complex 2 using MS. Nevertheless,
comprehensive MS-based ADP-ribosylome analysis of untreated
and TSI-treated BMDMs lysates revealed that TSI stimulation re-
sulted in global ADP-ribosylome changes (fig. S2I and table S2). We
found that TSI treatment induced ADP-ribosylation of RIPK3 on
residue C360, supporting the idea that RIPK3 is ribosylated in com-
plex 2 (fig. S2J and table S2).

WWE domains are found in many E3 ubiquitin ligases, includ-
ing HUWEL1 and TRIP12. The critical residues for PAR binding are
conserved in most WWE domains, and HUWE1 and Thyroid
Hormone Receptor Interactor 12 (TRIP12) WWE domains specifically
interact with PAR chains (40). To determine whether there might
be some specificity to the complex 2 interaction, we performed a
PAR pull-down assay using GST-HUWE1, GST-TRIP12, and GST-
RNF146 WWE fusion proteins (fig. S2K). GST-RNF146 WWE was
more efficient than GST-HUWE1 WWE, which, in turn, was far more
efficient than GST-TRIP12 at precipitating complex 2 components,
suggesting that there may be some specificity and indicating that,
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Fig. 2. Complex 2 is PARylated. (A) Anti-FLAG immunoprecipitation of complex 2. Casp8™fAS MEFs were treated with TNF (100 ng/ml) + Smac mimetic (500 nM) +
caspase inhibitor (5 uM; TSI) + tankyrase inhibitor IWR-1 (10 uM) for 2 hours. (B) Anti-PAR (Trevigen 4335-MC-100) immunoprecipitation of complex 2. WT BMDMs were
treated with TSI as in (A) + tankyrase inhibitor IWR-1 (5 uM) for 1.5 hours. (C) GST-WWE pull-down of stimulated WT BMDM:s lysates. Cells were treated with TNF (10 ng/ml) +
Smac mimetic (250 nM) + caspase inhibitor (5 uM; TSI) + tankyrase inhibitor IWR-1 (5 uM) or + PARP1/2 inhibitor olaparib (1 uM) for 1.5 hours. Ponceau S staining of the
purified proteins and their quantities is shown. (D) GST-WWE pull-down of stimulated MEFs lysates. Cells were treated as in (A). (E) Enrichment of PARylated complex 2
using GST-WWE in a sequential pull-down analysis. Casp8C3FLAC/CHLAG BMDMs were treated with TSl [as in (A)], and complex 2 was immunoprecipitated using anti-FLAG
M2 affinity beads. Immunoprecipitants were eluted with 3xFLAG peptides followed by + PARG treatment at 37°C for 3 hours before GST-WWE pull-down. PAR chains were
recognized by anti-PAR [poly/mono-ADP-ribose (E6F6A) rabbit monoclonal antibody no. 83732; CST] (A and C) or anti-PAR (MABC547; Sigma-Aldrich) (B and D). Filled
arrowheads alone indicate potential tankyrase species. Double bands around 150 kDa in anti-tankyrase blots indicate full-length TNKS1 (upper band, 150 kDa) and an
undefined TNKS1 isoform (lower band). Empty arrowheads alone denote unmodified RIPK1 that is purified nonspecifically by either sepharose anti-PAR (B) or sepharose
GST-WWE. * indicate IgG chains.
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of the WWE domains tested, the RNF146 WWE is optimal for
PARylated complex 2 purification (fig. S2K).

Tankyrases protect from TNF-induced cell death

Thus far, our data suggested that TNKS1 is a functional component
of complex 2, and complex 2 undergoes PARylation and also hinted
that ADP-ribosylation might limit caspase-8 activation. To explore
this further, we treated WT BMDMs with increasing doses of IWR-1
and measured TNF-induced cell death by flow cytometry. Consistent
with our earlier Western blot analyses (Fig. 2), BMDMs were
rendered increasingly sensitive to TNF plus Smac mimetic-induced
apoptosis (TS) (14, 16, 27) and TSI-induced necroptosis (41, 42) by
increasing doses of IWR-1 (Fig. 3, A and B). This sensitization was
reversed by inhibition of RIPK1 kinase activity with necrostatin-1s,
suggesting that tankyrase inhibition sensitized cells to TNF-induced
cell death in a RIPK1 kinase-dependent manner (Fig. 3, A and B).
In addition to sensitizing MDFs to RIPK1-dependent TS-induced
death (Fig. 3C and fig. S3, A to C), depletion of TNKS1 and TNKS2
also sensitized cells to cell death induced by TNF and transforming
growth factor B-activated kinase 1 (TAK1) or inhibitor of nuclear
factor kB kinase (IKK) inhibitors that directly activate the cytotoxic
activity of RIPK1 (fig. S3, D and E) (7, 12, 13). However, consistent
with the lack of TNKS1 in TNF + CHX-induced complex 2 (fig. SIN),
tankyrase inhibition did not affect TNF + CHX-induced cell death
(fig. S3A). Another tankyrase inhibitor, Az6102 (36), also increased sen-
sitivity to TNF-induced death, while the PARP1/2 inhibitor, olaparib,
did not (fig. S3F). Consistent with the increased cell death, increasing
IWR-1 concentrations increased the levels of cleaved caspase-8 and
caspase-3 (Fig. 3D) observed in TS-treated BMDM:s and phospho-
RIPK3 and phospho-mixed lineage kinase domain-like (MLKL) in
TSI-treated cells (Fig. 3E). The clinical Smac mimetic birinapant kills
leukemic cells in a TNF-dependent manner (8, 43), and consistent
with this and our previous data, MLL-AF9/NRas®'?® cells were
markedly sensitized to both apoptotic and necroptotic cell death by
increasing doses of IWR-1 (fig. S3G).

Tankyrases limit complex 2 assembly

To determine why cells were more sensitive to TNF-induced cell
death when tankyrase activity was inhibited, we immunoprecipitated
complex 2 from Casp8*FAG/CFLAGC BMDMs and MEFs treated
with TSI + IWR-1. By using a TSI dose that induced only low levels
of caspase-8 activation, we were able to show that tankyrase inhibi-
tion increased the amount of complex 2 that could be immunopre-
cipitated by anti-FLAG beads, suggesting that tankyrase-mediated
ADP-ribosylation reduces the stability of complex 2 (Fig. 4A and
fig. S4A). Increased complex 2 formation was also observed in
TNKS1/2-depleted MDFs and MEFs (Fig. 4B and fig. S4B). Typically,
complex 2 is difficult to purify unless a caspase inhibitor, such as
emricasan/IDN-6556, is used to stabilize it (27, 28). However, this
makes it difficult to test whether tankyrase inhibition increases
complex 2 formation in the absence of a caspase inhibitor. To cir-
cumvent this issue, we took advantage of the fact that complex 2 can
be isolated more readily from cells expressing an uncleavable form
of RIPK1 (44). We therefore treated Ripk1”>*** heterozygous
MDFs with TS + IWR-1 and immunoprecipitated RIPK1 and found
that tankyrase inhibition also increased the amount of complex 2
that could be purified from these cells and sensitized them to
TNF-induced cell death in a dose-dependent manner (Fig. 4, Cand D,
and fig. S4C).
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The tankyrase-RNF 146 axis regulates the stability

of complex 2 and TNF-induced death

Tankyrases regulate a number of other signaling pathways (33, 45-48),
and the most well-studied is the Wnt pathway, where tankyrase-mediated
ADP-ribosylation of Axin recruits the E3 ligase RNF146 via its
WWE motif. RNF146 then ubiquitylates Axin, causing its recruit-
ment to, and degradation by, the proteasome (35, 40, 49, 50). Given
that we observed more complex 2 in the presence of IWR-1, we
hypothesized that tankyrase-mediated ADP-ribosylation of com-
plex 2 might function analogously to recruit RNF146 and promote
its proteasomal degradation. In accord with this hypothesis, RNF146
was recruited to complex 2 immunoprecipitated from Casp8™/<3+A¢
heterozygous MEFs treated with TSI (Fig. 5A). Furthermore, there
was a reduction in the precipitation of ubiquitylated complex 2 com-
ponents using a GST-UBA fusion protein, when cells were treated
with IWR-1 (fig. S5A). In particular, K48-linked ubiquitylation of
complex 2 components, especially cleaved caspase-8 and FADD, was
reduced upon tankyrase inhibition (Fig. 5B). Consistent with the
idea that proteasomal-mediated degradation limits complex 2 levels,
we observed a notable increase in the amount of ubiquitylated
complex 2 when cells were treated with the proteasomal inhibitor
MG132 (Fig. 5C). To avoid the possibility that constitutive loss of
RNF146 affected cell viability, we generated stable Dox-inducible
RNF146 shRNA-expressing cells and immunoprecipitated RIPK1 in
the presence or absence of Dox. Similar to the proteasome in-
hibitor experiment, we saw that there was a stark increase in the
levels of complex 2 in the cells with reduced levels of RNF146
when compared with control shRNA-expressing cells (Fig. 5D),
and shRNF146-expressing cells were more sensitive to TS-induced cell
death (Fig. 5E and fig. S5B). The RIPK1 kinase inhibitor necrostatin-1s
delayed the onset and reduced the level of TS-induced death in
shRNF146-expressing cells (Fig. 5E). Consistent with our ob-
servation that TNKS inhibition has no effect on TNF + CHX-
induced apoptosis (fig. S3A) and the fact that RNF146 is recruited
by tankyrase-mediated PARylation (35, 40, 49, 50), RNF146 deple-
tion had no discernable effect on TNF + CHX-induced apoptosis
(fig. S5C).

SARS-CoV-2 macrodomain sensitizes TNF-induced death via
abolishing complex 2 PARylation

TNF is an important part of the mammalian anti-pathogen arma-
mentarium and, as a consequence, is frequently targeted by pathogens
that produce proteins that interfere with the pathway (4, 5). The TNF
pathway has, however, several mechanisms to respond to interference,
and one of those is to trigger cell death. This begs the question
whether ADP-ribosylation of complex 2 also serves to control for
interference, and whether the increased death that we observed when
tankyrase activity is inhibited might mimic some form of pathogen
manipulation. A number of RNA viruses, including hepatitis E virus,
rubella, and coronaviruses, express evolutionarily conserved
MacroD-type macrodomains, similar to that of Af1521 that we used
to precipitate complex 2 (fig. S2F), which are able to bind to mono-
ADP-ribosylated proteins or to the end of poly-ADP-ribose chains
and, in some cases, have been shown to remove ADP-ribose from
ADP-ribosylated proteins (51-55). We therefore asked whether viral
macrodomains from severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) might affect TNF signaling. As for the Af1521
macrodomain (fig. S2F), the macrodomain from SARS-CoV-2 inter-
acted with the PAR chains attached to complex 2 in vitro (Fig. 6A).
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Fig. 3. Tankyrases protect from TNF-induced cell death. (A and B) Level of cell death assessed by PI-positive cells. WT BMDMs were treated with TNF (10 ng/ml) +
Smac-mimetic (500 nM; TS) for 24 hours (A) or TNF (10 ng/ml) + Smac mimetic (10 nM) + caspase inhibitor (5 uM; TSI) for 16 hours (B) + IWR-1 (250 and 500 nM and 1, 2,
and 5 uM) = Nec-1 s (10 uM). Graph shows means + SEM, n =3 independent BMDMs. (C) Level of cell death assessed by Pl-positive cells. WT MDFs or Tnks2™'~ MDFs ex-
pressing Dox-inducible shRNA were pretreated with + Dox (1 ug/ml) for 48 hours followed by TNF (50 ng/ml) + Smac mimetic (10 nM; TS) + Dox (1 ng/ml) for 17 hours. Cell
death was quantified by Pl uptake using time-lapse imaging (IncuCyte). Percent (%) Pl positive (dead) at 17 hours TS treatment was plotted to generate bar graph. Graph
shows means + SEM, n = 4 independent experiments using two independent MDFs. IncuCyte data are shown in fig. S3C. (D and E) Western blot analysis of cell lysates from
WT BMDMs using indicated antibodies is shown. Cells were treated with TNF (10 ng/ml) + Smac mimetic (500 nM; TS) (D) or TNF (10 ng/ml) + Smac mimetic (20 nM) + caspase
inhibitor (5 uM; TSI) (E) £ IWR-1 (250 and 500 nM and 1, 2, and 5 uM) for 8 hours. Comparisons were performed with a Student’s t test whose values are denoted as *P < 0.05,
**P<0.01, ***P <0.001, and ****P <0.0001; n.s., no significance.
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Fig. 4. Tankyrases limit complex 2 assembly. (A) TNF-induced complex 2 immunoprecipitation using anti-FLAG M2 affinity beads. Cells were treated with TNF (10 ng/ml) +
Smac mimetic (50 nM) + caspase inhibitor (5 uM; TSI) £ IWR-1 (5 uM) for 1.5 hours. (B) TNF-induced complex 2 immunoprecipitation using anti-cleaved caspase-8 anti-
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Results from two additional independent MDFs are shown in fig. S4C. Filled arrowheads alone indicate potential tankyrase species. Double bands around 150 kDa
in anti-tankyrase blots indicate full-length TNKS1 (upper band, 150 kDa) and an undefined TNKS1 isoform (lower band). * indicate IgG chains.
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Fig. 5. The tankyrase-RNF146 axis regulates the stability of complex 2 and TNF-induced death. (A) TNF-induced complex 2 immunoprecipitation using anti-FLAG
M2 affinity beads. Casp8*/Ff4% MEFs were treated with TNF (100 ng/ml) + Smac mimetic (500 nM) + caspase inhibitor (5 uM; TSI) for the indicated time points. (B) GST-K48-
ubiquitin pull-down of stimulated WT BMDM lysates. Cells were treated with TSI [as in (A)] for 1.5 hours + IWR-1 (5 uM). (C) GST-UBA pull-down of stimulated WT BMDMs
lysates. Cells were pretreated with + proteasome inhibitor MG132 (10 uM) for 2 hours, followed by TNF (10 ng/ml) + Smac mimetic (50 nM) + caspase inhibitor (5 pM;
TSI) £ MG132 (10 uM) for another 2 hours. (D) TNF-induced complex 2 immunoprecipitation using anti-RIPK1 antibody. WT MEFs expressing GFP-tagged Dox-inducible
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izing Pl count to GFP-positive cells. Graph shows means + SEM. n =3 independent MDFs. Filled arrowheads alone indicate potential tankyrase species. Double bands
around 150 kDa in anti-tankyrase blots indicate full-length TNKS1 (upper band, 150 kDa) and an undefined TNKS1 isoform (lower band).
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Fig. 6. SARS-CoV-2 macrodomain sensitizes TNF-induced death via abolishing
complex 2 PARylation. (A) Enrichment of PARylated complex 2 using GST-SARS-
CoV-2 macrodomain in a sequential pull-down analysis. Casp8*/™A¢ MEFs were
treated with TNF (100 ng/ml) + Smac mimetic (500 nM) + caspase inhibitor (5 uM;
TSI) for 2 hours, and complex 2 was immunoprecipitated using anti-FLAG M2 affinity
beads. Immunoprecipitants were eluted using 3xFLAG peptides followed by GST-
SARS-CoV-2 MacroD pull-down. (B) TNF-induced complex 2 immunoprecipitation
using anti-FLAG M2 affinity beads. Casp8™/“**4° MEFs expressing Dox-inducible GFP
or CFP-SARS-CoV-2 macrodomain were pretreated with Dox (10 ng/ml) for 9 hours.
Cells were then treated with TSI [as in (A)] in the absence of Dox for another 2 hours,
and complex 2 was immunoprecipitated using anti-FLAG M2 affinity beads. (C) Level
of cell death assessed by Pl-positive cells. WT MDFs expressing Dox-inducible GFP
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shows means + SEM, n =3 independent MDFs. Comparisons were performed with
a Student’s t test whose values are denoted as *P < 0.05 and **P < 0.01. Filled arrow-
heads alone indicate potential tankyrase species. Double bands around 150 kDa in
anti-tankyrase blots indicate full-length TNKS1 (upper band, 150 kDa) and an un-
defined TNKS1 isoform (lower band).
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Expression of the SARS-CoV-2 macrodomain in cells reduced the
anti-PAR signal in complex 2 purified by FLAG immunoprecipita-
tion, and this correlated with an increase of complex 2 formation
and caspase-8 cleavage (Fig. 6B). Consistent with the idea that
ADP-ribosylation of complex 2 serves as a secondary checkpoint to
limit TNF cytotoxicity, expression of either the SARS-CoV-2 macro-
domain or the Venezuelan equine encephalitis virus (VEEV) (56)
macrodomain significantly increased the sensitivity of cells to
TS-induced death in a RIPK1 kinase activity-dependent manner
(Fig. 6C). In contrast, neither of the viral macrodomains affected
TNF + CHX-induced death (fig. S6).

Tankyrases protect against the cytotoxic effect of

TNF during infection

To examine whether PARylation of complex 2 might play a role in
an infection scenario, we infected immortalized BMDMs (iBMDMs)
with Salmonella enterica subspecies enterica serovar Typhimurium
(S. Typhimurium), strain SL1344. Epithelial cells and macrophages
are natural hosts for S. Typhimurium and respond to infection by
inducing TNF (57). To counter this host response, S. Typhimurium
produces bacterial effector proteins encoded on multiple Salmonella
pathogenicity islands (SPIs) that are delivered directly into host cells
by type III secretion systems (T3SSs). Salmonella eftector proteins such
as GtgA, SspH1, and SptP have been shown to prevent TNF-mediated
prosurvival signaling (57). SpvB is an ADP-ribosyltransferase located
within the spv locus found on virulence plasmids in Salmonella
isolates, which promotes apoptosis in human macrophages via an
unknown mechanism (57, 58). Consistent with our observations in
primary BMDMs (Fig. 3A), uninfected iBMDM:s were rendered in-
creasingly sensitive to TS-induced apoptosis by increasing the dose
of tankyrase inhibitor IWR-1 (Fig. 7). Furthermore, iBMDM:s in-
fected with Salmonella were more susceptible to killing by TS, and
tankyrase inhibition with IWR-1 increased killing in a dose- and
time-dependent manner. Effectors encoded by the SPI-1 pathoge-
nicity island are required for invasion into epithelial cells but not
macrophages. Consistent with a limited role for SPI-1 in macrophage
infection (57), we observed a similar sensitization by IWR-1 during
infection with a Salmonella mutant strain deficient in SPI-1 effector
delivery (ASPI-1) (Fig. 7 and fig. S7).

DISCUSSION

We show that the ability of TNF to induce cell death is regulated by
tankyrase-mediated PARylation that recruits the E3 ligase RNF146
to promote proteasomal degradation of complex 2. While TNKS1
was readily recruited to complex 2 upon Smac mimetic treatment, it
was not detectable in complex 2 assembled in response to CHX, and
while inhibition/loss of tankyrases/RNF146 sensitized cells to TS
treatment, it did not affect TNF + CHX-induced death. This sug-
gests that there might be an adaptor protein required for TNKS
recruitment whose production is inhibited by CHX. Alternatively,
since RIPK1 depletion/inhibition can block TS but not TNF + CHX-
induced death, and RIPK1 involvement has been proposed to be
one of the differences between these two complexes (6, 7, 31), it
suggests that RIPK1 might be directly involved in the regulation of
complex 2 by TNKS-RNF146. Supporting this idea, in addition to
Smac mimetics, inhibitors that directly activate the cytotoxic activity
of RIPK1 (e.g., TAK1 or IKK inhibitors) sensitized TNKS1/2-depleted
cells to low-dose TNF. Loss or inhibition of tankyrases did not strongly
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Fig. 7. Tankyrases protect against the cytotoxic effect of TNF under infection
condition. Level of cytotoxicity assessed by LDH assay. iBMDMs were infected with
S. Typhymurium SL1344 WT or ASPI-1 (MOI: 2) and treated with TNF (10 ng/ml) +
Smac mimetic (250 nM; TS) £ IWR-1 (250 and 500 nM and 1, 2, and 5 uM) at 3 hpi.
Cytotoxicity was then assessed by LDH assay of cell supernatants collected at 9 and
21 hpi. Graph shows means + SEM. n = 3 independent experiments. Comparisons
were performed between TS-treated uninfected and S. Typhimurium SL1344 WT or
ASPI-1-infected cells at each IWR-1 concentration with a Student’s t test whose values
are denoted as *P <0.05 and **P < 0.01.

sensitize cells to TNF-induced death in the absence of another
sensitization signal in the cells we tested. Together, this indicates
that tankyrase-mediated PARylation might function similarly to
MK?2 as a secondary checkpoint to control TNF-induced and
RIPK1-dependent cell death (9, 18, 20). Purification of ribosylated
components using GST-WWE after dissociation of complex 2
with SDS suggests that TNKS1 itself and RIPK3 are PARylated,
and an MS analysis of TSI-treated lysates identified ribosylation of
RIPK3 on residue C360. Whether this occurs within complex 2
or elsewhere, and the role it might play will require a technically
challenging MS ribosylation analysis of purified complex 2 and
further studies.

Tankyrase-1 and tankyrase-2 regulate a number of signaling
pathways, and one possibility is that the PARylation-mediated by
tankyrases might allow different signaling pathways to interact and
coordinate with one another. In particular, there is evidence linking
TNEF signaling with the Wnt and Glycogen synthase kinase-3 (GSK3)
signaling pathways as well as cell cycle and cell division, all of which
are known to be regulated by tankyrases (30, 59, 60). Specific and
potent tankyrase inhibitors, such as IWR-1, were developed to
block Wnt signaling in cancers yet clearly sensitize cells to TNF kill-
ing, and this unintended activity might increase the efficacy of these
drugs in tumors with an inflammatory component. Furthermore, it

Liu et al., Sci. Adv. 8, eabh2332 (2022) 11 May 2022

has been noted that some cancers are sensitive to these inhibitors
without apparently affecting Wnt signaling (61), thus opening
up the possibility that sensitivity to TNF might be an additional
predictive biomarker to consider when using these drugs.

Despite its defensive intent, excessive TNF-induced cell death may
cause serious pathology, and for example, SARS-CoV-2 infection
triggers caspase-8 activation and apoptosis in mice, and the post-
mortem lung sections of patients with coronavirus disease 2019 also
contain markers of extrinsic TNF-induced apoptosis (62, 63). Viral
macrodomains have been shown to either bind to or hydrolyze
ADP-ribose (51-55), and since inducible expression of the macro-
domains of SARS-CoV-2 and VEEV sensitized cells to TNF-induced
cell death, this suggests that ADP-ribosylation may serve as yet
another mechanism to allow TNF to retaliate against a dangerous
infection by inducing cell death. Given the broad involvement of
ADP-ribosylation in other signaling pathways (64, 65), one possibility
is that pathogens select for the ability to interfere with ADP-
ribosylation to target these pathways and that ADP-ribosylation has
been coopted into the TNF response to control for the integrity of
these pathways rather than of the TNF pathway alone. A specific
variation on this idea is that pathogens attempt to block ADP-
ribosylation because it plays a role both in the induction and response
to interferons (IFNs) (66). Furthermore, several PARPs are strongly
induced by IFN and participate in antiviral responses by ribosylating
host and pathogen proteins (66). Tankyrases are not strongly induced
by IFNs (66), and in human monocytes, TNKS is actually down-
regulated by TNF and type I/II IFNs (67). This shift in PARP levels
could generate competition for ADP-ribose substrate during an
infection, thereby limiting tankyrase activity. Despite these known
links between IFN signaling and ribosylation (64, 66), it was recently
shown that, although SARS-CoV-2 macrodomain expression greatly
decreased IFN-induced ribosylation, it did not affect IFN-y signal-
ing or up-regulation of IFN-stimulated genes (68). Combined with
our observation that SARS-CoV-2 MacroD expression clearly sen-
sitized cells to TNF-induced cell death, this supports the notion
that regulation of TNF-induced death by tankyrase activity is an
important component of a cell’s anti-pathogen response. Such an
evolutionary struggle, between host and pathogen, around ADP-
ribosylation mediated regulation of anti-pathogen signaling path-
ways, might be occurring in Salmonella and other infections and
it will be interesting now to explore this and the link with TNF-
induced death.

MATERIALS AND METHODS

Mice

All mouse studies complied with relevant ethical regulations and
were approved by the Walter and Eliza Hall Institute Animal Ethics
Committee. The Casp8™*F4C, Casp84S and Tnks2™™ mice
were generated by the MAGEC laboratory (WEHI, Australia)
on a C57BL/6] background using CRISPR-Cas9. To generate
Casp8™*FH4C mice, Cas9 mRNA (20 ng/ul), single guide RNA (sgRNA;
10 ng/ul) (CTTCTACCTCTTGATAAGAA), and oligo donor
(40 ng/ul; gatcattagcatcttgtgttgacccagGTTACAGCTCTTC-
TACCTCTTGATAAGAATGAATGACTACAAGGACCACGAC-
GGTGACTACAAGGACCACGACATCGACTACAAAGAC-
GATGACGACAAGGATTTCCAGAGTTGTCTTTATGC-
TATTGCTGAAGAACTGGGCAGTGAAGACCTGGCTGCCC)
(in which uppercase bases denote exons, and lowercase bases
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denote intron sequences) were injected into the cytoplasm of
fertilized one-cell stage embryos Ggenerated from WT C57BL/6]
breeders. To generate Casp8“>4% mice, Cas9 mRNA (20 ng/ul),
sgRNA (10 ng/ul; CCAGGAGGCCAAACTTACTG), and oligo
donor (40 ng/pl; GATCCTGTGAATGGAACCTGGTATAT-
TCAGTCACTTTGCCAGAGCCTGAGGGAAAG.

ATGTCCTCAAGGAGATGACATTCTTAGCATCCTGACT-
GGCGTGAACTATGACGTGAGCAATAAAGACGACAGGAG-
GAACAAGGGAAAGCAGATGCCACAGCCCACCTTCACAC-
TACGGAAGAAGCTCTTCTTCCCTCCCGACTACAAGGAC-
CACGACGGTGACTACAAGGACCACGACATCGACTA-
CAAAGACGATGACGACAAGtaatgaAGgtaagtttggcctectgggeccctct-
cagggttatgcttccttactcatttctgtggtta) were injected into the cytoplasm
of fertilized one-cell stage embryos generated from WT C57BL/6]
breeders. To generate Tnks2™~ mice, Cas9 mRNA (20 ng/ul) and
sgRNA (10 ng/ul; CTACACTACACCCGTATGGC and GGTTC-
CCCTCATTCAGACGC) were injected into the cytoplasm of
fertilized one-cell stage embryos generated from WT C57BL/6]
breeders. Twenty-four hours later, two-cell stage embryos were
transferred into the uteri of pseudo-pregnant female mice. Viable
offspring were genotyped by next-generation sequencing. Targeted
animals were backcrossed twice to WT C57BL/6] to eliminate
off-target mutations.

Cells

BMDMs were isolated from the tibia and femur of mice. iBMDMs
were generated after immortalization of mouse bone marrow with
the J2 retrovirus expressing v-rafl and v-myc oncogenes as described
in (69). MEFs were isolated from embryonic day 14 embryos, and
MDFs were isolated from mouse tails. After SV40 transformation,
MEFs and MDFs were tested for mycoplasma. HT29 and 293T cells
were purchased from the American Type Culture Collection. HT1080
were gifts from J. Mariadason. MLL-AF9/NRas"?" leukemic cells were
generated as described in (70).

Salmonella infection of iBMDMs

For infections, single colonies of S. enterica subspecies enterica
serovar Typhimurium (S. Typhimurium) strain SL1344 WT and
ASPI-1 were inoculated into LB broth [containing streptomycin
(50 ng/ml) or kanamycin (100 pg/liter), respectively], incubated
overnight at 37°C at 200 rpm, and then subcultured (at 1:100) for
3 hours in the same conditions in 5 ml of LB.

iBMDMs were infected at a multiplicity of infection (MOI) of
2 in Dulbecco’s modified Eagle’s medium (DMEM) and centrifuged
at 525¢ to synchronize bacterial uptake. Following 30-min incuba-
tion at 37°C in 5% CO,, [designated 0 hours post infection (hpi)], cells
were incubated with gentamicin (100 ug/ml) in DMEM + 5% (v/v)
fetal calf serum for 1 hour to inhibit extracellular bacterial growth in
the media and then replaced with gentamicin (10 ug/ml) in 5% (v/v)
fetal bovine serum/DMEM for the remainder of the infection. At
3 hpi, tankyrase inhibitor IWR-1, TNF, and Smac mimetic com-
pounds (diluted in media as above) were directly added to wells (to
a final concentration indicated in the figure) and then incubated at
37°C until 9 or 21 hpi.

At each time point, cell viability was measured by lactate dehydro-
genase (LDH) release into the supernatant of infected cells. For
enumeration of intracellular bacteria, the remaining media were re-
moved, and cells were washed twice with phosphate-buffered saline
(PBS) to remove any extracellular bacteria followed by lysis in
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0.1% Triton X-100. Lysates were serially diluted in PBS in duplicate
and plated onto LB agar containing either streptomycin or kanamycin
at the concentrations listed above.

Reagents

The Smac mimetic compound A, birinapant, the caspase inhibitor
IDN-6556 (Idun Pharmaceuticals), and the RIPK1 inhibitor
necrostatin-1 s were synthesized by TetraLogic Pharmaceuticals.
Recombinant Fc-TNF was produced in-house. Lyophilized human
TNF was a gift from D. N. Médnnel. MG132 (M7449), CHX (C4859),
the tankyrase inhibitor IWR-1 (I10161), and the deubiquitinating
enzyme inhibitor N-ethylmaleimide (NEM) (E3876) were from
Sigma-Aldrich. The tankyrase inhibitor Az6102 (S7767) and PARP1/2
inhibitor olaparib (S1060) were from SelleckChem. PARG was
generated in-house by M.O.H. (University of Zurich). The PARG
inhibitor adenosine 5’-diphosphate (ADP)-HPD was from Enzo
Life Sciences (ALX-480-094-C060). 3xFLAG peptide was from
ApexBio (A6001).

Plasmids

Constructs were designed by J.S. and synthesized by GenScript
(Nanjing, CN) except for N- and C-terminally 3xFLAG-tagged and
tagless murine caspase-8 constructs (in-house). In brief, inserts
were generated by polymerase chain reaction, and fragments were
subcloned into the pFTRE3G vector backbone. Fragments and vec-
tors were ligated using Bam HI Nhe I sites. Restriction enzymes, T4
DNA ligase, and corresponding buffers were used as per manufac-
turer’s instructions (71). Ligation products were transformed into
XL1-Blue competent cells (Agilent Technologies), and constructs
were purified by the Miniprep Kit (QIAGEN). Construct sequences
were verified by Sanger sequencing performed by the Australian
Genome Research Facility.

Inducible shRNA generation
The Dox-inducible pF HItUTG-GFP (green fluorescent protein)
shRNA vector was provided by M. Herold (WEHI, Australia). The
sequences of ShRNA are listed as follows:

shLuciferase sense: (5'-tcccTGCGTTGCTAGTACCAACttcaaga-
gaGTTGGTACTAGCAACGCALtttttc-3"), shLuciferase antisense
(5'-tcgagaaaaaTGCGTTGCTAGTACCAACtctcttgaaGTTGG-
TACTAGCAACGCA-3'), shScrambled sense (5'-tcccTTCTCCGAAC-
GTGTCACGTttcaagagaACGTGACACGTTCGGAGAATttttc-3'),
shScrambled antisense (5'-tcgagaaaaa TCTCCGAACGTGTCAC-
GTtctcttgaaACGTGACACGTTCGGAGAA-3’), shRNF146 sense
(5'-tcccATTTCTGCCCACGTAACATTAttcaagagaTA-
ATGTTACGTGGGCAGAAATtttttc-3’), shRNF146 antisense
(5'-tcgagaaaaaATTTCTGCCCACGTAACATTAtctcttgaa-
TAATGTTACGTGGGCAGAAAT-3"), shTNKS1-1 sense
(5"-tcccCGTCTCTTAGAGGCATCGAAAttcaagagaTT-
TCGATGCCTCTAAGAGACGtttttc-3’), shTNKS1-1 antisense
(5'-tcgagaaaaaCGTCTCTTAGAGGCATCGAA AtctcttgaaTTTC-
GATGCCTCTAAGAGACG-3’), shTNKS1-2 sense (5'-tc-
ccGCTCCAGAAGATAAAGAATATttcaagagaATAT-
TCTTTATCTTCTGGAGCtttttc-3"), and shTNKS1-2 antisense
(5'-tcgagaaaaaGCTCCAGAAGATAAAGAATATtctcttgaaATAT-
TCTTTATCTTCTGGAGC-3').

shRNA and pF H1tUTG-GFP vectors were ligated following
Xho I /Bsm BI restriction digestion. shRNA cell lines were generated
by infecting indicated cells with lentivirus containing Dox-inducible
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control shRNA or shRNA targeting murine TNKS1 or RNF146 fol-
lowed by fluorescence-activated cell sorting (FACS) for GFP fluo-
rescent signal (excitation/emission = 488/509 nm).

Immunoprecipitation

For complex 1 purification, MEFs were seeded in 15-cm dishes
and treated with Fc-TNF (1 pg/ml). Cells were lysed in DISC lysis
buffer [150 mM sodium chloride, 2 mM EDTA, 1% Triton X-100,
10% glycerol, and 20 mM tris (pH 7.5)]. Protein lysates were immuno-
precipitated with protein A sepharose (40 ul per sample; WEHI
antibody facility, Australia) for 4 hours at 4°C. Beads were washed
four times with DISC lysis buffer, and samples were eluted by boil-
ing in 1x SDS loading buffer at 100°C for 15 min. For complex 2
purification, cells were seeded in 15-cm dishes and treated as indi-
cated. Cells were lysed in DISC lysis buffer. Protein G or protein A
sepharose (20 ul per sample; WEHI antibody facility, Australia)
preblocked with DISC lysis buffer containing 2% bovine serum
albumin (BSA) was bound with indicated antibody (1.5 ug antibody
per sample). Anti-cleaved caspase-8 (4790) and anti-RIPK1 (3493)
were from Cell Signaling Technology (CST). Anti-FADD (clone 7A2)
was produced in-house. Anti-tankyrase (sc-365897) was from Santa
Cruz Biotechnology. Anti-PAR (4335-MC-100) was from Trevigen.
Protein lysates were precipitated at 4°C overnight. Beads were
washed four times with DISC lysis buffer, and samples were eluted
by boiling in 1x SDS loading buffer at 100°C for 15 min. For anti-
FLAG immunoprecipitation, ANTI-FLAG M2 Affinity Gel (15 ul
per sample; Sigma-Aldrich) were blocked with DISC lysis buffer
containing 2% BSA for 1 hour at 4°C and incubated with protein
lysates at 4°C overnight. After washing four times with DISC
lysis buffer, samples were eluted with FLAG peptides (1 mg/ml)
and denatured by boiling in 5x SDS loading buffer at 100°C
for 15 min.

GST pull-down assay

For enrichment of PARylated proteins, plasmids pGEX 6P3 hs GST
RNF146 WWE, pGEX 6P3 hs GST RNF146 WWE R163A, pGEX
6P3 hs HUWE1 WWE, pGEX 6P3 mm TRIP12 WWE, pGEX 6P3
AF1521 (34, 35, 40), and pGEX 6P3 SARS-CoV-2 MacroD were de-
signed by J.S. and synthesized by GenScript (Nanjing, China). Plas-
mids were transformed into BL21 Escherichia coli (DE3) (Thermo
Fisher Scientific) and grown at 37°C to an optical density (600 nm)
of ~0.6 to 0.8 in Super Broth before protein expression was induced
with 1 mM isopropyl-B-D-thiogalactopyranoside (Sigma-Aldrich)
overnight at 18°C. Recombinant protein was purified by Glutathione
Xpure Agarose Resin (UBPBio) and size exclusion chromatography.
BMDMs, MEFs, or MDFs were treated as indicated, and cells were
lysed in DISC lysis buffer supplemented with 5 uM ADP-HPD. Equal
protein amounts were incubated with Glutathione Sepharose 4B
(GE Healthcare) charged with GST fusion proteins overnight at
4°C. After washing four times with PBST buffer (PBS + 0.2% Tween
20; Sigma-Aldrich), samples were eluted by boiling at 100°C in 1x
SDS loading buffer for 15 min. For enrichment of ubiquitylated
proteins, MEFs or MDFs were treated as indicated, and cells were
lysed in DISC lysis buffer supplemented with 10 mM NEM and incu-
bated with Glutathione Sepharose 4B precoupled with GST-UBA1
fusion protein (produced by A. Bankovacki, WEHI, Australia) or
GST-K48 ubiquitin fusion protein (in-house) overnight at 4°C. After
washing four times with PBST buffer, samples were eluted by boil-
ing in 1x SDS loading buffer at 100°C for 15 min.
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PARG treatment

Recombinant PARG were generated in-house by M.O.H. laboratory.
Immunoprecipitated TNFR1 complex 2 was eluted with FLAG pep-
tides, and the immunoprecipitants were diluted with 2x PARG re-
action buffer [100 mM KH,POy4, 100 mM KCI, BSA (0.2 mg/ml),
and 0.2% Triton X-100]. Recombinant PARG (7.2 pg per sample) was
added, and the reaction mixture was incubated at 37°C for 3 hours,
followed by GST-WWE pull-down overnight at 4°C.

Western blotting

Cells lysates were separated on 4 to 2% gradient SDS—polyacrylamide
gels (Bio-Rad), transferred to polyvinylidene fluoride (Millipore)
membranes, and blotted with indicated antibodies purchased from
CST except for caspase-8 (M058-3, MBL Life Science), RIPK3
(33/16-8G7-1-1, WEHI antibody facility, Australia), phospho-RIPK3
(a gift from Genentech), phospho-MLKL (ab196436, Abcam), FADD
(ADI-AAM-212-E; Enzo Life Sciences), tankyrases (sc-365897, Santa
Cruz Biotechnology), TRADD (sc-7868, Santa Cruz Biotechnology),
PAR (MABC547; Sigma-Aldrich), RNF146 (73-233, NeuroMab),
cIAP1 (clone 1E1-1-12, in house), actin (A1978, Sigma-Aldrich), and
HSP90 (ADI-SPA-835, Enzo Life Sciences).

Flow cytometry

MEFs or MDFs (2 x 10%) were seeded in 96-well plates, and 2 x 10°
BMDMs were seeded in 48-well plates. Twenty-four hours later, cells
were treated as indicated for the indicated times. Cells were then
trypsinized and collected into 1.2-ml FACS tubes. Propidium iodide
(PI; 1 mg/ml) was added, and cells were spun down at 300g for
5 min at 4°C. PI signal was excited by blue laser (488 nM), and the
emission was received through B660LP filter. MLL-AF9/NRas%'*°
cells (1 x 10*) were seeded in 96-well plates and treated as indicated
for the indicated times. Cell death was analyzed by flow cytometry
using a BD FACSCalibur (BD Biosciences).

Time-lapse imaging (IncuCyte)

Percentage of cell death was assayed every 1 hour by time-lapse
imaging using the IncuCyte Live Cell Analysis imaging (Essen Bio-
Science) for 16 to 23 hours with 5% CO; and 37°C climate control.
Dead cells were identified by PI (0.25 ug/ml) staining. PI was added
to the cells 2 hours before imaging, and compounds were added
10 min before the start of imaging. Dead cells were counted using
the in-built “Basic” analysis software, and PI-positive cells were cal-
culated on the basis of the imaged area. Percentage of PI positive
(dead) was obtained by normalizing PI count to the total cell number
(SPY700-DNA cell nuclear stain, SPY505-DNA cell nuclear stain,
and GFP-positive cells) or cell confluency.

LDH release

Cell supernatant was collected before cell lysis, and LDH release was
quantified as per the manufacturer’s instructions (Promega, no.
G1780). Percentage of cytotoxicity was calculated by comparison to
LDH release from 100% lysed uninfected control cells.

MS of complex 2 interactome

After anti-FLAG immunoprecipitation, samples were eluted with
FLAG peptide and then added to a filter-aided sample preparation
column and spun (14,000¢) until volume had passed through the
column. Protein material was reduced with tris(2-carboxyethyl)
phosphine (TCEP; 10 mM final) and digested overnight with 2 pg of
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sequence-grade modified trypsin Gold (Promega, V5280) in 50 mM
ammonium bicarbonate (NH4HCO3) at 37°C. Peptides were collected
into microbial tubes and acidified with formic acid (FA) to a final
concentration of 1% (v/v). Samples were frozen at —80°C and sub-
sequently lyophilized.

Peptides were resuspended in 2% (v/v) acetonitrile (ACN)
and 1% (v/v) FA and injected and separated by reversed phase
liquid chromatography on an M-class ultra-high-performance liquid
chromatography (UHPLC) system (Waters, USA) using a 250 mm
by 75 mm column (1.7-mm C18, packed emitter tip; IonOpticks,
Australia) with a linear 90-min gradient at a flow rate of 400 nl/min
from 98% (v/v) solvent A [0.1% (v/v) FA in Milli-Q water] to 35%
(v/v) solvent B [0.1% (v/v) FA, 99.9% (v/v) ACN]. The nano-UHPLC
was coupled on-line to a Q Exactive Orbitrap mass spectrometer
equipped with an EASY-Spray ionization source (Thermo Fisher
Scientific, Germany). The Q Exactive was operated in a data-dependent
mode, switching automatically between one full scan and subse-
quent MS/MS scans of the 10 most abundant peaks. The instrument
was controlled using Q Exactive series version 2.8 build 2806
and Xcalibur 4.0. Full scans [mass/charge ratio (m/z) 350 to 1850]
were acquired with a resolution of 70,000 at 200 m/z. The 10 most
intense ions were sequentially isolated with a target value of 1 x
10 ions and an isolation width of 2 m/z and fragmented using higher
energy collisional dissociation with stepped normalized collision
energy of 19.5, 26, and 32. Maximum ion accumulation times were
set to 80 ms for full MS scan and 200 ms for MS/MS.

All raw files were analyzed by MaxQuant v1.6.10.43 software using
the integrated Andromeda search engine. Data were searched against
the mouse UniProt reference proteome with isoforms (downloaded
March 2018) and a separate reverse decoy database using a strict
trypsin specificity, allowing up to two missed cleavages. The minimum
required peptide length was set to seven amino acids. Modifica-
tions: Carbamidomethylation of Cys was set as a fixed modification,
while N-terminal acetylation of proteins and oxidation of Met were
set as variable modifications. First search peptide tolerance was set
at 20 parts per million (ppm), and main search was set at 4.5 ppm
(other settings left as default). Matching between runs and label-free
quantification (LFQ) quantitation was turned on. Maximum peptide
mass (Da) was set at 8000. All other settings in group or global
parameters were left as default.

Further analysis was performed using a custom pipeline de-
veloped in R (3.6.1), which uses the LFQ intensity values in the
MaxQuant output file proteinGroups.txt. Proteins not found in at
least 50% of the replicates in one group were removed. Missing values
were imputed using a random normal distribution of values with
the mean set at mean of the real distribution of values minus 1.8 SD
and an SD of 0.3 times the SD of the distribution of the measured
intensities. The log, fold changes and probability of differential ex-
pression between groups were calculated using the Limma R package
(3.4.2). Probability values were corrected for multiple testing using
Benjamini-Hochberg method.

MS of ADP-ribosylome

BMDMs lysates were prepared in 6 M GdnHCl and 50 mM tris (pH 8.0),
sonicated, and then stored at —80°C until liquid chromatography-
tandem MS/MS analysis. Protein disulfide bridges were reduced
with 5 mM TCEP and alkylated with 10 mM 2-chloroacetamide in
the dark at 95°C for 10 min. Proteins (10 mg) were diluted 1:12 with
in PARG buffer (72) and digested with modified porcine trypsin
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(1:25; Sigma-Aldrich) overnight at 37°C. ADP-ribose (ADPr)-Peptide
enrichments were carried out as previously described (73) with
the following protocol modifications. Following PARG-mediated
PAR-to-monomeric ADPr (MAR) peptide ADPr-modification re-
duction, the peptides were enriched using Af1521-WT (0.5 ml of
beads) (72) and eAF1521 (1.0 ml of beads) (39) macrodomain affinity
enrichment for 2 hours at 4°C. Afterward, beads were washed, and
the peptides were eluted from the beads in three steps with 100 pl of
0.15% trifluoroacetic acid (TFA). Eluted peptides were desalted
using MicroSpin C18 columns (Nest Group Inc., Southborough,
Massachusetts) as previously described (74). Samples were eluted
from the HpH column using three different percentages of ACN
(7, 15, and 50% in 20 mM NH4OH) and from the LpH column
using one condition containing 60% ACN/0.1% TFA. After elution,
the samples were dried via vacuum centrifugation, resuspended
in 12 pl of MS buffer (3% ACN and 0.1% FA), vortexed briefly,
sonicated (10 min, 100%, 25°C), and centrifuged (16,000g, 2 min,
room temperature) before MS analysis.

Identification of ADP-ribosylated peptides was performed on an
Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific),
coupled to ACQUITY UPLC liquid chromatograph (Waters). The
ADP-ribose product-dependent method called as HCD-PP-EThcD
(75) was applied, which includes high-energy data-dependent HCD,
followed by high-quality HCD and EThcD MS/MS when two or
more ADPr fragment peaks (136.0623, 250.0940, 348.07091, and
428.0372) were observed in the initial HCD scan. A detailed de-
scription of the MS parameters can be found in (75). Solvent com-
positions in channels A and B were 0.1% FA in water and 0.1% FA
in ACN, respectively. Peptides were loaded onto loaded on a com-
mercial MZ Symmetry C18 Trap Column (100 A, 5 um, 180 um x
20 mm; Waters) followed by nanoEase MZ C18 HSS T3 Column
(100 A, 1.8 um, 75 um x 250 mm; Waters). Peptides were eluted
over 110 min at a flow rate of 300 nl/min. An elution gradient pro-
tocol from 2 to 25% B followed by two steps at 35% B for 5 min and
at 95% B for 5 min, respectively, was used.

MS and MS/MS spectra were converted to Mascot generic format
(MGF) using Proteome Discoverer v2.1 (Thermo Fisher Scientific,
Bremen, Germany). For the multiple fragmentation techniques (HCD
and EThcD) that were used, separate MGF files were created from
the raw file for each type of fragmentation. Mascot searches were
carried out as previously described (75) with the following protocol
modifications. The MGFs were searched against the UniProtKB
human database (taxonomy 10090, version 20190709). Cysteine
carbamidomethylation was set as a fixed modification, and protein
N-terminal acetylation and methionine oxidation were set as vari-
able modifications. Last, S, R, K, D, E, H, C, T and Y residues were
set as variable ADP-ribose acceptor amino acids. The neutral losses
of 347.0631, 541.0611, and 583.0829 Da from the ADP-ribose
were scored in HCD fragment ion spectra (74). All relevant data
have been deposited to the ProteomeXchange Consortium via the
proteomics identification database (PRIDE) (www.ebi.ac.uk/pride)
partner repository, with the dataset identifier PXD032131.

Statistical analyses

The number of independent experiments for each dataset is stipu-
lated in the respective figure legends. Comparisons were performed
with a Student’s ¢ test whose values are represented in the figures as
¥P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; n.s., no
significance using Prism v.8.2 (GraphPad).
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