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Necroptosis is a form of programmed cell death involved 
in the pathogenesis of inflammatory and degenerative 
diseases1. The signalling pathway controlling tumour 

necrosis factor (TNF)-induced necroptosis has been defined: 
receptor-interacting protein (RIP) 1 dissociated from TNF recep-
tor 1 (TNFR1) can recruit cytosolic Fas-associated death domain 
(FADD) and caspase-8 to form a pro-apoptotic complex II2,3. Under 
the condition of caspase-8 inactivation, interaction between RIP1 
and RIP3 could lead to the formation of necrosome and subsequent 
necroptosis4–7. Effector protein mixed lineage kinase domain-like 
(MLKL) is recruited and phosphorylated by activated RIP3 in 
necrosome8,9, and then translocates to the plasma membrane to 
induce cell lytic death10–13. In this process, autophosphorylation 
of RIP1 is required for TNF-induced necroptosis14–17. RIP1 does 
not directly phosphorylate RIP318, but the interaction between 
RIP1 and RIP3 is required for signalling to RIP3 and subsequent 
necroptosis. RIP3 autophosphorylation at Ser227 (Thr231/Ser232 
for mouse RIP3) is known to be essential for MLKL recruitment8,19. 
After being phosphorylated by RIP3, MLKL is believed to unleash 
auto-inhibition, leading to oligomer formation and subsequent  
cell necroptosis20,21.

When RIP3 kinase activity is diminished by mutations or treat-
ment of kinase inhibitors, cell death could switch from necrop-
tosis to apoptosis in cells and in vivo22,23. Mouse harbouring 
RIP3 kinase-dead mutant (mRIP3-K51A) is viable, but another 
kinase-dead mutant of RIP3, mRIP3-D161N, causes spontaneous 
mouse death, indicating that these two RIP3 mutants have differ-
ent kinase activity-independent functions22. The structure of RIP1–
RIP3 interaction should play a role in this phenomenon, but its 
details are still largely unknown.

Cumulative evidence suggests that necrosome is a higher-order 
macromolecular complex. RIP1–RIP3 necrosome should have 
an amyloid feature in structure, as recombinant RIP homology- 
interacting motif (RHIM) domain of RIP1 and/or RIP3 or immu-

noprecipitated RIP1–RIP3 complex from necroptotic cells showed 
filamentous structures with variable lengths in vitro24. An NMR 
study revealed that RHIM domains preferentially form RIP1 and 
RIP3 hetero-complex with amyloid feature25. The X-ray struc-
tures of RIP3- and MLKL-fragment dimer, and MLKL mono-
mer, were solved26,27. Unfortunately, the heterogeneous nature 
of amyloid complex may make the structural study of the whole 
necrosome with X-ray or cryogenic electron microscopy dif-
ficult. The currently available information is not sufficient to 
predict the whole structure of necrosome, and no information is 
available for the architecture of functional necrosomes in cells  
undergoing necroptosis.

Stochastic optical reconstruction microscopy (STORM) is a 
single-molecule-based super-resolution imaging technology28. It 
allows the visualization of biological systems with an optical res-
olution of tens of nanometres (nm), a tenfold higher resolution 
than that of traditional confocal imaging29,30. In this Article, taking 
advantage of integral microscopies with around nanometre reso-
lutions, we show that the cellular necrosomes are heterogeneous 
mosaics that consist of RIP1 homo- and RIP3 homo-oligomer por-
tions in round or rod shapes. The round mosaics are smaller than 
rods and are probably the initial complexes that can progress to rods 
when additional RIP3 or RIP1 is incorporated. MLKL oligomers 
are at the periphery of necrosomes. Autophosphorylation of RIP1 
is required for RIP1 oligomer to be formed in a rod shape, which 
initiates RIP3 homo-oligomerization in proper order, eventually 
leading to the rod-shaped necrosome formation. More importantly, 
MLKL oligomerization, a key prerequisite for cell necroptosis, relies 
on the stoichiometry of RIP3 in necrosome. In addition, the reverse 
signalling of necrosome to apoptosis by RIP3 inhibitor treatment 
or kinase-dead RIP3 mutants requires RIP1–RIP3 mosaic com-
plexes. Taken together, this structural study of cellular necrosome at 
nanoscale sheds new light on the mechanism behind the assembling 
and function of necrosome.
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RIP1 and RIP3, cell death mediators, form fibrous amyloids. How RIP1/RIP3 amyloidal oligomers assemble functional necro-
somes and control cell death is largely unknown. Here we use super-resolution microscopy to directly visualize cellular necro-
somes as mosaics of RIP1 and RIP3 oligomers. The small (initial) mosaic complexes are round, and the large mosaics are in a rod 
shape. RIP3 oligomers with sizes of tetramer or above are the domains in mosaics that allow MLKL, recruited by phosphorylated 
RIP3, to oligomerize for necroptosis. Unexpectedly, RIP1 autophosphorylation not only controls the ordered oligomerization of 
RIP1 but also is required for RIP1-initiated RIP3 homo-oligomerization in correct organization, which is indispensable for the 
formation of functional rod-shaped mosaics. Similarly, apoptosis initiated by enzymatically defective RIP3 requires the forma-
tion of rod-shaped mosaics of RIP3 and RIP1 oligomers. The revealing of nanoscale architecture of necrosomes here innovates 
our understanding of the structural and organizational basis of this signalling hub in cell death.
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Results
Rod-shaped RIP1–RIP3 complexes in necroptotic cells. To 
analyse the structure of necrosome in cells, we reconstituted 
MLKL-knockout (KO) HeLa cell with MLKL-Flag(human MLKL) 
and also ectopically expressed HA-RIP3 (human RIP3) in this 
cell line. Necroptosis induction by TNF plus Smac mimetic plus 
zVAD (TSZ) led to the time-dependent formation of puncta with 
co-localized RIP1, RIP3 and MLKL (Extended Data Fig. 1). We 
then applied super-resolution microscopy (STORM) that provided 
~12.93 nm lateral localization precision calculated by LAMA algo-
rithm31, to map the nanoscale organization of necrosome (CF 647, 
Extended Data Fig. 2a). In unstimulated cells, RIP1 was visualized 
as dispersed small puncta, which probably represent free RIP1 in 
the cytosol of cells (TSZ 0 h, Fig. 1a). Upon TSZ addition, RIP1 
forms larger punctate structures in round or rod shapes (TSZ 2 h or 
4 h, Fig. 1a). RIP3 puncta exhibited similar shapes as RIP1 puncta 
except that more and larger rod-shaped structures were detected 
after long-time (4 h) TSZ treatment (Fig. 1b).

We further analysed our STORM images by machine-learning- 
based segmentation workflow32, and categorized necrosome puncta 
by their shapes (Extended Data Fig. 2b). Quantification of clusters 
showed that most of the RIP1 signals in unstimulated cells exhib-
ited as dispersed small clusters with an average effective diameter 
of below 80 nm and an ellipticity of less than 2.00 (Extended Data 
Fig. 2c–e). More rods (ellipticity >2.00) were detected by RIP3 
staining than were detected by RIP1 staining, especially at the late 
timepoint (4 h) of TSZ treatment (52.99% versus 24.36%, Fig. 1c). 
This could be due to more RIP3 being recruited to the complexes to 
form rods following TSZ treatment, making the rods detectable by 
RIP3 staining. Indeed, many more bigger RIP3-stained rods (length 
>400 nm, width >140 nm) were detected at the late timepoint (4 h) 
of TSZ treatment, but there was no such notable difference between 
early and late timepoints of TSZ treatment in RIP1-stained rods  
(Fig. 1d–g). We also did the same analysis by using antibodies 
against endogenous RIP1 and RIP3 in necroptotic HT-29 cells 
(Extended Data Fig. 3a). Similarly, more rods were detected by RIP3 
staining than by RIP1 staining in the late-stage necroptotic HT-29 
cells (25.67% versus 18.56%, Extended Data Fig. 3b,c). Long rods 
(>400 nm) were detected by RIP3 staining at the late timepoint (8 h) 
of TSZ treatment (Extended Data Fig. 3d–g). The above analysis 
indicated that the rods were extended by incorporation of addi-
tional RIP3 and/or RIP1 during the process of necroptosis and that 
RIP3 contributes more than RIP1 to the length of rod structures.

It needs to be noted that the above values are not the real parame-
ter of RIP1–RIP3 complexes, as antibodies used in STORM imaging 
usually expand the size of an object by about 30 nm33. To further eval-
uate the rod-shaped feature of the complex, we isolated RIP3 com-
plexes in necroptotic cells via immunoprecipitation and visualized 
them by negative-stain electron microscopy (EM) or atomic force 
microscopy (AFM). The rod-shaped complex detected by EM exhib-
ited a similar pattern as what we observed by STORM imaging in 
necroptotic cells (Fig. 1h). The width of the rods is about 40–50 nm, 
consistent with the value obtained by STORM after the influence of 
antibodies was taken into account. Furthermore, a ~30 nm unit-like 
organization was observed in the rod-shaped complex by EM (Fig. 
1h) and AFM (Fig. 1i,j), suggesting a helical structure. Our data 
expand on previous results24 and conclude that cellular RIP1–RIP3 
complex has a round or rod shape with about 45 nm in diameter or 
width and hundreds of nanometres in length for the rods, and the 
rod-shaped complex probably has a helical structure.

Necrosomes are RIP1- and RIP3-oligomer mosaics. To reveal the 
nanoscale architecture of cellular necrosome, we first imaged RIP1–
RIP3 complexes in HA-RIP3 and MLKL-Flag-expressing MLKL-KO 
HeLa cells by two-colour STORM, which provided an additional 
~18.26 nm lateral localization precision with CF 568 (Extended Data 

Fig. 4a). We confirmed that there is no crosstalk between CF 647 and 
CF 568 channels in our system (Extended Data Fig. 4b,c), and the 
workflow of segmentation/overlap analysis for two-colour STORM 
images works well (Extended Data Fig. 4d,e). Consistent with the 
single-colour images (Fig. 1a,b), TSZ treatment induced both 
round- and rod-shaped RIP1–RIP3 complexes and the proportion of 
rod complexes increased over time after the treatment (Fig. 2a), indi-
cating that round RIP1–RIP3 complexes can proceed to rod-shaped 
complexes. In these cells, the RIP1–RIP3 nanoscale structures could 
be categorized into three types: type I structure is a small round 
RIP1 cluster with no co-localized RIP3; type II structure is a round 
mosaic with about equal amounts of RIP1 and RIP3 clusters; type III 
structure is a mosaic in rod shape containing comparable amounts 
of RIP1 and RIP3 clusters (IIIa) or more RIP3 clusters than RIP1 
clusters (IIIb) (Fig. 2b). The total area of RIP3 to that of RIP1 in rods 
was significantly higher than that in round complexes, suggesting 
RIP3 homo-oligomer is the major contributor to rod-shaped mosaic 
complexes (Fig. 2c). We also analysed the respective widths of RIP1 
and RIP3 portions in the rods and found they are both about 110 nm 
(Fig. 2d), consistent with our results obtained by single-colour 
STORM (Fig. 1d,e). RIP1 and RIP3 portions in the mosaics have 
variable sizes, but many of them are larger than RIP1 or RIP3 mono-
mer in unstimulated cells (Fig. 2b, green or purple arrows, Fig. 2e,f 
and Extended Data Fig. 5a), indicating that the mosaics are mainly 
constituted by RIP1 and RIP3 homo-oligomers. Similar mosaics of 
RIP1 and RIP3 oligomers were found in several types of cells under-
going necroptosis (Extended Data Fig. 5b–e), indicating that mosaic 
is a general feature of cellular necrosome.

As the recruitment of MLKL to necrosome is crucial for necrop-
tosis, we further determine whether the RIP1–RIP3 complexes 
contain MLKL by co-staining MLKL and RIP3 in HA-RIP3 and 
MLKL-Flag-expressing MLKL-KO HeLa cells. We observed round 
RIP3 structures with little co-localized MLKL (1) and RIP3 rods 
with different amounts of co-localized MLKL (2a and 2b) (Fig. 2g 
and Extended Data Fig. 5f). Quantitatively, the total area of MLKL 
to that of RIP3 in rod-shaped necrosomes is higher than that in 
round-shaped necrosomes (Fig. 2h). MLKL signals were frequently 
concentrated on the outside of RIP3 rods, suggesting MLKL is posi-
tioned on the surface of RIP1–RIP3 complex (Fig. 2i). Moreover, the 
MLKL clusters in the rod-shaped RIP3 necrosome were substan-
tially larger than MLKL monomer in unstimulated cells (Fig. 2g, 
yellow arrow, Fig. 2j and Extended Data Fig. 5f), implying MLKL 
oligomerization occurs on the surface of necrosomes.

To determine whether the RIP1–RIP3 mosaics are functional 
necrosomes, we counterstained the necroptotic cells with antibod-
ies against RIP3 and phospho-RIP3 (pRIP3) or phospho-MLKL 
(pMLKL). The signals of pRIP3 and pMLKL were validated as they 
were largely present in TSZ-treated HeLa cells expressing wild-type 
(WT) RIP3 but barely detectable in TSZ-treated HeLa cells express-
ing loss-of-function RIP3-S227A mutant (Fig. 2k,m). pRIP3/
pMLKL puncta were much easier to be detected in rod-shaped 
than in rounded complexes (Fig. 2k,m, left), indicating rod-shaped 
complexes are functionally potent necrosomes. We note that the 
round-shaped complexes are also functional necrosomes as they 
can induce MLKL phosphorylation. Quantification analysis further 
revealed that the size of pRIP3 and pMLKL puncta in the necro-
some rods was larger than that in round-shaped necrosome (Fig. 
2l,n), indicating that those rod-shaped mosaics are probably the 
major contributors in initiating necroptosis. The data obtained by 
analysing TSZ-treated HT-29 WT, RIP3-KO and MLKL-KO cells 
with super-resolution imaging also confirmed that mosaics are 
functional necrosomes (Extended Data Fig. 5g–j).

RIP3 homo-oligomer is obligatory for MLKL oligomer forma-
tion. MLKL is recruited and phosphorylated by activated RIP3 
in necrosome8,9, and then translocates to the plasma membrane 
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Fig. 1 | Nanoscale imaging analysis of necrosomes in necroptotic cells. a,b, Single-colour STORM images of RIP1 (a) and RIP3 (b) in HA-RIP3-expressing 
HeLa cells treated with TSZ (T: TNF, 10 ng ml−1; S: Smac mimetic (SM-164), 100 nM; Z: zVAD-fmk, 20 μM) for indicated time. Magnified images outlined by 
the white box are shown as inset figures, highlighting the RIP1 or RIP3 necrosome during cell necroptosis. c, Percentage of rod-shaped structures detected 
by RIP1 or RIP3 staining in total enlarged clusters (RIP1, n = 16, 560 and 952 for TSZ 0, 2 and 4 h, respectively; RIP3, n = 36, 417 and 777 for TSZ 0, 2 and 
4 h, respectively) by TSZ stimulation. The definitions of TSZ-induced cluster as round- or rod-shaped structure are described in Extended Data Fig. 2d,e. 
d–g, Width (d) and length (f) distributions of rods detected by RIP1 staining (n = 75 and 232 for TSZ 2 and 4 h, respectively) or width (e) and length (g) 
distributions of RIP3-stained rods (n = 76 and 375 for TSZ 2 and 4 h, respectively) in necroptotic HeLa cells treated as in a. In c–g, n refers to the number of 
structures analysed across three independent experiments. h–j, Flag-RIP3-expressing HeLa cells were treated with TSZ for 4 h. The RIP3-containing complex 
was immunoprecipitated with an anti-Flag antibody and visualized by using negative-stain EM (h) or AFM (i). Representative images of rod-shaped RIP3 
from five independent EM experiments and two independent AFM experiments are shown. The distance between repeated units outlined by white boxes 
is about 30 nm (magnified image, h). Intensity profile along the white line in i (grey lines are 30 nm apart, j). Scale bars, 5 μm (original images in a and b), 
100 nm (magnified images in a and b) and 50 nm (h,i). Statistical source data are provided in Source Data Fig. 1. Also see Extended Data Figs. 1–3.
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experiments for TSZ 1, 2 and 4 h, respectively). b, Two-colour STORM images showing RIP1–RIP3 localizations in the cells from a treated with dimethyl 
sulfoxide (DMSO; MOCK) or TSZ. Schematic illustrations are provided to categorize the necrosomes observed into different types (I–III). Green and purple 
arrows show RIP1 and RIP3 oligomer in a rod-shaped necrosome, respectively. c, The ratio of total area of RIP3 to that of RIP1 in each type of complex 
(n = 27, 112 and 285 structures for type I, II and III, respectively). d, Intensity profiles of RIP1 and RIP3 along a yellow line in IIIa of b. e,f, Area distribution of 
RIP1 (n = 2,398 and 680 structures for MOCK and TSZ, respectively; e) or RIP3 (n = 2,642 and 2,720 structures for MOCK and TSZ, respectively; f) puncta 
in b. g, Two-colour STORM images showing RIP3–MLKL localizations in cells from a treated with DMSO or TSZ. Schematic illustrations are provided to 
categorize the necrosomes observed into different types (1 and 2). Yellow arrow shows MLKL oligomer in a rod-shaped necrosome. h, The ratio of total 
area of MLKL to that of RIP3 in type I (n = 88 structures) and II (n = 171 structures) complexes. i, Intensity profiles of RIP3 and MLKL along a yellow line in 
2a of g. j, Area distribution of MLKL puncta (n = 3,085 and 538 structures for MOCK and TSZ, respectively) in g. k–n, Two-colour STORM images showing 
the localizations of pRIP3 (k) or pMLKL (m) and RIP3 in TSZ-treated HeLa cells expressing RIP3-WT or RIP3-S227A mutant. Area of pRIP3 (n = 160 and 
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and pooled from three independent experiments. All P values are determined by two-tailed, unpaired t-test, except in c, where they are determined by 
Kruskal–Wallis test with Dunn’s multiple comparisons test. Scale bars, 5 μm (original images in k and m) and 100 nm (b, g and magnified images in k and 
m). Statistical source data are provided in Source Data Fig. 2. Also see Extended Data Figs. 4 and 5.
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to induce cell lytic death10–13. But how MLKL oligomerization is 
regulated remains elusive. Since the mutation of RHIM sequence 
in RIP3 to tetra-alanine (RIP3-RHIMMut) eliminated TSZ-induced 
rod-shaped necrosome (Fig. 3a), we employed doxycycline 
(Dox)-induced expression of RIP3-WT or RIP3-RHIMMut in HeLa 
cells to obtain monomeric and oligomeric RIP3, respectively (Fig. 
3b). zVAD was included in all experiments to prevent possible 
apoptosis. Overexpressed RIP3-WT but not RIP3-RHIMMut exhib-
ited RIP3 rod structure and resulted in necroptosis of HeLa cells 
(Fig. 3c,d). Confocal imaging further confirmed that RIP3 puncta 
initiated by RIP3 itself are only detected in HeLa cells expressing 
RIP3-WT but not RIP3-RHIMMut (Fig. 3e,f). The RIP3 homo rods 
looked similar to RIP1–RIP3 mosaic rods in width and length by 
STORM imaging (Extended Data Fig. 6a). Surprisingly, RIP3-WT 
and RIP3-RHIMMut produced roughly equal amounts of phos-
phorylated MLKL, suggesting that both Dox-induced RIP3-WT 
and RIP3-RHIMMut can autophosphorylate to a certain extent and 
recruit/phosphorylate MLKL (Fig. 3g, upper panel). Interestingly, 
only overexpressed RIP3-WT but not RIP3-RHIMMut can lead to 
MLKL oligomerization, as indicated by the detection of MLKL tet-
ramer in non-reducing SDS–polyacrylamide gel electrophoresis 
(SDS–PAGE) (Fig. 3g, bottom panel). It is clear that phosphoryla-
tion of MLKL cannot cause MLKL oligomerization. Although the 
phosphorylation level of MLKL in RIP3-RHIMMut cells was equal to 

that in RIP3-WT cells, the RIP3-RHIMMut cells exhibited no death 
(Fig. 3d), indicating that phosphorylated monomeric MLKL can-
not trigger necroptosis. The same results were obtained by using 
HeLa RIP1-KO cells (Extended Data Fig. 6b–f), excluding pos-
sible involvement of RIP1. This result may explain the observa-
tion by Petrie et al. that phosphomimetic human MLKL mutants 
(T357E-S358E and T357E-S358D) did not gain function to cause 
cell death21. Thus, RHIM-dependent RIP3 homo-oligomerization is 
required for MLKL oligomerization but dispensable for RIP3 auto-
phosphorylation and MLKL phosphorylation by RIP3. To trigger 
necroptosis, MLKL needs to be phosphorylated and oligomerized.

RIP3 oligomers with sizes of tetramer or above make MLKL 
oligomers. To further investigate the role of RIP3 homo-oligomer 
in MLKL activation, we directly manipulated the stoichiometry 
of RIP3 complex by using a protein–protein interaction system 
mediated by the FK506 binding protein (FKBP)/FKBP-rapamycin 
binding (FRB) domain of the mammalian target of rapamy-
cin/FKBP-Phe36Val (FV)34–36. In brief, FV-fused RIP3-WT and 
RIP3-RHIMMut should assemble as oligomers and dimers upon 
AP20187 treatment, respectively (Fig. 4a). FRB–FKBP-fused 
RIP3-RHIMMut should form tetramers in the presence of rapamy-
cin37. The plasmids expressing these proteins were individually 
introduced into RIP1-KO HeLa cells, and RIP3 dimer, tetramer 
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or oligomer was induced by corresponding inducers. While RIP3 
dimer did not induce cell death, RIP3 tetramer or oligomer led to 
substantial cell death with necroptotic characteristics (Fig. 4b,c). 
Similar to the result in Dox-induced RIP3 overexpression experi-
ments (Fig. 3g), phosphorylated MLKL was detected in cells where 
these fused RIP3 were expressed (Fig. 4d, upper panel). Notably, 
phosphorylation of MLKL alone is not sufficient to trigger necrop-
tosis as it already appeared in the cells without oligomerization 
inducers (Fig. 4d, upper panel). As expected, only tetrameric or 

oligomeric RIP3 induced MLKL oligomerization whereas MLKL in 
cells with dimeric RIP3 was still monomeric (Fig. 4d, middle panel). 
The induction of RIP3 dimer/tetramer/oligomer was confirmed by 
blue native PAGE (Fig. 4d, bottom panel). We also performed a 
microscopic study of these cells and found that only RIP3 tetramer/
oligomer formed visible puncta (Fig. 4e,f). Super-resolution imag-
ing further provided the size distribution of RIP3 complex in these 
cells (Fig. 4g,h). In conclusion, RIP3 homo-tetramer is the mini-
mum size required to mediate MLKL oligomerization.
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RIP1 autophosphorylation directs necrosomes in a rod shape. 
It is known that RIP1 kinase activity is required for TNF-induced 
necroptosis14–17. Pretreatment of RIP1 kinase inhibitor Nec-1 inhib-
ited TSZ-induced RIP1 phosphorylation, downstream RIP3 and 
MLKL phosphorylation in RIP3-expressing HeLa cells (Extended 
Data Fig. 7a) and necroptosis in RIP3-expressing HeLa, HT-29, 
LS 174 T and THP-1 cells (Extended Data Fig. 7b–e), but not the 
co-localization of RIP1 and RIP3 (Fig. 5a,c and Extended Data Fig. 
7f,g). STORM imaging showed that RIP1–RIP3 were co-localized 
within the structures in irregular shapes in the presence of Nec-1 
(Fig. 5a,c). The diameters of these RIP1–RIP3 structures were more 
than 200 nm, much bigger than the diameter or width of round- 
or rod-shaped necrosomes (Fig. 5a,c). These complexes are RIP1 
and RIP3 mosaics but with disordered organization of RIP1/RIP3 
clusters. They rarely progress to rod-like shapes in the presence 
of Nec-1 as the long side (length) of these RIP1–RIP3 complexes 
was significantly shorter than that in the cells without Nec-1 treat-
ment (Fig. 5b). EM analysis of RIP1–RIP3 complex isolated from 
cells in the absence or presence of Nec-1 treatment confirmed the 
results obtained by super-resolution imaging (Fig. 5d,e). Therefore, 
Nec-1 impairs the formation process of round- and rod-shaped 
necrosomes, making the RIP1–RIP3 complexes become irregular in 
shape and disordered in organization.

To rule out the possibility that Nec-1 directly inhibits RIP3 homo- 
interaction, we overexpressed RIP3 in RIP1-KO HeLa cells and 
tested whether Nec-1 affects the formation of RIP3 self-assembled 
rods. Super-resolution imaging showed that Nec-1 did not influence 
the formation of RIP3 rods by overexpressed RIP3 (Fig. 5f,g).

We then sought to examine the rod formation of overexpressed 
RIP1 with or without Nec-1 treatment in RIP1-deficient HeLa cells. 
RIP1 kinase-dead mutants (K45A or D138N) or autophosphory-
lation site mutants (S161E or N) were also included38 (Extended 
Data Fig. 7h). Nec-1 addition, kinase-dead mutations or autophos-
phorylation defect mutation all gave rise to sizes of RIP1 complexes 
that were represented as massive big/bright puncta, whereas the 
phosphomimetic mutant (S161E) behaved similarly to WT RIP1 
(Extended Data Fig. 7i). Further visualization of these puncta by 
STORM reveals that overexpressed RIP1 formed rod-shaped struc-
tures (Fig. 5h,i). In contrast, RIP1 with its activity inhibited by 
Nec-1 or by kinase-dead mutations still formed complexes, but the 
complexes were enlarged and in irregular shapes. S161E mutation 
retained RIP1 at rod-shaped structure, whereas RIP1 harbouring 
S161N mutation was similar to kinase-dead mutants (Fig. 5h,i). 
Thus, RIP1 autophosphorylation controls its own oligomerization 
in proper order, and this proper organization of RIP1 oligomers 
appears to be required for the initiation of functional RIP3 oligo-
merization in the process of necrosome formation.

RIP3 autophosphorylation is not linked to rod shape of necro-
somes. Next, we also assessed the role of RIP3 autophosphorylation 
in the formation of rod-shaped structure. GSK′840 and dabrafenib 
(Dabra), two specific RIP3 kinase inhibitors22,39, inhibited cell 
necroptosis and reduced phosphorylation of RIP3 but not the for-
mation of RIP1–RIP3 co-localized puncta (Fig. 6a,b and Extended 
Data Fig. 8a,b). In addition, the length of RIP3-stained rods was 
not substantially affected by RIP3 inhibitors (Fig. 6c,d). Similarly, 
blocking RIP3 kinase activity prevented HT-29, LS 174 T and 
THP-1 cells from undergoing TSZ/TNF plus cycloheximide plus 
zVAD (TCZ)-induced necroptosis but could not abolish the forma-
tion of rod-shaped RIP1-RIP3 structure in these cells (Fig. 6e–h). 
Moreover, RIP3 mutants defective in its kinase activity (D160N) or 
the recruitment of MLKL (S227A) were still able to form rod struc-
tures with similar lengths of WT RIP3 rods (Fig. 6i,j), even though 
RIP3 autophosphorylation and necroptosis were inhibited (Fig. 6k,l).  
In sharp contrast to RIP3-D160N, another RIP3 kinase-dead 
mutant (K50A) forms small puncta rather than rods, indicating 

this mutation impairs RIP3 homo-interaction in a RIP3 kinase 
activity-independent manner (Fig. 6i,j). Since RIP3 formed rods 
when overexpressed, we tested the role of RIP3 autophosphoryla-
tion in this spontaneous RIP3 complex formation. Co-expressing 
the WT or enzyme-inactive form (R179G) of PPM1B, a RIP3 
phosphatase that de-phosphorylated RIP340, did not alter overex-
pressed RIP3-induced puncta in human embryonic kidney (HEK) 
293T cells (Extended Data Fig. 8c,d). STORM imaging further 
revealed that these RIP3 puncta were in a rod shape with similar 
lengths regardless of whether PPM1B-WT or PPM1B-R179G was 
co-expressed (Extended Data Fig. 8e,f). Taken together, our data 
demonstrate that autophosphorylation of RIP3 is not required for 
rod-shaped necrosome formation, though it is required for recruit-
ing and phosphorylating MLKL.

Apoptosis by RIP3 kinase inhibition relies on RIP3 oligomeriza-
tion. It was reported that signalling to apoptosis can be initiated by 
RIP3 kinase inhibitor GSK′872 or D161N mutation that impaired 
murine RIP3 (mRIP3) kinase activity22,23. However, K51A mutant 
of mRIP3, another kinase-inactive mutant, cannot cause spon-
taneous RIP1-dependent apoptosis in cells and mice22,23. Ectopic 
expression of mRIP3-WT or mRIP3-D161N in RIP3-deficient L929 
cells led to necroptosis or apoptosis, respectively, and in both cases 
the formation of mRIP1–mRIP3 co-localized rod-shaped puncta 
with the mosaic pattern was observed, whereas the expression of 
mRIP3-K51A did not lead to cell death as well as the formation of 
rod-shaped puncta (Fig. 7a–d). Interestingly, the addition of RIP3 
kinase inhibitor GSK′872 resulted in apoptosis and the formation 
of mRIP1–mRIP3 co-localized rod with mosaic pattern in the 
cells expressing mRIP3-K51A (Fig. 7a-d), indicating GSK′872 can 
promote RIP3 to form rod-shaped complex and recruit RIP1. As 
expected, GSK′872 had no effect on mRIP3-D161N and inhibited 
mRIP3-WT-initiated necroptosis. mRIP3-RHIMMut was included as 
a negative control in these experiments. Similarly, the K50A but not 
D160N of human RIP3 is defective in the formation of rod-shaped 
structure (Fig. 6i,j). We obtained similar results in HEK293T cells 
(Extended Data Fig. 9). It appears that D161N mutation or GSK′872 
endows RIP3 a special configuration that allows RIP3 to form 
ordered oligomers. This event can initiate RIP1 oligomerization 
possibly in a configuration that is favourable to recruit FADD 
and caspase-8 for apoptosis, and the loss of RIP3 kinase activity 
is either not required or not sufficient for RIP3 to trigger apopto-
sis. To further support the importance of organized rod structure, 
we tested the effect of amyloid-binding chemical Congo red (CR), 
which disrupts the organization of necrosome and impairs cell 
necroptosis24. The addition of CR substantially inhibited L929 cell 
apoptosis induced by GSK′872 treatment but did not disrupt the 
RIP1–RIP3 interaction, which is evident by the presence of RIP1–
RIP3 co-localized puncta (Fig. 7e,f). CR treatment did not substan-
tially alter the frequency of RIP1–RIP3 puncta in L929 cells (Fig. 7g),  
but it generated large disordered RIP3 complexes, which might 
impair the recruitment of other components for apoptosis (Fig. 7h). 
Thus, the specially organized mosaic of RIP1 and RIP3 is required 
for kinase-dead RIP3 or GSK′872 to trigger apoptosis via RIP1.

Discussion
This study uncovered that cellular necrosomes are mosaics com-
posed of heterogeneous RIP1 and RIP3 oligomers (Figs. 1 and 
2). The shape of functional necrosomes can be round or rod, and 
the rods are probably developed from the round necrosomes. By 
using energy-based molecular modelling in referencing published 
structural information of RIP1–RIP3 interaction25,26,41,42, and on the 
basis of our integral microscopic data (Figs. 1 and 2), we proposed a 
hypothetic model of RIP1–RIP3 mosaics: RHIM-dependent RIP1/
RIP3 homo- or hetero-interaction results in bidirectional β sheets 
(Extended Data Fig. 10a, (I)), which could further form helical 
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necrosome rods about 47 nm in width and 33 nm in pitch length 
(Extended Data Fig. 10a, (II)); RIP1 and RIP3 homo-oligomers dis-
tribute heterogeneously in the rod-shaped necrosome with a mosaic 
pattern (Extended Data Fig. 10a, (III)). An updated summary for 
the regulation of necroptosis or apoptosis by necrosome is shown 
in Extended Data Fig. 10b. It is known that the interplay between 
RIP1 and RIP3 plays an essential role in the decision of apoptosis or 
necroptosis4,43–48. The mosaic is likely to be the structural basis for the 
signalling divarication to necroptosis and apoptosis. RIP3 domains 
in the mosaic rods appear to be responsible for the signal to necrop-

tosis and the RIP1 domains might be responsible for signalling to 
apoptosis under the condition of RIP3 D161N mutation or GSK′872 
presence. Although ectopic overexpression of either RIP1 or RIP3 
alone can form corresponding homo-oligomer to trigger apopto-
sis and necroptosis, respectively, a special configuration relying on 
RIP1 autophosphorylation is required for RIP1 to initiate functional 
RIP3 oligomer for necroptosis (Fig. 5) and a RIP3 D161N mutation- 
or GSK′872-dependent conformation is required for RIP3 oligo-
mer to initiate apoptosis via RIP1 (Fig. 7). Autophosphorylation 
of RIP3 is required for RIP3 to recruit and phosphorylate MLKL, 
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and the defects in this event result in enlarged RIP1–RIP3 complex 
and necroptosis blockade19. Similarly, dephosphorylation of RIP3 
by PPM1B inhibits necroptosis but does not promote apoptosis40. 
Therefore, the reverse signalling to apoptosis in necrosome requires 
a special configuration of RIP3, and eliminating RIP3 phosphoryla-
tion is not sufficient. The structure of GSK′872-bound RIP3 should 

give a clue of what this special configuration of RIP3 is. Although 
the functional structures of RIP1 and RIP3 in their oligomers have 
not been solved, mosaic rod shape is the hallmark of functional 
necrosome at nanometre scale.

It is reported that the RHIM fragments of RIP1 and RIP3 pref-
erentially form hetero-complex25. However, our super-resolution 
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imaging showed that RIP1 and RIP3 homo-clusters are the pre-
dominant portions of necrosomes in necroptotic cells, suggesting 
the formation of RIP1/RIP3 homo-oligomers is energetically more 
favourable than that of RIP1–RIP3 hetero-oligomers. Supportively, 
a recent solid-state NMR study revealed that the amyloid fibril 
structure of RIP3 RHIM-containing domain differs from previ-

ously published RIP1/RIP3 hetero-amyloid complex structure49. 
Moreover, mechanism(s) other than RHIM domain interac-
tion contribute to the formation of RIP1–RIP3 necrosomes. For 
instance, the death domain of RIP1 can also mediate RIP1–RIP1 
interaction34,50. Herein we demonstrate that RIP1 autophosphoryla-
tion is not only required for RIP1 oligomerization in proper order 
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Fig. 7 | apoptosis triggered by RIP3 kinase inhibition relies on the mosaic structure composed of RIP1 oligomer. a–d, Flag-mRIP3 WT or mutants (K51A, 
D161N or RHIMMut) were expressed in RIP3-deficient L929 cells and treated as indicated (DMSO, 5 μM GSK′872 or 20 μM zVAD). Cell viability was 
measured, and data are represented as means ± s.d. of biological triplicates (a). Cell lysates were collected and subjected to western blot analysis for the 
indicated proteins (b). The experiment was performed three times with similar results. Confocal (c) and STORM (d) images of mRIP1 and mRIP3 in cells 
treated as in a. e–h, Flag-mRIP3-reconstituted RIP3-deficient L929 cells were treated by chemicals as indicated (5 μM GSK′872, 100 μM CR or 20 μM 
zVAD). Cell viability was measured, and data are represented as means ± s.d. of biological triplicates (e). Confocal (f) and STORM (h) images of mRIP1 
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Scale bars, 10 μm (c,f) and 100 nm (d,h). Unprocessed blots and statistical source data are provided in Source Data Fig. 7. Also see Extended Data Fig. 9.
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but also determines RIP1-initiated RIP3 homo-oligomerization in 
a correct way that leads to the formation of rod-shaped necrosome 
(Fig. 5). RIP1 can be phosphorylated by several kinases such as 
TAK1 and MK2 that promote and inhibit RIP1-mediated cell death, 
respectively51–53. RIP1 also can be ubiquitylated at many sites with 
diverse functions54. Modifications of RIP1 appear to affect the struc-
ture of RIP1, and some of them may influence the organization of 
RIP1 oligomers and therefore have impacts on the RIP3 oligomers 
in necrosome mosaics.

Upon phosphorylation by RIP3, MLKL is believed to form oligo-
mers, which then move to the plasma membrane and trigger cell 
death10–13. However, overexpressed RIP3-RHIMMut with a defect 
in oligomerization still phosphorylated MLKL to a level compa-
rable to that by oligomerized RIP3 (Fig. 3). Thus, phosphorylation 
and oligomerization of MLKL are not automatically coupled. Our 
results demonstrate that oligomerization of RIP3, or more precisely 
RIP3 oligomer with sizes of tetramer or above, is required for MLKL 
oligomerization and cell death (Fig. 4). As the ratio of RIP3 to MLKL 
in the crystal structure is 1:126 and MLKL in necroptotic cells indeed 
was detected as tetramer by non-reducing SDS–PAGE10, the thresh-
old size of RIP3 oligomer revealed here uncovers the missing step 
of RIP3–MLKL interaction required for functional MLKL oligomer.

Finally, our work emphasizes the importance of applying 
super-resolution imaging to understand the nanoscale necrosome- 
like signalosomes, as it provides much previously uncovered struc-
tural information. The clear link between intact ordered structure 
of mosaic necrosomes and cell death induction also highlights a 
possible therapeutic intervention for necroptosis/apoptosis-related 
human diseases by disrupting the architecture of necrosomes.
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Methods
Cell lines and cell culture. HeLa, HEK293T, HT-29, THP-1 and mouse 
fibrosarcoma L929 cells were obtained from the American Type Culture Collection. 
LS 174 T cells were a kind gift from Dr Sudan He (Suzhou Institute of Systems 
Medicine, China). RIP3-KO L929 and HT-29 cells were established previously19,55. 
RIP1-KO or MLKL-KO HeLa, and MLKL-KO HT-29, cell lines were generated by 
using CRISPR/Cas9 method. The disruption of target gene was determined by the 
sequencing of gene loci and by the immunoblotting of cell lysates with antibodies. 
All cell lines were maintained at 37 °C and 5% CO2 in DMEM (Invitrogen) 
supplemented with 10% fetal bovine serum (Gibco), 2 mM l-glutamine, 100 IU 
penicillin and 100 mg ml−1 streptomycin. Cells were routinely tested to be free of 
mycoplasma contamination.

Plasmids, reagents and antibodies. Full-length and mutated RIP1, RIP3, MLKL 
and PPM1B with Flag or HA tag were cloned into the lentiviral vector pBOB 
(Addgene, 12337). The FV/FKBP/FRB-fused RIP3 WT or RHIM mutant was 
amplified by standard PCR from our complementary DNA library. All plasmids 
were verified by DNA sequencing. The details of the sequences are available upon 
request. Recombinant human and mouse TNF-α (PHC3011 and PMC3015) were 
from Thermo Fisher Scientific and used at 10 ng ml−1. The following compounds 
were used: Smac mimetic SM-164 (APExBIO, A8815, 0.1 μM), pan-caspase 
inhibitor Z-VAD-FMK (Calbiochem, 627610, 20 μM), necrostatin-1 (EMD 
Chemicals, 480065, 5 μM), GSK′840 (AOBIOUS, AOB0917, 5 μM), GSK′872 
(MCE, HY-101872, 5 μM), dabrafenib (Selleck, S2807, 5 μM), cycloheximide 
(Sigma, C7698, 10 μg ml−1), doxycycline (Sigma, D9891, 1 μg ml−1), rapamycin 
(Selleck, S1039, 1 μM), AP20187 (TaKaRa, 635069, 1 μM), phorbol myristate 
acetate (PMA) (Sigma, P8139, 100 nM), CR (Sigma, 75768, 100 μM), propidium 
iodide (Sigma, P4170, 2 μg ml−1) and Hoechst 33342 (Thermo Fisher Scientific, 
H1399, 1 μg ml−1). The following antibodies were used throughout this report: 
anti-RIP1 (Cell Signaling, 3493, 1:150 for immunofluorescence (IF), 1:1,000 for 
western blotting (WB)), anti-phospho Ser166 RIP1 (Cell Signaling, 65746, 1:1,000 
for WB), anti-RIP3 (Santa Cruz, sc-374639, 1:150 for IF; Cell Signaling, 13526, 
1:1,000 for WB), anti-phospho Ser227 RIP3 (Abcam, ab209384, 1:500 for IF; 
1:1,000 for WB), anti-MLKL (Abcam, ab184718, 1:1,000 for WB), anti-phospho 
Ser358 MLKL (Abcam, ab187091, 1:200 for IF; 1:1,000 for WB), anti-Caspase-3 
(Cell Signaling, 9662, 1:1,000 for WB), anti-PPM1B (Abcam, ab70804, 1:1,000 for 
WB), anti-HA (Santa Cruz, sc-7392, 1:200 for IF, 1:1,000 for WB; Cell Signaling, 
3724, 1:200 for IF, 1:1,000 for WB), anti-Flag (Cell Signaling, 8146, 1:200 for IF, 
1:1,000 for WB; Biolegend, 637301, 1:200 for IF), anti-GAPDH (ABclonal, AC002, 
1:5,000 for WB), goat anti-rabbit, anti-mouse and anti-rat secondary antibodies 
conjugated to Alexa Fluor 488, 568 or 647 (Thermo Fisher Scientific, A11034, 
A11004 or A21247, 1:1,000 for IF) and goat anti-rabbit and anti-mouse secondary 
antibodies conjugated to CF 568 or CF 647 (Biotium, 20800, 20801, 20808 or 
20809, 1:500 for IF).

Transfection and lentiviral infection. Transfection of cells was performed using 
Turbofect reagent according to the manufacturer’s instructions (Thermo Fisher 
Scientific, R0531). For lentivirus production, HEK293T cells were transfected 
with lentiviral vectors and virus-packing plasmids by the calcium phosphate 
precipitation method. The virus-containing medium was collected 36–48 h later 
and added to L929, HeLa or other cells as indicated with 10 µg ml−1 of polybrene. 
The infectious medium was changed with fresh medium 12 h later, and cells were 
kept in culture until analysis.

Cell viability assay. Cell viability was determined by FACS or CellTiter-Glo 
Luminescent Cell Viability Assay Kit (Promega, G7571). FACS was performed 
as previously described4. In brief, cells were trypsinized, re-suspended in PBS 
containing 5 μg ml−1 propidium iodide (PI) and quantified on a FACS Calibur flow 
cytometer with CellQuest Pro software. PI-negative cells with normal size were 
considered as living cells. The luminescent cell viability assays were performed 
according to the manufactor’s instructions. In brief, 1.0 × 105 cells were seeded in 
96-well plates with white wall. After treatment, an equal volume of CellTiter-Glo 
reagent was added to the cell culture medium, which had been equilibrated to 
room temperature for 30 min. Cells were shaken for 5 min and incubated at room 
temperature for 15 min. Luminescent recording was performed with POLAR star 
Omega (BMG Labtech).

Immunoprecipitation and immunoblotting. Cell pellets were obtained in ice-cold 
PBS and re-suspended in lysis buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 
1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 
1 mM β-glycerophosphate and 1 mM Na3VO4) plus protease inhibitor cocktail 
(MCE, HY-K0010). The re-suspended cell pellets were sonicated and centrifuged 
at 20,000g for 30 min at 4 °C. The supernatant was immunoprecipitated with 
Flag-M2 affinity resin (Sigma, A2220) at 4 °C for 3 h or overnight. After the 
immunoprecipitation, the beads were washed four times in lysis buffer and the 
immunoprecipitates were subsequently eluted with Flag peptide or SDS sample 
buffer (50 mM Tris pH 6.8, 2% SDS, 5% β-mercaptoethanol, 0.02% bromophenol 
blue and 10% glycerol). MLKL tetramer is separated by non-reducing PAGE as 
previously reported10. In brief, cells were directly treated with SDS sample buffer 

without β-mercaptoethanol, and the sample was heated at 100 °C for 5 min and 
resolved by 4–12% gradient NuPAGE (Invitrogen, NP0336BOX). To analyse 
RIP3 oligomeric status, cells were permeablized in buffer (20 mM HEPES pH 
7.5, 100 mM KCl, 2.5 mM MgCl2 and 100 mM sucrose) containing 1% digitonin 
and protease inhibitors. Samples were collected by centrifugation (25 min at 
11,000g) and resolved on a 3–12% NativePAGE gel (Invitrogen, BN1003BOX). 
After electrophoresis, protein samples were transferred onto PVDF membranes. 
Membranes were blocked with 3% BSA for 1 h and incubated with primary 
antibodies as indicated for 2 h at room temperature, followed by incubation with 
horseradish peroxidase-conjugated secondary antibodies. Proteins were visualized 
using the blot and gel imager (AI680, GE Healthcare). GAPDH was used as a 
loading control.

Negative-stain EM and AFM. To visualize necrosome at nanoscale, RIP3 complex 
was induced in Flag-RIP3-expressing HeLa cells challenged by TSZ, or generated 
by overexpression of Flag-RIP3 in HeLa cells. As described above, RIP3 complex 
was collected using Flag-M2 affinity resin. For EM, the protein solution was blotted 
on EM grids, negatively stained with 2% uranium hydrogen acetate and imaged 
with HT 7800 electron microscope (Hitachi, Japan) operated at 80 kV. For AFM, 
the protein solution was deposited onto freshly cleaved mica surface and air dried. 
AFM characterizations were performed on a Bruker Nanowizard4-XP Scanning 
Probe Microscope with a Vortis2 SPM Controller (Bruker, BioAFM). Al-coated 
silicon AFM tips (SNL-10, Bruker, BioAFM) were used to probe the surface 
profiles of the rod-shaped necrosome. Tapping-mode AFM imaging was used 
according to well-established procedures. All the images were post-treated with 
JPKSPM Data Processing Software.

Confocal microscopy. For immunostaining, cells were grown on #1.5 coverslips 
(NEST, 801008) coated with poly-l-lysine (Sigma, P1399). Cells were fixed with 
freshly prepared 3.7% formaldehyde for 15 min at room temperature and then 
permeabilized with 0.2% Triton X-100 in PBS. After being blocked with 3% BSA 
for 30 min, the samples were stained with primary antibodies at 4 °C overnight, 
washed three times with PBS and incubated with secondary antibodies for 1 h at 
room temperature. The slides were mounted with antifade reagent (Invitrogen, 
P36934). For imaging with multiple channels, extensive controls were performed 
to make sure there was no non-specific staining or crosstalk between channels. 
These controls include (1) using cells that lack one of the proteins of interest and/
or (2) performing staining without one of the primary or secondary antibodies. 
All images were captured and processed using identical settings in the LSM 780 
laser scanning confocal microscope (ZEN 2012, Zeiss) with a 63×/1.40 numerical 
aperture (NA) oil objective. Duplicate cultures were examined, and similar results 
were obtained in at least two independent experiments.

STORM imaging. STORM imaging was performed on an N-STORM microscope 
(Ti-E, Nikon Instruments). Briefly, the N-STORM system uses an Agilent MLC-
400B laser launch with a red diode laser (647 nm, 300 mW; MPBC), a green 
solid-state laser (561 nm, 150 mW; Coherent), a blue solid-state laser (488 nm, 
200 mW; Coherent), a violet diode laser (405 nm, 100 mW; Coherent) and a 100× 
NA 1.49 oil immersion objective. The emission fluorescence was separated using 
appropriate filters (FF02-520/28-25, FF01-586/20-25x3.5 and FF01-692/40-25; 
Semrock) and detected by a back-illuminated EMCCD camera (iXon DU897, 
Andor). Cells were pre-cultured on an eight-well chambered cover glass (Thermo 
Fisher Scientific, 155409). Sample preparation for STORM imaging is similar to 
the procedure for confocal microscopy. But in the case of pRIP3 staining, we used 
methanol fixation (−20 °C for 10 min) instead to reduce the background signal. 
After being labelled with appropriate fluorescence-conjugated antibodies, samples 
were immersed in an imaging buffer that contained 50 mM Tris (pH 8.0), 10 mM 
NaCl, 0.5 mg ml−1 glucose oxidase (Sigma, G2133), 40 μg ml−1 catalase (Sigma, 
C40), 10% (wt/vol) glucose and 143 mM β-mercaptoethanol. For single-colour 
STORM imaging of CF 647, cells were exposed to a 647 nm laser at a power density 
of 2 kW cm−2. For two-colour STORM imaging, the CF 647 channel was first 
recorded, and then the CF 568 channel was acquired with a laser power density of 
1–3 kW cm−2. A 405 nm laser was ramped during the image capture to maintain 
proper blinking frequency. Typically, 10,000–20,000 frames for each channel were 
collected at a rate of 70 fps, and images were reconstructed using the N-STORM 
module in NIS-Elements AR software. Chromatic alignment of STORM images 
was ensured by calibrating the system using 100 nm multi-fluorescent beads 
and following the chromatic calibration procedure in the Nikon software 
(NIS-Elements AR with an N-STORM module). Sample drift between frames was 
corrected by tracking multi-fluorescent beads (Thermo Fisher Scientific, T7279) 
or using image correlation. Identical settings were used for every image. Each 
localization is depicted in the STORM image as a Gaussian peak, the width of 
which is determined by the number of photons detected.

STORM image analysis. For the cluster analysis, we used a recently developed 
machine-learning-based segmentation toolkit, ilastik32. Briefly, high-quality 
STORM images were applied to ilastik segmentation workflow. Based on the 
feature descriptors, the classification of the effective signals was made and 
distinguished from noise. Each effective cluster was segmented and identified as 
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a strictly separated object. For single-colour STORM images, the training strategy 
for machine-learning-based segmentation is distinguishing the whole structure 
from background noise, while in some two-colour STORM experiments our goal is 
to isolate the subunits of RIP1/RIP3/MLKL within targeted structures. We cannot 
completely eliminate merging events of clusters, but these unwanted effects were 
reduced substantially by this procedure. Analysis parameters were determined by 
evaluating the segmentation outcomes. Once determined, these parameters were 
held constant across all images and conditions being compared. The output binary 
images were further processed in Fiji/ImageJ by extracting the Feret parameters 
and area of effective clusters. To identify the subunits of RIP1/RIP3/MLKL cluster 
in the same complex, the distance between the centroid of each subunit and their 
area was used to calculate the possibility of co-clustering in single-colour images 
or overlap between two-colour images. The effective cluster information, including 
the area and Feret parameters, was extracted, and statistics on the interested 
structures were calculated.

Molecular modelling. The published structures of RIP1–RIP3 hetero-amyloid core 
(Protein Data Bank (PDB) 5V7Z), RIP1 kinase domain (PDB 4NEU), RIP1 death 
domain (PDB 6AC5) and RIP3 kinase domain (PDB 4M66) were used in structural 
modelling and generating figures. The hetero-amyloid structure of RIP1–RIP3 
in the published paper25 showed a slight twist with an angle of 5.4° ± 0.5° for 
RIP3 layers and 5.3° ± 0.3° for RIP1 layers, respectively. To generate the proposed 
RIP1–RIP3 model, the initial helical rise and twist angle of structure containing 
two layers of RIP3 and two layers of RIP1 (derived from PDB 5v7z) were set to 
19.5 Å and 10.6°, respectively. Energy minimization was subsequently applied 
with TrRosetta56 to optimize steric hindrance and clash in the model. Pymol (The 
PyMOL Molecular Graphics System, Version 2.4 Schrödinger) was used to generate 
all the figures.

Statistics and reproducibility. Statistical analysis was performed with Prism 
software. Error bars represent mean ± s.e.m. or mean ± s.d., as indicated. For 
the comparison of two datasets, data were analysed by two-tailed unpaired 
Student’s t-test. To compare more than two datasets, we used Kruskal–Wallis test 
with two-sided Dunn’s multiple comparison test. Sample size and the number 
of biological replicates for each experiment are indicated in the figure legends. 
STORM imaging, EM and western blot experiments were performed three times 
unless specified in the legends.

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

Data availability
The published structures of RIP1–RIP3 hetero-amyloid core (PDB 5V7Z), RIP1 
kinase domain (PDB 4NEU), RIP1 death domain (PDB 6AC5) and RIP3 kinase 
domain (PDB 4M66) are accessible in the PDB (https://www.rcsb.org/) with 
respective IDs. Numerical source data giving rise to graphical representations 
and unprocessed images of blots are shown in source data figures. Detailed 
experimental procedures and additional data supporting the findings of this study 

are available from the corresponding author on reasonable request. Source data are 
provided with this paper.

Code availability
All Python scripts and Fiji macros for STORM image analysis are 
available in the online repository GitHub (https://github.com/xchenxmu/
STORMing-the-necrosome).
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Extended Data Fig. 1 | Necrosome is visualized as diffraction-limited puncta growing in the process of cell necroptosis. a, Confocal images of HA-RIP3 
and MLKL-Flag-reconstituted MLKL-KO HeLa cells treated with DMSO or TSZ (T: TNF, 10 ng/ml; S: Smac mimetic (SM-164), 100 nM; Z: zVAD-fmk, 
20 μM), fixed and labeled for HA-RIP3 (green), RIP1 (purple) and MLKL-Flag (light blue). Red arrows in magnified images outlined by the white boxes 
emphasize the growing necrosome puncta. b-d, Intensity distribution of RIP1 (b, n = 39, 232, 453 for TSZ 0, 2, 4 h, respectively), RIP3 (c, n = 59, 940, 
1772 for TSZ 0, 2, 4 h, respectively) or MLKL (d, n = 11, 278, 735 for TSZ 0, 2, 4 h, respectively) clusters detected in cells treated as in a. ‘n’ refers to the 
number of structures analyzed across two independent experiments. Box plots (b-d) show median and 25th to 75th percentiles, and whiskers indicate the 
minimum and maximum values. P values are determined by Kruskal-Wallis test with Dunn’s multiple comparisons test. Scale bars, 10 μm (original images) 
and 2 μm (magnified images). Statistical source data are provided in Source Data Extended Data Fig. 1.
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Extended Data Fig. 2 | analysis of single-color StoRM images. a, Representative histogram of localization precision of CF 647 calculated by LAMA 
algorithm31. b-e, Segmentation analysis of single-color STORM images (b). An example of RIP1 puncta (yellow) identified by machine learning-based 
algorithm (ilastik) in untreated HeLa cells expressing RIP3 is shown (c). The details of segmentation analysis are described in the Methods section. Area 
distribution (d) and ellipticity distribution (e) of RIP1 clusters were automatically quantified. Here, r value represents the effective diameter of the square 
with an equivalent area to the detected signals. The clusters with r value of more than 80 nm are TSZ-induced clusters and among them, those with an 
ellipticity of more than 2.00 are further regarded as rod-shaped structures. Scale bar, 100 nm. Statistical source data are provided in Source Data Extended 
Data Fig. 2.
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Extended Data Fig. 3 | Rod-shaped structure is a general feature of cellular necrosome. a, Single-color STORM images of endogenous RIP3 complexes 
revealed by using an anti-RIP3 antibody. Magnified images outlined by white boxes emphasize the rod-shaped RIP3 complexes only present in WT but not 
RIP3-deficient HT-29 cells treated with TSZ for 8 h. b, STORM images of RIP1 or RIP3 in HT-29 cells treated with TSZ (T: TNF, 10 ng/ml; S: Smac mimetic 
(SM-164), 100 nM; Z: zVAD-fmk, 20 μM) for indicated time. Magnified images are shown as inset figures, highlighting the RIP1 or RIP3 clusters during 
cell necroptosis. c, Percentage of rod-shaped structures detected by RIP1 or RIP3 staining in total enlarged clusters (RIP1, n = 1, 277, 334 for TSZ 0, 4, 8 h, 
respectively; RIP3, n = 8, 468, 409 for TSZ 0, 4, 8 h, respectively) by TSZ stimulation. The definitions of round- and rod-shaped structures are described 
in Extended Data Fig. 2d,e. d-g, Width (d) and length (f) distributions of RIP1 stained rods (n = 43, 61 for TSZ 4, 8 h, respectively) or width (e) and length 
(g) distributions of RIP3 stained rods (n = 76, 105 for TSZ 4, 8 h, respectively) in necroptotic HT-29 cells treated as in b. In c-g, ‘n’ refers to the number 
of structures analyzed across three independent experiments. Scale bars, 5 μm (original images in a and b) and 100 nm (magnified images in a and b). 
Statistical source data are provided in Source Data Extended Data Fig. 3.
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Extended Data Fig. 4 | analysis of two-color StoRM images. a, Representative histogram of localization precision of CF 568 calculated by LAMA 
algorithm31. b, Two-color STORM images of the RIP1-RIP3 necrosomes in HA-RIP3 expressing HeLa cells treated with TSZ, and labeled for RIP1 and RIP3 
(top, “both”), only for RIP3 (middle, “anti-HA only”) or only for RIP1 (bottom, “anti-RIP1 only”). Green indicates mouse secondary antibody conjugated 
CF 568, and purple indicates rabbit secondary antibody conjugated CF 647. Data are representative of four independent experiments. c, Cross-talk 
percentages between the two STORM color-channels determined from single-color-labeled necrosome shown in b. Data are mean ± SD of biological 
triplicates. d,e, Analysis workflow of two-color STORM images in this study (d). Clusters identified by ilastik in each channel were further assessed the 
possibility of co-clustering in a single channel or overlap between two channels. An example of cluster analysis of two-color STORM imaging is shown in 
e. The details of segmentation/overlap analysis of clusters are described in the Methods section. Scale bars, 200 nm (e) and 100 nm (b). Statistical source 
data are provided in Source Data Extended Data Fig. 4.
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Extended Data Fig. 5 | two-color StoRM imaging of rod-shaped necrosomes. a, Two-color STORM of necrosomes showing the spatial localization 
of RIP1-RIP3 in HA-RIP3 and MLKL-Flag-expressing MLKL-KO HeLa cells treated with TSZ. b-d, Viability of HT-29 (b), LS 174 T (c) or THP-1 (d) cells 
treated as indicated. THP-1 cells were primed by 100 nM PMA. Data are represented as mean ± SD of biological triplicates. e, Two-color STORM 
images of RIP1 and RIP3 clusters in cells from (b-d). f, Two-color STORM of necrosomes showing the spatial localization of RIP3-MLKL in HA-RIP3 and 
MLKL-Flag-expressing MLKL-KO HeLa cells treated with TSZ. g-j, Two-color STORM images showing the localizations of pRIP3 (g) or pMLKL (i) and 
RIP3 in WT and RIP3-deficient (g) or MLKL-deficient (i) HT-29 cells in the presence of TSZ. Area of pRIP3 (n = 163, 90 structures analyzed across three 
independent experiments for Round or Rod, respectively, h) or pMLKL (n = 237, 237 structures analyzed across three independent experiments for Round 
or Rod, respectively, j) puncta in round-/rod-shaped necrosome were calculated. STORM images are representative of three independent experiments. 
Data in h and j are mean ± SEM. All P values are determined by two-tailed, unpaired t-test. Scale bars, 5 μm (original images in g and i) and 100 nm (a, e, f 
and magnified images in g and i). Statistical source data are provided in Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 | RIP1 is dispensable for RIP3 rods formation by overexpressed RIP3 and RIP3 overexpression-induced necroptosis. a, Single-color 
STORM image of RIP3 complex by Dox-induced RIP3 in RIP1-deficient HeLa cells (left) and two-color STORM image of TSZ-induced RIP1-RIP3 rod 
in HA-RIP3 expressing HeLa cells (right). b-f, Flag-RIP3-WT or Flag-RIP3-RHIMMut expression was induced in RIP1-deficient HeLa cells by addition of 
Dox. The RIP3-containing complex was immunoprecipitated with an anti-Flag antibody and visualized by using negative stain EM (b). Cell viability was 
measured based on quantitation of the ATP present (c). Data are represented as mean ± SD of biological triplicates. Confocal images of RIP3 are shown 
(d) and the fraction of cells with RIP3 puncta were calculated (e). n = 75–324 cells pooled by two independent experiments. Cell lysates were collected 
and analyzed by immunoblotting for the indicated proteins under reducing or non-reducing conditions (f). Scale bars, 10 μm (d) and 100 nm (a and b). 
Unprocessed blots and statistical source data are provided in Source Data Extended Data Fig. 6.
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Extended Data Fig. 7 | Disordered RIP1 complexes by non-phosphorylated RIP1. a, HA-RIP3-expressing HeLa cells were treated with TSZ or TSZ plus 
Nec-1. Cell lysates were collected and subjected to western blot analysis for the indicated proteins. b-e, Viability of HA-RIP3 expressing HeLa (b), HT-29 
(c), LS 174 T (d) and THP-1 (e) cells treated as indicated. THP-1 cells were primed by 100 nM PMA. Data are represented as mean ± SD of biological 
triplicates. f,g, Confocal images of RIP1 and RIP3 (f) and area distribution of RIP1 clusters (g, n = 2015 for TSZ and n = 1131 for TSZ + Nec-1) in cells treated 
as in b. ‘n’ refers to the number of structures analyzed across two independent experiments. h, Flag-RIP1 WT or mutants were overexpressed in RIP1-KO 
HeLa cells with or without Nec-1 for 24 h. Cell lysates were collected and subjected to western blot analysis for the indicated proteins. i, Confocal images 
of Flag-RIP1 WT or mutants in cells treated as in h. The experiment was performed twice with similar results. Scale bars, 10 μm. Unprocessed blots and 
statistical source data are provided in Source Data Extended Data Fig. 7.
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Extended Data Fig. 8 | effect of RIP3 kinase inhibitors on the necrosome formation. a, Confocal images of the RIP1-RIP3 necrosomes in RIP3-expressing 
HeLa cells treated with TSZ or TSZ plus RIP3 kinase inhibitors (GSK’840 or Dabra). Purple indicates RIP1 and green is RIP3. b, Area histogram of 
RIP3 puncta in cells from a. n = 973–3524 clusters from 10 fields. c-f, Flag-RIP3 was co-overexpressed with PPM1B WT or its inactive form (R179G) in 
HEK293T cells. Cell lysates were collected and subjected to western blot analysis for the indicated proteins. Data are representative of three independent 
experiments (c). Representative confocal images of RIP3 and PPM1B-WT or PPM1B-R179G from two independent experiments (d). STORM images (e) 
and length distribution (f) of RIP3 rods in the presence of PPM1B WT or R179G mutant (n = 699 for WT and n = 589 for R179G). ‘n’ refers to the number 
of structures analyzed across two independent experiments. Box plots show median and 25th to 75th percentiles, and whiskers indicate the minimum and 
maximum values. P values are determined by two-tailed, unpaired t-test. Scale bars, 10 μm (a and d) and 100 nm (e). Unprocessed blots and statistical 
source data are provided in Source Data Extended Data Fig. 8.
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Extended Data Fig. 9 | the effects of expression of mRIP3 Wt or mutants in HeK293t cells. a-c, Flag-mRIP3 WT or mutants (K51A, D161N, or RHIMMut) 
were expressed in HEK293T cells with or without 5 μM GSK’872. Confocal (a) and STORM (c) images of RIP1-RIP3 complexes are shown. The fraction of 
cells with RIP3 puncta in a were calculated (b). n = 97–156 cells pooled by two independent experiments. Data in c are representative of three independent 
experiments. Scale bars, 10 μm (a) and 100 nm (c). Statistical source data are provided in Source Data Extended Data Fig. 9.
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Extended Data Fig. 10 | Model of the assembly and function of mosaic RIP1-RIP3 rods. a, A hypothetic model of RIP1-RIP3 mosaics: (I) Bidirectional β 
sheets resulted from RHIM-dependent RIP1/RIP3 homo- or hetero-interactions; (II) The β sheets further form helical necrosome rods with about 47 nm 
in width and 33 nm in pitch length; (III) RIP1/RIP3 homo-oligomers distribute heterogeneously in the rod-shaped necrosome, exhibiting a mosaic pattern. 
b, Upon necroptosis stimuli, RIP1 is autophosphorylated and this modification retains RIP1 assembly in a proper manner. Ordered RIP1 interaction initiates 
ordered recruitment of downstream RIP3, leading to the formation of helical rod-shaped necrosomes. Necrosomal RIP1- and RIP3-homo-oligomers 
distribute as a mosaic pattern, and RIP3 oligomers with sizes equal to or more than tetramer license phosphorylated MLKL to oligomerize for necroptosis. 
RHIM domain-mediated interaction rather than RIP3 autophosphorylation/MLKL recruitment is indispensable for the formation of rod-shaped 
necrosomes. In addition, the mosaic RIP1-RIP3 rods are essential for apoptosis by recruiting FADD/Caspase-8 when RIP3 kinase activity was eliminated 
by GSK’872 or by kinase-dead mutations. Disrupting the ordered RIP1-RIP3 rod-shaped structures could impair the recruitment/activation of downstream 
molecules. Thus, the ordered RIP1-RIP3 mosaic rod functions as a bidirectional module for the signaling of necroptosis and apoptosis under certain 
conditions.
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