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Distinct roles of RIP1-RIP3 hetero- and RIP3—-RIP3
homo-interaction in mediating necroptosis

X-N Wu'?, Z-H Yang'?, X-K Wang', Y Zhang', H Wan', Y Song’, X Chen', J Shao' and J Han*'

Necroptosis is mediated by a signaling complex called necrosome, containing receptor-interacting protein (RIP)1, RIP3, and
mixed-lineage kinase domain-like (MLKL). It is known that RIP1 and RIP3 form heterodimeric filamentous scaffold in necrosomes
through their RIP homotypic interaction motif (RHIM) domain-mediated oligomerization, but the signaling events based on this
scaffold has not been fully addressed. By using inducible dimer systems we found that RIP1-RIP1 interaction is dispensable for
necroptosis; RIP1-RIP3 interaction is required for necroptosis signaling, but there is no necroptosis if no additional RIP3 protein
is recruited to the RIP1-RIP3 heterodimer, and the interaction with RIP1 promotes the RIP3 to recruit other RIP3; RIP3-RIP3
interaction is required for necroptosis and RIP3-RIP3 dimerization is sufficient to induce necroptosis; and RIP3 dimer-induced
necroptosis requires MLKL. We further show that RIP3 oligomer is not more potent than RIP3 dimer in triggering necroptosis,
suggesting that RIP3 homo-interaction in the complex, rather than whether RIP3 has formed homo polymer, is important for
necroptosis. RIP3 dimerization leads to RIP3 intramolecule autophosphorylation, which is required for the recruitment of MLKL.
Interestingly, phosphorylation of one of RIP3 in the dimer is sufficient to induce necroptosis. As RIP1-RIP3 heterodimer itself
cannot induce necroptosis, the RIP1-RIP3 heterodimeric amyloid fibril is unlikely to directly propagate necroptosis. We propose
that the signaling events after the RIP1-RIP3 amyloid complex assembly are the recruitment of free RIP3 by the RIP3 in the
amyloid scaffold followed by autophosphorylation of RIP3 and subsequent recruitment of MLKL by RIP3 to execute necroptosis.
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Necroptosis is a type of programmed necrosis characterized
by necrotic morphological changes, including cellular orga-
nelle swelling, cell membrane rupture, ' and dependence of
receptor-interacting protein (RIP)1* and RIP3.5~ Physiological

function of necroptosis has been illustrated in host
defense,® " inflammation,’™'® tissue injury,'®'""'® and
development.'®2!

Necroptosis can be induced by a number of different
extracellular stimuli such as tumor necrosis factor (TNF). TNF
stimulation leads to formation of TNF receptor 1 (TNFR1)
signaling complex (named complex 1), and complex Il
containing RIP1, TRADD, FAS-associated protein with a
death domain (FADD), and caspase-8, of which the activation
initiates apoptosis. If cells have high level of RIP3, RIP1
recruits RIP3 to form necrosome containing FADD,?*72*
caspase-8, RIP1, and RIP3, and the cells undergo necropto-
sis.2>26 Caspase-8 and FADD negatively regulates necrop-
tosis,?”*° because RIP1, RIP3, and CYLD are potential
substrates of caspase-8.2"3* Necrosome also suppresses
apoptosis but the underlying mechanism has not been
described yet. Mixed-lineage kinase domain-like (MLKL) is
downstream of RIP3,%%3¢ and phosphorylation of MLKL is
required for necroptosis.®” 2

Apoptosis inducing complex (complex Il) and necrosome
are both supramolecular complexes.**™*° A recent study

showed that RIP1 and RIP3 form amyloidal fibrils through their
RIP homotypic interaction motif*® (RHIM)-mediated polymer-
ization, and suggested that amyloidal structure is essential for
necroptosis signaling.*” The RIP1-RIP3 heterodimeric amy-
loid complex is believed to function as a scaffold that brings
signaling proteins into proximity to permit their activation.
However, RIP1 and RIP3 also can each form fibrils on their
own RHIM domains in vitro. It is unclear how the homo- and
hetero-interactions are coordinated and organized on the
amyloid scaffold to execute their functions in necroptosis.
Here, we used inducible dimerization systems to study the
roles of RIP1-RIP1, RIP1-RIP3, and RIP3—-RIP3 interactions
in necroptosis signaling. Our data suggested that it is the
RIP1-RIP3 interaction in the RIP1-RIP3 heterodimeric
amyloid complex that empowers to recruit other free RIP3;
homodimerization of RIP3 triggers its autophosphorylation
and only the phosphorylated RIP3 can recruit MLKL to
execute necroptosis.

Results

Domains in RIP1 that control dimerization or polymer-
ization and their role in necroptosis and apoptosis. RIP1
contains a kinase domain, an RHIM domain, and a death
domain (DD) (Figure 1a).*® As dimerization or polymerization
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of RIP1 is considered to be involved in TNF-induced
necroptosis and/or apoptosis,*® we first evaluated the
contributions of these domains to the interaction between
RIP1 proteins. HA-RIP1 mutants (Figure 1a) were co-
expressed with or without Flag-tagged full-length RIP1 in
293T cells and their interaction was determined by co-
immunoprecipitation (Figure 1b). The results showed that
both RHIM and DD were capable of mediating the interaction
between RIP1 proteins (Figure 1b).

Total internal reflection fluorescence microscopy, com-
bined with the conventional pull-down assay with a single
molecule, enables direct visualization of individual protein
complex from the cell extract.’® We use this method to

determine the potential of DD and RHIM domain in forming
dimers or polymers. We expressed Flag-RFP-tagged DD or
RHIM domain of RIP1 in 293T cells and prepared a flow
chamber covered with anti-Flag antibody.®® The immunopre-
cipitated complexes of DD and RHIM domain were visualized
through RFP (Figures 1c and d). Applying a defined
continuous laser power to these complexes could induce
stepwise loss of fluorescence,®® thereby obtaining stoichio-
metric information. The distribution of photobleaching steps of
DD was binomial (Figures 1e and f), suggesting that DD of
RIP1 prefers to form dimer. Meanwhile, the analysis of RHIM
revealed bright fluorescent spots (Figure 1d) and unresolved
bleaching steps (Figure 1g), suggesting RIP1’s RHIM domain
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Figure1 The RHIM and DD domains are both capable of mediating the interaction of RIP1 proteins. (a) Schematic representation of murine RIP1 and its truncations. K, I,
and D represent the kinase domain, intermediate sequence, and DD of RIP1, respectively. RHIM mut represents QIG529-531AAA mutation on the RHIM in RIP1. The amino
acid number is indicated. (b) Flag-RIP1 was co-transfected with HA-RIP1 mutants in 293T cells. Thirty-six hours post transfection, cell lysates were immunoprecipitated with
anti-Flag antibody. The cell lysates and immunoprecipitates were analyzed by western blotting. (¢ and d) Total internal reflection fluorescence (TIRF) of Flag-RFP-tagged DD
(c) or RHIM domain (d). (e-g) Photobleaching step distribution for Flag-RFP-tagged DD (e and f) and RHIM domain (g)
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potentially contributes to polymerization, as is consistent with
a recent report indicating RHIM forms amyloidal complex.*”
As RIP1 is involved in necroptosis and apoptosis,*® we
checked the requirement of its RHIM and DD in cell death.
According to previous reports, pan-caspase inhibitor Z-Val-
Ala-DL-Asp-fluoromethylketone (zVAD) was used to distin-
guish apoptosis from necroptosis.® RIP1 mutants were
overexpressed in Rip? '~ Rip3® MEF, which lacks the
expression of RIP1 and RIP3 (Zhang et al.®; Figure 2a). As
reported, overexpression of full-length RIP1 leads to caspase-
dependent cell death (apoptosis) in Rip7 ~/~ Rip3® MEFs and
caspase-independent cell death (necroptosis) in Rip1 ~'~ Rip3*
MEFs, in which RIP3 expression is reconstituted (Figure 2a).
Deletion of DD (ADD) abolished its ability to induce apoptosis
but not necroptosis (Figure 2a). Overexpression of
RIP1RAIM mUADD  the RIP1 with ADD plus RHIM™", could
not cause RIP3-dependent necroptosis (Figure 2a). These
data demonstrated that the DD domain of RIP1 is required for
apoptosis, while the RHIM domain is required for necroptosis.

RIP1-RIP1 interaction is dispensable for necroptosis.
RIP1’s RHIM domain mediates RIP1-RIP1 and RIP1-RIP3
interaction. To determine whether the loss of function of
RIP1RHIM mut i necroptosis is due to defect in either RIP1—
RIP1 interaction or RIP1-RIP3 interaction, or both, we
constructed RIP1 and RIP3 into a heterodimer expressing
system. In brief, we fused RIP1RHM mut gp{RHIM mutapp
and RIP3VT with two heterodimer adaptors, which are FKBP
(FK506-binding protein) and FRB* (domain of mTOR with a
point mutation T2098L), as indicated (Figure 2b). The
interaction of FKBP and FRB* can be induced by a
rapamycin analog AP21976.%' The RHIM domain in RIP1
was mutated to ensure the inducible interaction is RHIM
independent.

Overexpression of FKBP-RIP1RHM mut o FrB* R|p1 RHIM mut
caused apoptosis in Hip1”’Hip3d MEFs, and this
apoptosis could be abolished by DD deletion and slightly
reduced by necrostatin-1 (Nec-1), whereas overexpression of
FRB*-RIP3"T caused necroptosis (Supplementary Figure S1a
and b). By controlling the titer of lentiviral vectors and selecting
the live cells, the overexpression effect was avoided and the
expression levels of these FKBP or FRB fusion proteins were
lower than their endogenous counterparts (Figure 2c). We then
treated these cells with or without AP21967 to study the effect of
the dimerization of given RIP1 or RIP3 mutants in Rip? =/~
Rip3' MEFs. The results demonstrated that AP21967 had no
effect on viability of the cells expressing any of these proteins
alone (Figure 2c). AP21967 induced death in cells expressing
FKBP-RIP1RHM mut p1us FRB*-RIP3VT (Figure 2c), demon-
strating the role of RIP1-RIP3 interaction in necroptosis. To
exclude the possibility that DD-mediated interaction between
RIP1RHIM MUt 5oteins has a role in AP21967-induced cell death,
we co-expressed FKBP-RIP1RHIM MUADD with FRB*-RIP3WT
and found AP21967 induced the same level of death in these
cells as compared with the cells expressing FKBP-RIP1RHM mut
with FRB*-RIP3"T: we co-expressed FKBP-RIP1R1M mitApp
with FRB*-RIP1RHIM MUADD and did not detect any cells death
after AP21967 treatment (Figure 2c). Thus, RIP1-RIP3
interaction is required for necroptosis while RIP1-RIP1 is
dispensable.
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The RIP1-RIP3 heterodimer itself cannot initiate
necroptosis. As the RIP3, in RIP1RHM MUt g1p3WT complex,
could interact with other RIP3 via its intact RHIM domain, we
next determined whether this RHIM domain is required for
RIP1RHIM mut R1p3WT induced necroptosis (Figure 2c). We
co-expressed FRB*-RIP3™HM MUt (Figure 2d), whose interaction
with another RIP3 was disrupted by mutations in RHIM
(Supplementary Figure S2a), with FKBP-RIP1RHM mut i,
Rip1~'~ Rip3 MEFs. Indeed, addition of AP21967 did not
induce cell death in the cells expressing both FKBP-RIP17HM mut
and FRB*RIP3 RHM mut (Figyre 2d), indicating that
RIP1-RIP3 heterodimer itself cannot induce necroptosis.

Recruitment of additional RIP3 proteins to RIP1-RIP3
heterodimer causes necroptosis. As the inducible inter-
action of RIP1RHM mutgpgWT ' pyt not RIP1RAIM mut.
RIP3RHIM mut - caused necroptosis (Figure 2d), we reasoned
that RIP3™T interacts with other RIP3 through its RHIM
during AP21967 treatment. To test this, we first performed
co-immunoprecipitation and found that AP21967 induced
dimerization of RIP1RHIM mutgpgRHIM mut’ a5 well as
RIP1RHIM mut B1P3WT (Figure 2e). We noticed a band shift
of exogenously expressed wild-type (WT) RIP3, which
should be resulted from T257 phosphoryation.® The T257
phosphorylation of RIP3 is not involved in necroptosis but
why it requires RHIM domain is unclear.

Next, we analyzed whether FRB*-RIP3"T in the RIP1RHIM mut
-RIP3™T heterodimer is able to interact with other RIP3, by
including another HA-RIP3, as we were unable to determine
whether there was another FRB*-RIP3 in complex. Additional
low level of HA-RIP3 did not change the profile of cell death
in response to AP21967 (Figure 2f). From the cells
co-expressing FKBP-RIP1 RHIM mut “eRp« RIP3WT and HA-
RIP3, we found that HA-RIP3 only interacted with AP21976-
induced RIP1RHIM mut_gip3WT complex, but not RIP1RHIM mut
—RIP3RHIM mut complex (Figure 2g), thereby suggesting that
inducible RIP1-RIP3 heterodimer could recruit another RIP3
protein and this recruitment may be required for necroptosis.
Caspase-8 is known to inhibit necroptosis'®2°3! and zVAD
indeed tended to increase the cell death induced by RIP1—
RIP3 complex, although the enhancement is not always
statistically significant (Figures 2c, d and f). The participation
of caspase-8 in RIP1-RIP3 dimer-induced cell death was
supported by the data that caspase-8 can be detected in
AP21967-induced RIP1-RIP3 complex (Supplementary
Figure S2d).

RIP3-RIP3 homodimerization is sufficient to trigger
MLKL-dependent necroptosis. As RIP1-RIP3 hetero-
dimer needs additional RIP3 protein(s) for necroptosis
signaling (Figures 2f and g), we further investigated whether
RIP3 dimerization is sufficient to induce necroptosis. After
confirming the AP21967-induced FKBP-RIP3RHIM mut gng
FRB*-RIP3RHIM mut jntaraction in 293T cells (Figure 2b and
Supplementary Figure S2b), we co-expressed these two
proteins in WT and Hipf/’.‘?ip\’a’d MEF cells, and examined
cell death. The results showed that AP21967 effectively
induced necroptosis in cells expressing both proteins, but not
any of them alone (Supplementary Figures S2c and 3a),
indicating that RIP3 homodimer but not monomer induces

1711

Cell Death and Differentiation



RIP1-RIP3 and RIP3-RIP3 dimers in mediating necroptosis

X-N Wu et a/
1712
a b
MEF EKBP-RIP1RHIM mut F=__ x| m
Rip1/- | Rip1'-
‘ Rip3® | Rip3* FRB*-RIP1RHIM mut [FR o+ G i (oDl
HA-RIPL|*[-|-|+|-]|-
HA-RIPLADD - |+|- |- +|-| FKBP-RIPIRMMmUADD FEE= (kD] =g
HA-RIPIRHMmMUA ADD | _ | _ (4. - 4
. FRB*-RIP1RHIM mutADD [FifeE= KD >
R
ZRT S FRB*-RIP3WT EE= k]
©
3 FRB*-RIP3R#Mmut  [EE=[ kD | I
I
o FKBP-RIP3RHMmut @R [ k5 |  hgd
c Rip1/Rip34 d - Rip1/-Rip3¢
HA-FKBP-RIPIRHIM™t) _ | 4 p | .. .| Myc-FKBP-RIPIRHIMmut | _ | o | | 4 | . | 4
HA-FKBP-RIP1RHIMmUutADD | - | - | - [+ | +| - | + Flag-FRB*-RIP3RHMmut | _ | _ | 4 | 4| _ | -
Flag-FRB*-RIP3WT| + | - | +| - |+ - |- e "
Flag-FRB*-RIP1R*HMmutADD | - | - | - |- |- [+ |+ Flag-FRB*-RIP3 wEEEY
1234567 - >
control . 40 s e §§ 601 [ control 1
7 NAD s gl® W s 3 |z .
%S4 20, E B
N T 3 10 - =
a & — w o =
<TI ol = 58
=
-10 = <
anti-RIPL & - .
ant-RIP3E— — — —_ Myc-FKBP-RIP1 M mut - | - ||+ +|+|+|+
anti-Flag 3o — =N Flag-FRB*-RIP3RHMmut - |- |- |- |4 4 - -
_ anti-HA ¥ E—— Flag-FRB*-RIP3WT + - |- |- - - |4+
anti-B-Actin HA-RIP3WT - |+ +|+ + +|+|+
e f Rip1-/-Rip3? AP21967 + +|- |+ - |+ - +
Myc-FKBP-RIP1RHMmut 4| - |- |+ |+ ++|  Myc-FKBP-RIP1RMmat| _ | 4| 4 HA
Flag-FRB*-RIP3RHMmut - |+ - |+ + - -|  Flag-FRB*-RIP3RHM mut| - | 4| - IP:Myc | Flag -
Flag-FRB*-RIP3WT - |- +|- - ++ Flag-FRB*-RIP3wT| - | - | + Myc RESSS—
AP21967 *++/+|- + - |+ HA-RIP3wr + | +| + HA ESNNEREN
L - 123 Lysate | Flag —
Flag - 1 W control § — 50 ] Myc e
IP:Myc wnNaD 3 X 40 *k
Myc e @®= 25 30
T8 2
Flag —®eo== o 18
Lysate vl . 53 0
yc - & 20

Figure2 The RIP1-RIP3 heterodimer itself cannot initiate necroptosis, but recruitment of additional RIP3 protein(s) to this heterodimer causes necroptosis. (a) Rip?~'~ Rip®
and Rip?~'~ Rip3* MEF cells were infected with lentivirus encoding the RIP1 variants as indicated, cultured with or without ZVAD (20 1:M). Thirty hours after infection, cell
death assay was performed using propidium iodide (PI) exclusion. (b) Schematic representation of the heterodimer adaptors (FKBP and FRB*) fused RIP1 and RIP3 variants.
RHIM mut in RIP3 represents QIG449-451AAA mutation in RHIM domain. (¢, d and f) Rip1 ~/~ Rip3 MEF cells were infected with lentivirus as indicated, followed by the
heterodimerizer AP21967 treatment (250 nM), with or without ZVAD (20 1M). Cell loss was determined by ATP levels. (e and g) 293T cells were transfected with the indicated
constructs. After 36 h, these cells were treated with mock or AP21967 (250 nM) for 1 h, followed by immunoprecipitation with anti-Myc antibody and subsequent western
blotting analysis. All data above were represented as mean + S.E.M. of three independent experiments. *P<0.05. **<0.01. n.s., nonsignificant

necroptosis and this is RIP1 independent. We also used estrogen receptor. To avoid the effect of serum estrogen,
another dimerization system based on estrogen-induced HBD*, a mutated HBD (G521R) that binds to a synthetic
homodimerization of hormone-binding domain (HBD) of anti-estrogen 4-hydroxytamoxifen (4-OHT) more effectively
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than estrogen,®® was used in our experiments. The HBD*
was fused to either N- or C-terminal of RIP3 RHIM mut
(Supplementary Figure S3a). The HBD*-RIP3RHM mut gnq
RIP3RHIM mut_ BN+ were introduced into Rip?~'~ Rip3® MEF
cells or L929 cells, respectively. Consistently, cell death was
induced by 4-OHT in cells expressing HBD*-RIP3RHIM mut
(Supplementary Figures S3b and c). However, 4-OHT did not
induce death in the cells expressing RIP3RHM mutjpp+
(Supplementary Figure S3b). It is possible that the fusion of
HBD* to C-terminal of RIP3 interferes with its function. Using
RIP3 with C-terminal fusion of a dimerization domain to study
the effect of RIP3 dimerization on cell death was recently
reported®* % and Orozco et al., submitted). They showed
that C-terminus-mediated dimerization of RIP3ARH™ could
not induce necroptosis, which is in line with our observation.
Nonetheless, our data demonstrated that dimerization of
RIP3 is sufficient to trigger necroptosis.

To determine whether RIP3 homodimer-induced necroptosis
is MLKL-dependent, we stably expressed FKBP-RIP3RHIM mut
and FRB*-RIP3RHM MUt in A1kl knockout (KO) L929 cells,
while Rip3 KO L929 was used as control. We found that RIP3
homodimerization could not induce necroptosis when Mik/
was deleted, while in contrast, it effectively induced necrop-
tosis in Rip3 KO cells (Figure 3b). Neither zZVAD nor RIP1
kinase inhibitor Nec-1 inhibited RIP3 homodimer-induced
necroptosis (Figure 3c), confirming that RIP3 dimer-induced
necroptosis does not require RIP1 and is caspase indepen-
dent. Taken together, these data demonstrated that similar to
TNF-induced necroptosis, RIP3 homodimer-induced necrop-
tosis requires MLKL.

To ensure that the necroptosis referred above was indeed
induced by RIP3 dimer but not polymer, we performed size-
exclusion chromatography to fractionate lysates from control
and AP21967-treated cells expressing HA-FKBP-RIP3RHIM mut
and Flag-FRB*-RIP3RHIM MUt ‘ang both Rip3 KO and Mikl KO
L929 cells were used. To determine which fractions are rich of
the RIP3 dimer, we immunoprecipitated Flag-FRB*-RIP3™HM mut
from each column fractions. The co-immunoprecipitation
showed that AP21967-induced complex was present in the
fractions 15-16 with molecular mass of 158-440kDa
(Figure 3d), while this complex could not be detected in
mock-treated cells, and the results are similar in Rijp3 KO and
MikI KO cells (Figure 3d).

To analyze the size of TNF-induced endogenous RIP1/
RIP3 complex for comparison, we used a L929 cell line, in
which a Flag tag coding sequence was inserted into the RIP3
gene to express C-terminal Flag-tagged RIP3 and it behaves
the same as WT L929. The co-immunoprecipitation showed
that RIP1 interacted with Flag-tagged RIP3 in the fractions
9-10 (Figure 3e), as is consistent with published results
that RIP1/RIP3 complex is about 2MDa.**** These data
confirmed that the size of AP21967-induced RIP3 complex is
different from TNF-induced RIP1/RIP3 complex.

To further determine the exact size of AP21967-induced
RIP3 complex, we cross-linked proteins with disuccinimidyl
suberate (DSS) and immunoprecipitated Flag-FRB*-RIP3RHIM mut,
Western blotting of the Flag immunoprecipitates with anti-HA
antibody revealed an AP21967-induced complex with a
molecular mass between 130 and 170kDa (Figure 3f).
As the molecular masses of HA-FKBP-RIP3RHM mut gng

RIP1-RIP3 and RIP3-RIP3 dimers in mediating necroptosis
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Flag-FRB*-RIP3RHIM Mut are 75 and 70kDa, respectively,
AP21967 indeed induced dimerization of RIP3. It needs to
note that we did not see a band between 130 and 170kDa in
the western analysis of Flag immunoprecipitates by anti-flag
antibody, which is most likely due to that the Flag
immunoprecipitates containing all kinds of cross-linked
Flag-FRB*-RIP3, which overwhelmed the signal of
Flag-RIP3 in the HA-FKBP-RIP3RHIM mut and Flag-FRB*-
RIP3RHIM mut gimers. DSS appears to have cross-linked a
large number of different proteins, as the monomers of HA-
and Flag-tagged proteins were dramatically reduced after
DSS treatment (Figure 3f). Another note is that we only can
detect RIP3 dimer but not RIP3-MLKL complex in the cross-
linking experiments, which might be due to that RIP3-MLKL
complex is less abundant than AP-induced RIP3 dimer and
also could be heterogenous.

Oligomerization of RIP3 is not more potent than
dimerization in generating necroptosis signaling. TNF-
induced necrosome complex is mega Dalton in size**~*® and
a fibrillar core structure of RIP1-RIP3 complex in cells has
been observed.*” As RIP1-RIP3 interaction itself cannot
trigger necroptosis, there must be RIP3—RIP3 homodimeric
or oligomeric interaction in necrosome for necroptosis
signaling. As RIP3 itself can form amyloidal oligomers
in vitro,*” we sought to determine whether there is a
difference in necroptosis signaling if dimer or oligomer of
RIP3 was formed. To address this, we first examined
whether FKBP-RIP3YT and FRB*-RIP3FHM mut complex
contains multiple RIP3, as RHIM is responsible for oligomer-
ization.*” We co-expressed both proteins in L929 cells and
analyzed AP21967-induced RIP3 complexes by size-exclu-
sion chromatography (Figure 4a). We detected that RIP3
dimer complex formed by RIP3WT-RIP3RHM MUt mainly in
fractions 13-16, and that a small portion of complex
containing RIP3WT-RIP3RHIM mut 45 well as endogenous
RIP3 in fractions 7-10 with molecular mass of 2MDa,
indicating that AP21967 induced a complex containing
multiple RIP3 (Figure 4a). The amount of RIP3 in the
2MDa complex is ~10% of that in dimer complex based on
the measurement of HA and endogenous RIP3 (Figure 4a).
We then co-expressed Flag-FRB*-RIP3RHM MUt together with
HA-FKBP-tagged RIP3"HM mut or RIP3YT in L929 cells. We
found that AP21976-induced cell death were completely
comparable, regardless of whether RIP3WT or RIP3RHIM mut
was co-expressed with Flag-FRB*-RIP3FHIM mut (Figyre 4b),
suggesting that the complex containing RIP3 oligomer was
not more potent than RIP3 dimer in mediating necroptosis.
Similar results were also observed in Rip3 KO cells
(Figure 4c). Thus, as for necroptosis signaling per se RIP3
dimer and oligomer are functionally the same.

RIP3 dimerization leads to intramolecular auto-
phosphorylation of RIP3. RIP3 is autophosphorylated in
necrosome.>”%2 However, it is not clear whether RIP3
autophosphorylation is mediated by inter- or intramolecular
reaction. We examined whether RIP3 was phosphorylated
after dimerization with specific anti-phospho-RIP3 (T213/
S232) antibody. The result showed that RIP3 dimerization
led to phosphorylation on T231 or S232 (Figure 5a). There
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Figure 3 RIP3 homo-dimerization is sufficient to trigger MLKL-dependent necroptosis. (a) Rip? '~ Rip® MEF cells were infected with lentivirus as indicated, followed by
AP21967 treatment (250 nM) for 12 h, with or without zZVAD (20 uM). Cell loss was determined by ATP levels. (b and ¢) Rjp3 KO and Mikl KO L929 cells were infected with
lentivirus as indicated. Thirty-six hours post infection, these cells were treated with AP21967 (250 nM) for various time intervals (b), or were pretreated with DMSO, zVAD (20 uM),
or necrostatin-1 (Nec-1, 30 M) for 30 min, followed by AP21967 treatment (250 nM) for 6 h. (c) Cell death was determined by Pl exclusion. (d) The cells as indicated were treated
with mock or AP21967 (250nM) for 30min. The cell lysates were fractionated on SuperoseTM 6 size-exclusion column. These fractions were then subjected to
immunoprecipitation with anti-Flag antibody, followed by western blot analysis. (€) The Rjp3-Flag knock-in L929 cells were treated with mock or TNF + zVAD for 2 h. The cell
lysates were fractionated as described in d, followed by anti-Flag immunoprecipitation and westem blot analysis. (f) The cells as indicated were treated with mock or AP21967
(250 nM) for 30 min, followed by DSS cross-link reaction as described in Methods. The cells were then lysed and immunoprecipitated with anti-Flag antibody followed by western
blotting with anti-HA antibody. Westem blotting of immunoprecipitates with anti-Flag antibody shows the equal immunoprecipitation of different samples. Westemn blotting of total
cell lysates shows equal samples used in the immunoprecipitation. All data above were represented as mean + S.E.M. of three independent experiments. **P<0.01
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Figure 4 Oligomerization of RIP3 is not more potent than dimerization of RIP3 in generating necroptosis signaling. (a) Wild-type L929 cells were infected with lentivirus
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expression was determined by western blot analysis and the cell death was determined by ATP levels. The data were represented as mean £ 95% confidence interval (Cl) of

three independent experiments. n.s., nonsignificant

was no phosphorylation in kinase dead mutant (D143N), but
normal phosphorylation on the kinase normal partner in
AP21967-induced homodimer (Figure 5b, lanes 1-8), indi-
cating that the autophosphorylation in homodimer is
mediated by intramolecular reaction. As induced RIP1-
RIP3 interaction triggers RIP3 dimerization (Figure 2g), we

also determined the phosphorylation of T231/S232 on RIP3
within hetrodimer, and found that only WT RIP3, but not
RHIM mutant, was phosphorylated (Supplementary Figure
S2e). This autophosphorylation is independent of MLKL,
because similar results were also observed in Mikl KO cells
(Figure 5b, lanes 13-20). The specificity of anti-phospho-RIP3
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Figure 5 RIP3 homo-dimerization triggers intramolecular autophosphorylation. (a) The Rip3 KO L929 cells, expressing the indicated RIP3 variants, were treated with
AP21967 (250 nM) for 30 min. The cell lysates were analyzed by western blotting with antibodies as indicated. (b-d) Rip3 KO and Mikl KO L929 cells were infected with
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T231A/S232A mutation. The cell lysates were analyzed by western blotting. The cell death was determined by Pl exclusion. All data above were represented as

mean + S.E.M. of three independent experiments. **P<0.01

antibody was determined by the phosphorylation sites
mutant (T231A/S232A, indicated as AA) (Figure 5b, lanes 9-12).
WT RIP3 was still able to undergo autophosphorylation when
it dimerized with RIP3 (AA) mutant (Figure 5b, lanes 9
and10). Collectively, our data demonstrate that RIP3
autophosphorylation is an intramolecular reaction and
independent of MLKL.

Cell Death and Differentiation

It is known that RIP3’s kinase activity and autophosphor-
ylation are required for necroptosis.>® However, it is not clear
whether the loss of kinase activities or T231/S232 phosphor-
ylations in one or some RIP3 protein molecules in necrosome
would affect necroptosis signaling. We co-expressed FKBP
and FRB*-tagged RIP37HM MUt containing no mutation, K51A
(kinase dead) or D143N (kinase dead) mutation, or AA



mutation with different combinations in Rip3 KO L929 cells,
and measured AP21967-induced necroptosis. We found that
although one kinase dead RIP3 in a dimer blocked its own
phosphorylation, as long as the other RIP3 in the dimer has
kinase activity, the dimer is still capable to induce necroptosis
(Figure 5c¢, lanes 1-4 and 7). Only the loss of the kinase
activity of both RIP3 molecules in homodimer led to complete
loss of the function of triggering necroptosis (Figure 5c, lanes
5-6 and 8-9). Similar results were observed when AA mutant
was used (Figure 5c, lanes 10-12). Further time course
experiments showed that defect in kinase activity or auto-
phosphorylation of one RIP3 in dimer attenuated dimer-induced

RIP1-RIP3 and RIP3-RIP3 dimers in mediating necroptosis
X-N Wu et al

necroptosis (Figure 5d). Thus, not all RIP3 in necrosome need
to be active to trigger necroptosis, but the kinase activity
mediated autophosphorylation of each RIP3 protein has
additive effect on triggering necroptosis.

Dimerization-mediated phosphorylation of RIP3 leads to
recruitment of MLKL. To investigate whether dimerization-
induced phosphorylation of RIP3 is required for MLKL
recruitment, we co-expressed FKBP and FRB*-tagged
RIP3RHIM mut i | 929 cells and treated the cells with or
without AP21967. The co-immunoprecipitation results
showed that MLKL was detected in the immunoprecipitates
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Figure 6 RIP3 homo-dimerization leads to MLKL recruitment. (a and b) Rip3 KO and Mikl KO L929 cells were infected with lentivirus as indicated. Thirty-six hours post
infection, these cells were treated with mock or AP21967 (250 nM) for 30 min. The cell lysates were immunoprecipitated with anti-Flag antibody and then analyzed by western
blotting. (¢) Proposed model of signaling events in necrosome
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of RIP3 dimer in Rip3 KO but not in control Mikl KO cells
(Figure 6a). We next tested whether D143N or AA mutation
would affect the recruitment of MLKL and found that neither
the dimer of kinase dead mutant nor that of phosphorylation
site mutant could recruit MLKL (Figure 6b). Thus, RIP3
dimerization mediated autophosphorylation of RIP3 is
required for MLKL to be recruited to RIP3 complex.

Discussion

It is known that necrosome is an MDa complex. Although the
other necrosome components such as FADD and caspase-8
contribute to the size of necrosome, the amyloid complex of
RIP1 and RIP3 should be the core of necrosome. It is known
that RHIM domain in RIP1 and RIP3 mediates polymerization
of RIP1 and RIP3 to form heterodimeric amyloid scaffold,
which provides a platform for signaling reactions to occur in
necrosome.*” However, the role of RIP1-RIP3 hetero- and
RIP3—-RIP3 homo-interaction, order of the signaling events
and how the signaling proteins organized on the amyloid
scaffold is stillimportant to know. Based on the data presented
in this report, we proposed a model shown in Figure 6¢. The
upstream signal leads to the formation of RIP1-RIP3
heterodimer, which functions as seeds to form heterodimeric
amyloid scaffold; the interaction with RIP1 enables RIP3 in the
end of the scaffold fibril to recruit other free RIP3; the RIP3—
RIP3 interaction leads to RIP3 intramolecular autophosphor-
ylation; the phosphorylated RIP3 recruits MLKL for subse-
quent execution of necroptosis.

The polymerization potential of RHIM in vitro suggests that
RIP1 and/or RIP3 could be polymerized in a random manner.
The RIP1-RIP3 heterodimer could be a seed for filamentous
complex formation.*” As the formation of hetero-oligomeric
fibrils is more optimal (with lle-Val contacts) than homo-
oligomeric complex of RIP1 or RIP3 (with lle-lle or Val-Val
contacts) as predicted by structural studies,*’ the necrosome
scaffold is likely to be primarily RIP1-RIP3 heterodimeric
amyloid. As RIP1-RIP3 interaction by itself cannot propagate
necroptosis signaling (Figure 2), the RIP1-RIP3 portion of the
scaffold is unlikely to transduce signaling downstream. As
RIP3-RIP3 homodimerization but not RIP1-RIP1 or RIP1—
RIP3 dimerization is responsible for downstream necroptosis
signaling (Figures 2 and 3), and we showed that interaction
with RIP1 allows RIP3 to become capable of recruiting other
free RIP3 (Figure 2g), recruitment of RIP3 to the RIP3 in the
scaffold should be the next signaling step after RIP1-RIP3
complex formation. Because of the higher affinity of RIP1-
RIP3 interaction than that of RIP3-RIP3 interaction, high
concentration of free RIP3 would favor the recruitment of RIP3
by the RIP3 in the scaffold and high level of RIP1 could have a
negative effect. This prediction is consistent with Oberst
group’s data that RIP1 has both positive and negative role in
RIP3-mediated necroptosis.®® As the potency of RIP3 dimer is
not less than RIP3 oligomer in inducing necroptosis (Figure 4),
there is not a functional requirement of forming RIP3
oligomers, although RIP3 by itself can do so in vitro.*” If
RIP3-RIP3 dimer was considered as function unit, the
number of this unit, rather than whether this unit is
continuously linked together (homopolyer) or randomly dis-
tributed in RIP1-RIP3 heterodimeric polymer, is important for
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necroptosis signaling. The size of necrosome may not be
important for necroptosis signaling, as artificial dimerization of
RIP3 is sufficient to trigger necroptosis. It has been reported
that defect in RIP3 phosphorylation or depletion of MLKL
caused massive RIP3 aggregation,® suggesting that recruit-
ment of MLKL actually prevents the RIP3 homo-interaction
from forming large molecular weight aggregates. Thus, the
amyloid structure in necrosome should be tightly controlled
and the signaling events on the amyloid scaffold in necrosome
should be organized.

The assembly of highly oligomeric signalosomes has been
proposed to be an emerging principle in signal transduction.*”
Compared with other oligomeric scaffold such as DD domain-
mediated oligomers, RHIM domain appears to be more
capable in oligomerization (Figure 1), but the impact of such
ability on signal transduction is unclear. Our data suggests
that high-order oliogmerization is not indispensable for
necroptosis signaling, although a platform for protein—
protein interaction is absolutely required for signaling to
necroptosis. Published studies have already demonstrated
that specific scaffold is required for accurate signaling
transduction such as DD for apoptosis and RHIM for
necroptosis. Our data reported here may decipher the
functional units in supramolecular necrosome and open fresh
perspectives for signaling within this complex.

Materials and Methods

Cells. Rip1~'~ Rip® MEF was renamed from Rip7~'~ MEF as described,’ as
RIP3 protein cannot be detected in this cell line. Human embryonic kidney 293T
cells and mouse fibroblast L929 cells were obtained from American Type Culture
Collection. Rip3 KO and Mkl KO L929 cell lines were generated using TALE-
nucleases methods as described.® RIP3-Flag knock-in L929 cells were generated
by inserting Flag-tag coding sequence downstream of Rip3 gene on genome using
recombination methods, followed by verification using genomic PCR and western
blotting.

DNA constructs. Plasmids used as templates containing FK506-binding
protein domain (FKBP) and the mutant FRB domain (FRB*) were obtained from
ARGENT Regulated Heterodimerization Kit kindly provided by ARIAD Pharma-
ceuticals (Cambridge, MA, USA; now iDimerize Inducible Heterodimer System
by Clontech, Palo Alto, CA, USA). To generate the target fusion constructs, FKBP,
FRB* (T2098L), HBD* (G521R), murine RIP1°"M ™t (QG529-531AAA),
RIP3RHIM Mt (QG449-451AAA), and RIP3 were amplified by standard PCR
and cloned into the lentiviral vector pBOBI using the Exo lll-assisted ligase-free
cloning method. D143N, K51A, and T231A/S232A mutation RIP3 were introduced
by two-round PCR. All plasmids were verified by DNA sequencing.

Reagents. AP21967 (now A/C Heterodimerizer) was obtained from ARIAD
Pharmaceuticals. Benzyloxycarbonyl-Val-Ala-Aspfluoromethylketone (zVAD) was
obtained from Calbiochem (San Diego, CA, USA). 4-Hydroxytamoxifen and
propidium iodide were from Sigma (St. Louis, MO, USA). Necrostatin-1 (Nec-1)
was provided by EMD Chemicals (Gibbstown, NJ, USA). Murine TNFo was
purchased from eBioscience (San Diego, CA, USA). DSS was obtained from
Thermo Scientific Pierce Biotechnology (Rockford, IL, USA).

Cell death assay. Cell death was analyzed using FACS or CellTiter-Glo
Luminescent Cell Viability Assays kit (Promega, Madison, WI, USA). FACS
analysis was performed as previously described.® The Luminescent Cell Viability
Assays were performed according to the manufacturer’s instruction. In brief, 10°
cells were seeded in 96-well plate with white wall (Nunc). After treatment, equal
volume of Cell Titer Glo reagent was added to the cell culture medium, which had
been equilibrated to room temperature for 30 min, cells were shacked for 5min
and incubated at room temperature for 15min. Luminescent recording
was performed with POLAR star Omega (BMG Labtech, Durham, NC, USA).
The % of cell loss was determined by % of ATP loss. The ATP amount of



AP21967-treated sample was normalized to that of mock-treated sample, which
was regarded as 100%. When zVAD was present, the ATP amount of
AP21967 + zVAD-treated sample was normalized to that of zZVAD-treated sample,
which was regarded as 100%. Results are presented as the mean + S.E.M. or
95% Cl of three independent experiments.>® Comparisons were performed with a
two-tailed Student’s ttest.

Antibodies. Mouse anti-Flag M2 and anti-Myc antibodies/beads were obtained
from Sigma. Rabbit anti-HA (Y-11) antibody and mouse anti-f3-actin (C4) antibody
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse
anti-RIP1 antibody was obtained from BD Biosciences (San Jose, CA, USA).
The anti-phospho-RIP3 (T231/5232) and anti-MLKL antibodies were generated as
described.*?

Lentivirus preparation and infection. Lentivirus preparation and
infection were performed as described.® 293T cells were co-transfected with
pBOBI constructs and lentivirus-packing plasmids (PMDL/REV/VSVG) by calcium
phosphate precipitation followed by changing with fresh medium after 12h. The
lentivirus-containing supernatant was collected 36 h later and used for infection
with 10 pug/ml polybrene.

Treatment. Cells were treated with zZVAD (20 uM), AP21967 (100 or 250 nM),
Nec-1 (30 uM), DSS (2.5 mM), mouse TNF (10 ng/ml), and 4-OHT (1 uM), unless
stated otherwise. Pre-treatment was performed 30 min ahead.

Immunoprecipitation. For Myc and Flag immunoprecipitation, cells were
washed with ice-cold PBS and lysed in lysis buffer (20 mM Tris-HCI, pH7.5, 150 mM
NaCl, 1mM Na,EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium pyropho-
sphate, 1mM f-glycerophosphate, 1mM NagVO,) supplemented with Sigma
Protease Inhibitor Cocktail. The cell lysates were centrifuged at 20000 x g for
30 min, and the supernants were subjected to immunoprecipitation at 4 °C overnight.
After the immunoprecipitation, the beads were washed three times in lysis buffer and
the immunoprecipitated proteins were subsequently analyzed by western blotting.

DSS cross-linking. After three times wash with ice-cold PBS, the
resuspended cells were cross-linked in PBS buffer containing 2.5mM DSS for
30min at room temperature. Cross-link reactions were quenched by suspending the
cells in RIPA lysis buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM Na,EDTA,
1mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate,
1 mM f-glycerophosphate, 1 mM NazVO,, 0.1% SDS, and Sigma Protease Inhibitor
Cocktail). The immunoprecipitation were carried out as described above.

Superose 6 Gel filtration. Gel filtration was performed on Superose 6
10/300 GL size-exclusion column and an AKTA Purifier protein purification system
(GE Healthcare, Uppsala, Sweden) as described,*>** with minor modification. In
brief, 3-4 mg lysates were separated at a flow rate of 0.4 ml/min and 2 ml fractions
collected at 25 °C in PBS buffer with protease inhibitor cocktail and 1% Triton
X-100 as indicated. Aliquots (100 u) from each fraction were subjected to western
blot analysis and fractions were then subjected to immunoprecipitation as
described above followed by western blot analysis.
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