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Formation of multi-component signaling complex necrosomes is essential for tumor necrosis factor α (TNF)-induced 
programmed necrosis (also called necroptosis). However, the mechanisms of necroptosis are still largely unknown. 
We isolated a TNF-resistant L929 mutant cell line generated by retrovirus insertion and identified that disruption of 
the guanine nucleotide-binding protein γ 10 (Gγ10) gene is responsible for this phenotype. We further show that Gγ10 
is involved in TNF-induced necroptosis and Gβ2 is the partner of Gγ10. Src is the downstream effector of Gβ2γ10 in 
TNF-induced necroptosis because TNF-induced Src activation was impaired upon Gγ10 knockdown. Gγ10 does not 
affect TNF-induced activation of NF-κB and MAPKs and the formation of necrosomes, but is required for trafficking 
of necrosomes to their potential functioning site, an unidentified subcellular organelle that can be fractionated into 
heterotypic membrane fractions. The TNF-induced Gβγ-Src signaling pathway is independent of RIP1/RIP3 kinase 
activity and necrosome formation, but is required for the necrosome to function.
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Introduction

In contrast to apoptosis, necrosis was often considered 
merely as a kind of chaotic and non-regulated cell death 
before mechanistic studies began to reveal that necrosis 
can also be regulated under certain circumstances [1, 2]. 
Necrotic cell death has been implicated in a variety of 
physiopathological processes, such as host responses to 
genotoxic stresses and other adverse environmental fac-
tors such as bacterial and viral infections, as well as in 
pathogenesis of various diseases such as atherosclerosis, 
Crohn’s syndrome, acute pancreatitis and neurodegen-
erative diseases [3-6]. Hence, it is conceivable that a 
thorough investigation to decipher the mechanisms of 
necrosis will provide us more therapeutic strategies for 
the treatment of various diseases. A broad range of ex-
tracellular stimuli, such as H2O2, DNA alkylating agent 

MNNG and cytokine tumor necrosis factor α (TNF), can 
induce necrosis [7, 8]. Among these, TNF-induced re-
ceptor-interacting protein 1 (RIP1)- and RIP3-dependent 
necrotic cell death (named necroptosis) has been inten-
sively studied. 

TNF is a pleiotropic cytokine that regulates diverse 
signaling pathways including apoptosis (caspase-depen-
dent cell death) and necroptosis (caspase-independent 
cell death) [9]. TNF can induce necroptosis in certain 
cell types such as murine fibrosarcoma L929 cells, cells 
of hematopoietic origin and epithelial cells of the gastro-
intestinal tract [10, 11]. Inhibition of caspases or overex-
pression of RIP3 can switch TNF-induced apoptosis to 
necroptosis in some cell types [12]. It is known that TNF 
induces apoptosis or necroptosis by engaging TNF re-
ceptor 1 (TNFR1). When TNF binds to TNFR1, TNFR1 
becomes trimerized, leading to the recruitment of the 
downstream effectors to form signaling complex I. TNF-
induced gene expression is primarily mediated by NF-
κB and MAP kinase pathways downstream of complex I, 
which contains TNFR1, TNFR1-associated death domain 
(TRADD), TNFR-associated factor 2 (TRAF2), RIP1 
and inhibitor of κB kinase (IKK) complex [13]. Upon 
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TNFR1 endocytosis, TRADD interacts with Fas-associ-
ated death domain (FADD), which subsequently recruits 
RIP1 and caspase-8 to form complex II, leading to the 
induction of caspase-dependent apoptosis [13]. When 
RIP3 is highly expressed in a given cell, it can incorpo-
rate into complex II to form the necrosome (also known 
as complex IIb), which triggers necrotic cell death [12, 
14, 15]. Recently, mixed lineage kinase domain-like 
(MLKL) has been identified as a novel component of the 
necrosome [14, 16-18]. Knockdown of MLKL abolished 
TNF-induced necroptosis without affecting the interac-
tion between RIP1 and RIP3 [14, 16]. Moreover, phos-
phorylation of MLKL by RIP3 has been suggested to be 
critical for necrotic signaling [14].

Heterotrimeric guanine nucleotide-binding protein 
(G protein) or Gαβγ complex plays a central role in the 
G protein coupled-receptor (GPCR) signaling pathway. 
In early studies, Gα was considered the major player of 
this complex while Gβγ was regarded merely as a dock-
ing platform for Gα. The first evidence indicating that 
Gβγ functions not only as a scaffold but also as a signal 
transducer/activator came from the study of the activa-
tion of muscarinic-gated potassium channels in chicken 
embryonic atrial cells [19]. More recently, Gβγ has also 
been revealed to participate in the activation of a variety 
of signaling pathways including the cAMP/PKA, PI3K, 
calcium, Src (Rous sarcoma oncogene) kinase and GIRK 
pathways [20-24]. Gβγ dimer within the heterotrimeric 
G protein complex is composed of Gβ and Gγ subunits. 
As the isoforms of Gβs or Gγs share a high degree of 
sequence homology, it was proposed that they might 
function redundantly. However, a growing body of evi-
dence suggests that each distinct Gβ or Gγ isoform may 
intrinsically possess unique biological functions [25, 26]. 
In addition, different Gβ and Gγ combinations also seem 
to perform distinctive functions [27]. 

In order to identify novel molecules that regulate TNF-
induced necroptosis, we performed a systematic screen-
ing for phenotypes of defective necroptosis in L929 cells 
carrying gene mutations introduced by random retrovirus 
insertion. As a result, we successfully identified several 
novel protein components that are involved in TNF-
induced necroptosis [28-31]. Gγ10 is one of the genes 
identified to be required for TNF-induced necroptosis. 
Knockdown of Gγ10, but not the other γ subunits, ren-
dered the L929 cells resistant to TNF-induced cell death. 
Further study revealed that Gα subunits are not involved 
in necroptosis and a specific β subunit Gβ2 is required 
for TNF-induced necroptosis. The participation of the 
Gβ2γ10 complex in TNF-induced necroptosis is sup-
ported by the data that Gβγ inhibitor suppressed TNF-
induced necroptosis. Although it is required for TNF-

induced necroptosis, Gγ10 is not involved in the assem-
bly of necrosomes. Src activation is downstream of the 
Gβ2γ10 complex in TNF-induced necroptosis and Src 
appears to play a role in necrosome trafficking, which is 
apparently required for necrosomes to execute necropto-
sis.

Results 

Gγ10 is specifically required for TNF-induced necroptosis.
In order to find new genes involved in TNF-induced 

necroptosis, we performed a functional screening among 
mutants of murine fibrosarcoma L929 cells generated 
by random retrovirus insertion as described previously 
[28-31]. One of the resistant lines was found to carry a 
disrupted Gγ10 gene resulting from the insertion of the 
retroviral genome into the intron between the first and 
second exons of Gγ10 (Figure 1A). This mutant L929 
cell line, named truncated Gγ10, is resistant to TNF-
induced death when compared to the parental L929 cells 
(Figure 1A). To confirm the role of Gγ10 in TNF-induced 
necroptosis, we used shRNAs to knock down Gγ10 gene 
in L929 cells. As shown in Figure 1B and Supplementary 
information, Figure S1A, two Gγ10-specific shRNAs 
can effectively reduce Gγ10 mRNA level, and the reduc-
tion of Gγ10 expression resulted in a resistance to TNF-
induced cell death. 

The mouse Gγ family contains 12 members, which 
are very similar in amino acid sequences. Sequence 
alignment of Gγ family members showed that Gγ5 and 
Gγ7 are more similar to Gγ10 than the other Gγ family 
members (Supplementary information, Figure S1B). The 
mRNA level of Gγ10 is much lower than that of Gγ5, 
and much higher than that of Gγ7 in L929 cells (Figure 
1C). We knocked down Gγ5 and Gγ7 and found that their 
knockdown had no effect on TNF-induced cell death 
(Figure 1D and 1E). These data suggest that Gγ10, but 
not the other Gγ family members, is involved in TNF-
induced necroptosis in L929 cells. 

As lipopolysaccharide (LPS), the cell wall component 
of Gram-negative bacteria, plus pan caspase inhibitor N-
Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl 
ketone (zVAD) can induce RIP3-dependent necroptosis 
of peritoneal macrophages [12, 32], we tested whether 
Gγ10 is required for the necroptosis of macrophages. As 
shown in Figure 1F and Supplementary information, Fig-
ure S1C, knockdown of Gγ10 reduced LPS plus zVAD-
induced macrophage death. Knockdown Gγ10 also 
partially inhibited TNF plus cycloheximide (CHX) plus 
zVAD-indued MEF necroptosis (Supplementary infor-
mation, Figure S1D). Thus, Gγ10 participates in RIP3-
dependent necroptosis in different cell types.
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Figure 1 Gγ10 is required for TNF-induced necroptosis. (A) A TNF-resistant L929 mutant cell line generated by retrovirus 
insertion was isolated and the insertion site was identified by 3′ RACE. The insertion is in the Gγ10 gene and the cell line was 
named truncated Gγ10. The sequence of the fused Gγ10 (uppercase) and neo transgene-containing DNA fragment is shown. 
The amino acid sequence of the neo gene is shown under its cDNA sequence. The parental and truncated Gγ10 cells were 
treated with TNF (10 ng/ml) for different time periods. Cell survival rate was determined using propidium iodide (PI) exclusion 
(right panel). (B) L929 cells were infected with lentivirus encoding Gγ10 shRNA or control shRNA. After 48 h, knockdown effi-
ciency of Gγ10 was examined by qRT-PCR. Gγ10-knockdown cells were treated with TNF (10 ng/ml) for 12 h and cell viability 
was measured as in A. (C) The mRNA levels of Gγ5, Gγ7 and Gγ10 in L929 cells were measured by absolute quantification 
RT-PCR. (D, E) L929 cells were infected with lentivirus encoding Gγ5 or Gγ7 shRNA. Knockdown efficiency and TNF-induced 
cell death were determined as in B. (F) Peritoneal macrophages were infected with lentivirus encoding Gγ10 shRNA or con-
trol shRNA for 5 days and then challenged with LPS (100 ng/ml) plus zVAD (20 µM) for 30 h. PI-positive dots (dead cells) 
were counted under a microscope. The average numbers of dead cells per 1 000 cells obtained from at least three different 
views of about 500 cells per view are shown. Data in A, B and D-F depict mean ± SEM of one representative experiment of 
three or more. See also Supplementary information, Figure S1.
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We next tested whether Gγ10 is also involved in cell 
death induced by other stimuli in L929 cells. H2O2, DNA 
alkylating agent MNNG, topoisomerase inhibitor Etopo-
side, arsenite and CoCl2 were tested. As shown in Figure 2, 
cell death induced by these stimuli either was enhanced 
or remained unchanged in Gγ10-knockdown cells. Thus, 
Gγ10 is selectively involved in TNF-induced necropto-
sis. 

The Gβγ complex containing Gγ10 and Gβ2 participates 
in TNF-induced necroptosis 

As nearly all Gγ family members require the interac-
tion with Gβ family members to function properly [33, 
34], Gβ family members likely also participate in TNF-
induced necroptosis. The expression levels of several Gβ 
family members were measured in L929 cells. Similar 
to Gγ family members, the expression abundance of Gβ 
protein family members varies in L929 cells. Gβ1 and 
Gβ2 are highly expressed while Gβ3 and Gβ4 are un-
detectable and Gβ5 is expressed at a low level in L929 
cells (Figure 3A). As Gβ1 and Gβ2 are highly expressed 
in L929 cells, we used shRNAs to knock down their 

expression and examined whether any of these two Gβ 
proteins is required for TNF-induced necroptosis in L929 
cells. As shown in Figure 3B, Gβ1 knockdown did not 
affect TNF-induced necroptosis; in contrast Gβ2 knock-
down blocked TNF-induced necroptosis (Figure 3C). In 
order to further confirm the result, we knocked out Gβ2 
in L929 using the CRISPR/Cas9-mediated gene targeting 
method [35, 36]. As shown in Supplementary informa-
tion, Figure S2A, Gβ2 expression in the four knockout 
cell lines was almost completely eliminated and TNF-
induced necroptosis was inhibited. This result reinforces 
that Gβ2 is involved in TNF-induced necroptosis. It is 
worth to note that the amino acid sequences of Gβ1 and 
Gβ2 are highly similar (Supplementary information, 
Figure S2B), but Gβ1 and Gβ2 appear to behave distinc-
tively in necroptosis. As the expression of Gβ3 and Gβ4 
is undetectable in L929 cells and Gβ5 is less similar to 
Gβ2 than Gβ1, we did not further test the involvement of 
these β subunits in necroptosis. 

When overexpressed in 293T cells, Gγ10 was shown 
to interact with Gβ2 (Supplementary information, Figure 
S2C), which is consistent with a previous study [37]. To 
test whether the Gγ and Gβ subunits act as a Gβγ dimer 
to regulate necroptosis, we treated the cells with a Gβγ 
complex inhibitor, gallein, to inhibit the function of Gβγ 
complex [38]. Compared to the control, cells pretreated 
with gallein were more resistant to TNF-induced necrop-
tosis (Figure 3D). However, gallein may not be an effec-
tive inhibitor as the inhibition of necroptosis with gallein 
was less efficient than the knockdown of Gγ10 or Gβ2. 
Indeed, it was reported that gallein only blocked the 
interaction of Gβγ with some but not all effectors [39]. 
Nonetheless, the inhibitory effect of gallein suggests that 
the Gγ10- and Gβ2-containing Gβγ complex is respon-
sible for TNF-induced necroptosis.

Gα subunits are not required for TNF-induced necroptosis 
As the Gβγ complex interacts with Gα subunits and 

regulates their GTPase activity, it needs to be evalu-
ated whether Gα subunits are involved in TNF-induced 
necroptosis. Gα subunits were divided into four major 
classes (Gαs, Gαi, Gα12/13 and Gαq) based on their se-
quence homologies [40]. Different Gα subunit classes 
have different functions.

Activation of Gαs or Gαi can activate or inhibit adenylate 
cyclase activity, respectively, which can influence cellular 
cAMP production. Studies from several research groups 
have revealed that TNF treatment did not affect cAMP pro-
duction in L929 cells and other cell lines [41-43], indicating 
that TNF does not activate Gαs or Gαi. Because cAMP is one 
of the most important downstream effectors of Gαs and Gαi, 
whether cAMP can influence TNF toxicity has also been 

Figure 2 Gγ10 is selectively involved in TNF-induced necropto-
sis. Control and Gγ10-knockdown L929 cells were treated with 
either TNF (10 ng/ml) for 10 h, H2O2 (3 mM) for 4 h, MNNG (0.5 
mM) for 30 h, Etoposide (50 µM) for 30 h, Arsenite (25 µM) for 
16 h or CoCl2 (50 mM) for 30 h. Cell viability was measured us-
ing PI exclusion. Data depict mean ± SEM of one representative 
experiment of three or more.
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studied. Some studies showed that cAMP could protect cells 
from TNF-induced cell death while others argued against 
this conclusion [42, 44]. To determine whether cAMP plays 
any role in our system, L929 cells were pretreated with 
the cAMP mimic drug dbcAMP and then challenged with 
TNF. As shown in Figure 4A, dbcAMP did not affect TNF-
induced cell death in L929 cells. 

Overexpression of RhoGEF-p115 RGS domain can 
selectively inhibit the activity of the Gα12/13 subunits [45, 
46]. We found that overexpression of RhoGEF-p115 
RGS domain had no effect on TNF-induced necroptosis 
(Figure 4B), while it suppressed lysophosphatidic acid 
(LPA)-induced Gα12/13-dependent stress fiber formation 
(Supplementary information, Figure S3A) [47-49].

GRK2-RGS domain overexpression can inhibit Gαq 
activity [45, 46], but had no effect on TNF-induced 
necroptosis (Figure 4B). The inhibition of Gαq activity by 
GRK2-RGS domain overexpression was demonstrated 
by the results that such overexpression inhibited ATP-in-
duced calcium mobilization (Supplementary information, 
Figure S3B), which was known to be Gαq-dependent [43]. 

A major downstream effector of Gαq is phospholipase C 
(PLC) [50]. Pretreatment of L929 cells with PLC inhibi-
tor D609 or U73122 did not affect TNF-induced necrop-
tosis (Figure 4C).

Taken together, these results suggest that Gαs, Gαi, 
Gα12/13 and Gαq are unlikely to be involved in TNF-
induced necroptosis.

Src is activated by TNF stimulation in a Gγ10-dependent 
manner

Previous studies have shown that cAMP, PI3K, GIRK 
channel, calcium and Src pathways can act downstream 
of the Gβγ complex [20-24, 51]. Among these path-
ways, we found that the cAMP pathway is not involved 
in TNF-induced necroptosis in L929 cells (Figure 4A). 
By using the PI3K inhibitor LY294002, we found that 
inhibition of PI3K did not affect TNF-induced necrop-
tosis (Supplementary information, Figure S4A). As for 
GIRK channel activity [19], no study has been done to 
address the relationship between cellular potassium con-
centration and TNF-induced cell death. We found that 
the potassium concentration did not significantly change 
during TNF stimulation, and that Gγ10 knockdown did 
not affect potassium concentration before and after TNF 
stimulation (Supplementary information, Figure S4B). 
Intracellular calcium concentration has been reported to 
affect TNF-induced cell death [29, 52]. As the Gβγ com-
plex can modulate N-type calcium channels [53, 54], we 
examined whether intracellular calcium concentration 
was affected by Gγ10 knockdown and found that Gγ10 
knockdown did not affect calcium concentration (Supple-
mentary information, Figure S4C).

Src kinase activity can be regulated by the Gβγ com-
plex [22, 55-58], and activation of Src by TNF stimula-
tion has been reported [59, 60]. We examined whether 
TNF-induced activation of Src was compromised when 
Gγ10 was knocked down in L929 cells. Consistent 
with previous studies [60], the phosphorylation level of 
Tyr418 in mouse Src, a marker of Src kinase activation, 
was increased in L929 cells after TNF treatment (Fig-
ure 5A). Interestingly, this activation was diminished in 
Gγ10-knockdown cells (Figure 5A). 

We next determined whether the activation of Gγ10-
Src signaling is dependent on RIP1 and RIP3, and found 
that TNF-induced Src activation was not affected by 
RIP1 knockdown or RIP3 knockout (Figure 5B and 5C). 
To ensure that TNF-induced Src activation is dependent 
on TNFR1, we analyzed Src phosphorylation in TNFR1-
knockdown cells. Knockdown of TNFR1 reduced TNF-
induced Src phosphorylation (Figure 5D) and cell death 
(Supplementary information, Figure S4D). Taken togeth-
er, these results suggest that TNF-induced Src activation 
is not a downstream event of the necrosome formation.

Figure 3 Gβ2 is required for TNF-induced necroptosis in L929 
cells. (A) The mRNA expression levels of Gβ family members in 
L929 cells were measured by absolute quantification RT-PCR. 
(B, C) L929 cells were infected with lentivirus encoding Gβ1 or 
Gβ2 shRNA. Knockdown efficiency and TNF-induced cell death 
were determined as described in Figure 1B. (D) L929 cells were 
pretreated with or without Gβγ complex inhibitor gallein (75 µM) 
for 2 h and then challenged with TNF (10 ng/ml) for 10 h. Cell vi-
ability was measured using PI exclusion. #P < 0.01, t test. Data 
in B-D depict mean ± SEM of one representative experiment of 
three or more. See also Supplementary information, Figure S2.
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Src kinase is a downstream effector of Gβ2γ10 complex 
in TNF-induced necroptosis 

As Gγ10 is required for the upregulation of Src kinase 
activity induced by TNF, Src likely serves as the signal 
effector downstream of Gβ2γ10 in TNF-induced necrop-
tosis. To test this hypothesis, we examined whether Src 
inactivation could inhibit necrotic cell death as the Gγ10 
knockdown did. L929 cells were infected with control or 
Src shRNA-encoding lentivirus and the cell lysates were 
analyzed for Src protein levels. By an unknown reason, 
an efficient knockdown of Src resulted in cell death and 
we only obtained viable cells with ~50% reduction of 
Src protein levels. Decrease in Src protein levels reduced 
TNF-induced cell death (Supplementary information, 
Figure S5A), reminiscent of what was observed in Gγ10-
knockdown cells. However, the resistance to TNF-

induced cell death was less obvious in Src-knockdown 
cells than in Gγ10-knockdown cells, which is most likely 
due to the less effective knockdown of Src compared 
with that of Gγ10. In order to confirm this result, CRIS-
PR/Cas9-mediated gene targeting was used to knock 
out Src in L929 cells. We were unable to knock out Src 
gene in both alleles in L929 cells, but several knockout 
cell lines showed significant reduction of Src expression 
(Figure 6A). Consistent with Src-knockdown experi-
ments, Src gene knockout also decreased TNF-induced 
necroptosis (Figure 6A). To further confirm the involve-
ment of Src in TNF-induced necroptosis, we pretreated 
cells with the general tyrosine kinase inhibitor Genistein 
or selective Src kinase family inhibitor PP2, and found 
that both inhibitors attenuated TNF-induced cell death 
(Figure 6B, Supplementary information, Figure S5B and 

Figure 4 Gα subunits are not required for TNF-induced necroptosis in L929 cells. (A) Cells were pretreated with or without 
cAMP-mimic drug, dbcAMP (100 µM) overnight and then challenged with TNF (10 ng/ml) for 12 h. Cell viability was mea-
sured using PI exclusion. (B) Cells were infected with lentivirus encoding HA-p115-RGS or HA-GRK2-RGS. After 48 h, part 
of the cells were harvested for immunoblotting with anti-HA and anti-actin antibodies, and other parts of the cells were chal-
lenged with TNF (10 ng/ml) for 12 h before cell viability was measured using PI exclusion. (C) Cells were pretreated with PLC 
inhibitor D609 (20 µg/ml) for 30 min or U73122 (2 µM) for 45 min and then challenged with TNF (10 ng/ml) for 8 h. Cell viabil-
ity was measured using PI exclusion. Data in A-C depict mean ± SEM of one representative experiment of two or three.
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S5C).
It has been reported that the basal activity of Src is 

usually low as its kinase activity is suppressed in qui-
escent cells [61]. Phosphorylation of Tyr529 in Src by 
tyrosine kinase Csk contributes to the suppression of the 
kinase activity of Src [62]. Knockout or knockdown of 
Csk leads to the upregulation of Src kinase activity [63, 
64]. Indeed, Csk knockdown in L929 cells upregulated 
the phosphorylation level of Tyr418 in Src, indicating an 
elevated Src kinase activity (Figure 6C and Supplemen-
tary information, Figure S5D). In supporting the positive 
role of Src in TNF-induced necroptosis, Csk-knockdown 
cells were more sensitive to TNF-induced necroptosis 
than control L929 cells (Figure 6C). In order to further 
decipher the role of activated Src in necroptosis, a con-
stitutively active mutant Src-Y529F [65] was introduced 
into L929 cells. Consistently, spontaneous necropto-
sis significantly increased in cells overexpressing Src-
Y529F when compared to control or wild-type (WT) 
Src-overexpressing cells (Figure 6D and Supplementary 
information, Figure S5E). Spontaneous necroptosis 
driven by Src-Y529F overexpression was induced in a 
RIP3-dependent manner (Supplementary information, 
Figure S5F). More importantly, as shown in Figure 6E 
and Supplementary information, Figure S5G, Src-Y529F 
but not WT Src can partially reverse Gγ10 knockdown-
induced TNF resistance. In this experiment, to avoid 
the bias originating from the spontaneous necroptosis 
induced by Src-Y529F overexpression, we adjusted the 
expression level of Src-Y529F by reducing the amount 
of lentivirus so that Src-Y529F-expressing cells did not 
undergo spontaneous necroptosis in the absence of TNF 
stimulation (Figure 6E).

As LPS plus zVAD can induce RIP3-dependent perito-
neal macrophage necroptosis [12, 32], we next attempted 
to study whether Src is involved in this signaling pathway. 
LPS plus zVAD activated Src kinase in a time-dependent 
manner and treatment with the Src kinase inhibitor PP2 
abolished LPS plus zVAD-induced macrophage necroptosis 
(Figure 6F and 6G), suggesting that Src kinase plays an 
important role in necroptosis induced by different stimuli 
in different cell types. However, LPS alone did not induce 
cell death in macropahges though it was sufficient to induce 
Src activation, suggesting that a combined effect of Src ac-
tivation and caspase inhibition is required for macrophage 
necroptosis (Supplementary information, Figure S5H). Col-
lectively, our data demonstrated that Src kinase is a down-
stream effector of Gβ2γ10-mediated necroptosis. 

Gγ10 does not affect the signaling downstream of com-
plex I and the formation of necrosomes but is required 
for the translocation of RIP1/RIP3/MLKL-containing 

necrosomes into a heterotypic membrane fraction.
It is well established that activation of the NF-κB and 

MAPK pathways is the downstream event of complex I 
formation [13, 66, 67]. We found that Gγ10 knockdown 
did not affect TNF-induced phosphorylation of NF-κB 
(p65), ERK, JNK and p38 (Supplementary information, 
Figure S6A), indicating that Gγ10 has no effect on com-
plex I signaling.

As the formation of necrosomes is the hallmark of 
TNF-induced necroptosis, we investigated whether Gγ10 
plays any role in the assembly of necrosomes. In order 
to effectively immunoprecipitate RIP1, we knocked in a 
flag tag into one allele of the RIP1 gene by homology-
directed recombination to express N-terminal flag-tagged 
RIP1 in L929 cells. We have determined that flag-RIP1 
can be incorporated into necrosomes as WT RIP1 and 
that the knock-in L929 line shows a similar sensitivity 
to TNF as the parental L929 line in terms of necroptosis 
(data not shown). As some components of necrosomes 
can be cleaved by caspase(s), TNF plus zVAD treatment 
was used [68]. Knockdown of Gγ10 or pretreatment with 
Src kinase inhibitor reduced TNF plus zVAD-induced 
necroptosis in flag-RIP1 L929 cells (Supplementary 
information, Figure S6B and S6C). Flag-RIP1 was im-
munoprecipitated with anti-flag antibody beads, and 
the co-immunoprecipitated components of necrosomes 
were analyzed. As shown in Figure 7A, RIP3, FADD 
and MLKL were co-immunoprecipitated with flag-RIP1 
regardless of whether Gγ10 was knocked down or not. 
Consistent with this observation, treatment with the Src 
kinase inhibitor PP2 did not affect TNF-induced necro-
some formation (Supplementary information, Figure 
S6D).

It has been reported that necrosomes assemble upon 
TNF stimulation and then increasingly accumulate in 
Triton X-100 (or NP-40)-insoluble cellular fraction [69, 
70]. As necrosome formation was unaffected by Gγ10 
knockdown, we next examined whether Gγ10 knock-
down would affect the accumulation of necrosomes in 
the detergent-insoluble fraction. As shown in Figure 7B, 
while RIP1 and RIP3 proteins accumulated in Triton X-
100-insoluble fraction in control cells, this enrichment 
was reduced in Gγ10-knockdown cells. Consistently, PP2 
treatment also reduced the accumulation of RIP1 and 
RIP3 in Triton X-100-insoluble fraction (Figure 7C).

It was shown in a recent study that TNF induces an 
enrichment of RIP3 in the Triton X-100-insoluble portion 
of heavy membrane (HM) fraction [69]. As crude mito-
chondria exist in the HM fraction, we sought to further 
investigate the role of mitochondria in necrosome signal 
transduction. Indeed, we found that TNF plus zVAD 
treatment led to an enrichment of RIP1, RIP3 and MLKL 
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Figure 5 Src is activated in L929 cells by TNF stimulation in a Gγ10-dependent but necrosome-independent manner. (A) 
Control and Gγ10-knockdown L929 cells were treated with TNF (10 ng/ml) for the indicated time periods. Cells were then har-
vested and the expression levels of the total Src kinase and Tyr418-phosphorylated Src in whole-cell extract were examined 
by immunoblotting with anti-Src and anti-phospho-Tyr418-Src antibodies. (B-D) The same as in A except that control and 
RIP1-knockdown, RIP3-knockout, or TNFR1-knockdown L929 cells were used. See also Supplementary information, Figure 
S3.

in the HM fraction (Figure 7D). We further fractionated 
the HM fraction into pure mitochondrial and heterotypic 
membrane fractions using a published method [71, 72]. 
The heterotypic membrane fraction is also called micro-
some (µS) [71]. The transmission electron microscopy 
pictures of mitochondrial and heterotypic membrane 
fractions were shown in Supplementary information, Fig-
ure S6E. The heterotypic membrane fraction may contain 
endoplasmic reticulum (ER), Golgi and mitochondrial 
associated membranes (MAM). TNF plus zVAD induced 
an enrichment of RIP1, RIP3 and MLKL in the hetero-
typic membrane fraction but not in the pure mitochon-
drial fraction (Figure 7D). Interestingly, knockdown of 
Gγ10 significantly blocked TNF-induced accumulation 
of RIP1, RIP3 and MLKL in the HM and the heterotypic 
membrane fractions (Figure 7D). FADD was not enriched 
in HM and the heterotypic membrane fraction, suggest-
ing that FADD was dissociated from the necrosomes 
during the translocation (Figure 7D). Furthermore, when 
cells were treated with the Src kinase inhibitor PP2, the 
accumulation of RIP1, RIP3 and MLKL in the HM and 
heterotypic membrane fractions was also inhibited (Figure 
7E), suggesting that the Gβ2γ10-Src signaling regulates 

the translocation of RIP1/RIP3/MLKL-containing necro-
somes to the heterotypic membrane fraction.

Discussion

By employing random retrovirus insertion, we uncov-
ered a novel role of the Gβγ complex in TNF-induced 
necrotic cell death. We provide genetic evidence that 
Gγ10 and Gβ2 are selectively involved in TNF-induced 
necroptosis. Furthermore, we show that Src kinase is a 
Gβ2γ10-downstream effector in TNF-induced necrop-
tosis. The Gβ2γ10-Src signaling pathway likely acts in 
parallel to the signaling pathway of TNFR1-mediated 
complex I and necrosome formation, but functions to 
regulate the translocation of RIP1/RIP3/MLKL-contain-
ing necrosomes to an unidentified subcellular organelle 
that can be fractionated into a heterotypic membrane 
fraction. A proposed model of how Gβ2γ10-Src signaling 
functions in necroptosis is shown in Figure 7F. 

The Gβγ complex has been recognized as a critical 
regulator in diverse signaling pathways [53, 55, 73]. It 
has been shown to participate in unfolded protein re-
sponse (UPR) and O3-induced cell death in Arabidopsis 
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Figure 6 Src kinase activity is required for TNF-induced necroptosis. (A) The Src protein level was analyzed in control and Src-
knockout cell lines. The control and three Src-knockout cell lines were named as Control, Src-1#, Src-2# and Src-3#, respectively. 
The cells were challenged with TNF (10 ng/ml) and cell viability was measured. (B) Cells were pretreated with or without general 
tyrosine kinase inhibitor Genistein (100 µM) for 2 h or Src kinase family-specific inhibitor PP2 (2 µM) for 6 h. Cells were then chal-
lenged with TNF for 10 h. Cell viability was measured. (C) Parts of Control and Csk-knockdown cells were harvested and the cell 
extracts were subjected to western blot to examine the levels of Src and pTyr418-Src, and other parts of Control and Csk-knock-
down cells were treated with TNF for 8 h. Cell viability was measured. (D) L929 cells were infected with control lentivirus or the in-
dicated lentivirus expressing WT Src or constitutively active mutant Src-Y529F for 48 h. PI-positive dots (dead cells) were counted 
under a microscope. The average numbers of dead cells per 1 000 cells obtained from at least three different views of about 
500 cells per view are shown. (E) Control or Gγ10-knockdown L929 cells were infected with lentivirus-expressing Vector, HA-Src 
(WT) or HA-Src-Y592F. A low dose of lentivirus was selected to adjust the expression of Src-Y529F to a modest level so that Src-
Y529F-expressing cells did not undergo spontaneous necroptosis in the absence of TNF stimulation. A total of 48 h after lentivirus 
infection, cells were challenged with TNF for 10 h. Cell viability was measured. #P < 0.01, t test. (F) Peritoneal macrophages were 
treated with LPS (100 ng/ml) plus zVAD (20 µM) for different periods of time. Tyr418 phosphorylation level of Src was measured. (G) 
Peritoneal macrophages were pretreated with or without PP2 (2 µM) for 6 h and then challenged with LPS (100 ng/ml) plus zVAD (20 
µM) for 20 h. PI-positive dots (dead cells) were counted under a microscope. The average numbers of dead cells per 1 000 cells 
obtained from at least three different views of about 500 cells per view are shown. Data in A-E, and G depict mean ± SEM of one 
representative experiment of three or more. See also Supplementary information, Figure S4.
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[74, 75]. A specific Gβγ complex Gβ2γ2, but not the 
other forms of the Gβγ complex, can mediate apoptosis 
induced by familial Alzheimer’s disease-associated mu-
tant of amyloid precursor protein [27]. Pertussis toxin 
(PTX), an exotoxin produced by bacterium Bordetella 
pertussis, can inhibit TNF-induced necroptosis [41, 76]. 
PTX inhibits Gα activity through ADP ribosylation, 
which prevents Gα and, as a result, heterotrimeric G pro-
teins from interacting with GPCRs. When heterotrimeric 
G proteins cannot be activated by GPCRs, Gβγ complex 
cannot be released from the heterotrimer, and therefore 
PTX can also affect signaling pathways mediated by Gβγ 
[55, 77-79]. As Gα subunits are not involved in TNF-
induced necroptosis (Figure 4A-4C), it is possible that 
PTX would reduce the basal-free Gβγ level and thus in-
hibits TNF-induced cell death via diminishing the signal-
ing mediated by Gβγ.

It is known that activation of Gαβγ heterotrimeric 
complexes leads to the release of Gβγ dimers. To date 
there is almost no publication suggesting that TNF acti-
vates Gαβγ heterotrimers. We also failed to detect G pro-
tein subunits in TNFR1 complexes before and after TNF 
stimulation in L929 cells (data not shown). Therefore, 
it is likely that either TNF induces a weak activation of 
Gαβγ, which cannot be detected, or TNF just cannot acti-
vate Gαβγ at all. If TNF does not activate Gαβγ, a ques-
tion remains as to how TNF activates Gβ2γ10 to upregu-
late Src activity. The regulation of Gβ2γ10 by TNF is 
difficult to be explained by classical models of G protein 
activation. As our data undoubtedly demonstrate the in-
volvement of Gβ2γ10 in TNF-induced necroptosis, TNF 
likely regulates Gβγ dimer activity through a currently 
unrevealed mechanism, which may even do not require 
activation of the Gαβγ complex. The mechanism of TNF-
induced Gβ2γ10 activation awaits further investigation. 

Src kinase was first discovered as a cellular ortholog 
of V-Src in Rous sarcoma virus (RSV) [80, 81]. Src ki-
nase has been shown to contain several domains, includ-
ing N-terminal myristoylated domain, SH3 domain, SH2 
domain and kinase domain [82]. Its kinase activity is 
regulated by tyrosine phosphorylation induced by itself 
and other kinases such as Csk. In resting cells, Tyr529 
in Src is phosphorylated by Csk and thus Src remains in 
an inactive form [63]. Src kinase has been reported to 
be involved in a wide spectrum of signaling pathways 
including the receptor tyrosine kinase, GPCR and steroid 
receptor signaling pathways [82]. The role of Src in cell 
death can be either inhibiting or promoting. Src inhib-
its Fas-induced apoptosis through Erk1-/2-dependent 
degradation of the death accelerator Bik [83]. Src also 
phosphorylates human caspase-8 at Tyr380 to inhibit cas-
pase-8 activity, but this is not the case in mice as mouse 

caspase-8 lacks Tyr380 [84]. The promoting effect of Src 
in cell death was observed in zVAD-induced L929 cell 
death. It was shown that knockdown of Src or inhibi-
tion of Src kinase activity decreased zVAD-induced cell 
death [85]. JNK and ERK were shown to act downstream 
of Src in zVAD-induced cell death [85]. However, in-
hibiting JNK or ERK had little effect on TNF-induced 
necroptosis in L929 cells (Supplementary information, 
Figure S7A). Furthermore, inhibition of Src kinase activ-
ity did not influence JNK and ERK activation induced by 
TNF (Supplementary information, Figure S7B). There-
fore, the downstream events of Src activation appear to 
be stimulus-dependent. The Src-mediated signaling path-
ways are quite different in zVAD- and TNF-induced cell 
death. 

Although many reports have indicated that TNF acti-
vates Src kinase [59, 60, 86], the mechanisms of Src ac-
tivation have not been well studied. PKC was reported to 
regulate TNF-induced Src activation [87]. However, our 
results showed that a pretreatment with PKC inhibitor 
did not affect TNF-induced Src activation in L929 cells 
(Supplementary information, Figure S8A). Furthermore, 
PKC inhibitor did not render cells resistant to TNF-
induced necroptosis [88] (Supplementary information, 
Figure S8B). Nevertheless, our data demonstrate that the 
Gβγ complex acts downstream of the TNFR1 in mediat-
ing Src kinase activation (Figure 5).

The heterotypic membrane fraction was shown to play 
an important role in apoptosis [71]. Crudely prepared 
mitochondria were highly sensitive to BID-induced 
cytochrome C release, while highly purified mitochon-
dria were less sensitive. Chipuk et al. [71] showed 
that heterotypic membranes contaminated in the crude 
mitochondria preparation could restore mitochondrial 
sensitivity to BID stimulation. Here, we show that RIP1/
RIP3 necrosomes translocate to the heterotypic mem-
brane fraction and that the Gγ10-Src pathway is required 
for this translocation. The close correlation between the 
accumulation of RIP1/RIP3 in heterotypic membranes 
accumulation and necroptosis suggests the requirement 
of this translocation in cell death; however, the precise 
subcellular location into which RIP1/RIP3 necrosomes 
need to be translocated is still unknown as the hetero-
typic membrane fraction contains membranes of dif-
ferent types (Supplementary information, Figure S5E). 
For example, the heterotypic membranes include MAM, 
which is believed to serve as the contact site of the ER 
and mitochondrion, and has been suggested as the signal-
ing juncture that facilitates calcium and lipid transfers 
between organelles [89, 90]. Other membrane structures 
in the heterotypic membrane fraction might also serve as 
platforms where necrosomes execute cell death.
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Figure 7 Gγ10 is dispensible for necrosome formation but is required for accumulation of RIP1 and RIP3 in the heterotypic 
membrane fraction during necroptosis. (A) Flag-RIP1-knock-in L929 cells were infected with lentivirus-expressing Gγ10 shR-
NA or control shRNA. Cells were challenged with TNF (10 ng/ml) plus zVAD (20 µM) for the indicated time periods. Whole-
cell lysates were subjected to immunoprecipitation using anti-Flag M2 beads. The protein abundance of RIP1, RIP3, FADD 
and MLKL in the immunoprecipitates and total-cell lysates were analyzed by immunoblotting with corresponding antibodies. (B) 
L929 cells were challenged with TNF (10 ng/ml) plus zVAD (20 µM) for the indicated time periods. The Triton X-100-insoluble 
fractions of control or Gγ10-knockdown cells were isolated as described in Materials and Methods. The collected insoluble 
fractions were dissolved with 1% SDS and then were analyzed for the indicated protein by immunoblotting. (C) Cells were 
pretreated with PP2 (2 µM) for 2 h and then processed as in B. (D) Gγ10-knockdown and control cells were challenged with 
TNF (10 ng/ml) plus zVAD (20 µM) for 3 h. The indicated fractions were isolated as described in Materials and Methods and 
then were dissolved with 1% SDS. The quantities of the indicated proteins were analyzed by immunoblotting with antibodies 
against RIP1, RIP3, MLKL, FADD, CANX, COX IV and GAPDH. CANX is an ER and MAM marker protein. COX IV is a mi-
tochondrial marker protein. HM, heavy membrane; HeteroM, heterotypic membrane; Mito, mitochondria. (E) Cells were pre-
treated with PP2 (2 µM) for 4 h and then processed as in D. (F) A proposed model of the pathways in TNF-induced necrop-
tosis. The TNF-activated Gβ2γ10-Src pathway acts downstream of TNFR1 but parallels the complex I-necrosome pathway. 
Src regulates the trafficking of necrosomes to a special subcellular organelle that can be fractionated into the heterotypic 
membrane fraction. Translocation of necrosomes to this organelle is required for necrosomes to execute necroptosis. See 
also Supplementary information, Figure S5.
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 Among the components of the TNF-induced necrop-
tosis pathway, RIP3 and its binding partner RIP1 have 
been proven to be the central regulators [11, 12, 15]. In 
addition, the important roles of MLKL and PGAM5 in 
necroptosis have also been uncovered recently [14, 16, 
69]. However, it still remains largely unknown how a 
nascently assembled necrosome transmits the death sig-
nal. Our study reveals a parallel pathway required for 
the death signal transduction of necrosomes (Figure 7F). 
The Gβ2γ10-Src pathway is activated by TNF and its 
receptor engagement. Activation of the Gβ2γ10-Src path-
way is required for necrosome translocation. How the 
Gβ2γ10-Src pathway controls necrosome trafficking and 
how necrosomes function in the heterotypic membrane 
fraction await future studies. 

Materials and Methods

Plasmid construction 
The genes of interest were amplified by PCR using specific 

primers and cloned into the BamHI and SmaI sites of pLV-EF1α-
MCS-IRES-Puro vector (Biosettia, San Diego, CA, USA) or the 
BamHI and XhoI sites of pBOBE vector using the ExoIII-assisted 
ligase-free cloning method as described elsewhere [91]. For Lenti-
virus-based shRNA expression vectors, the DNA oligos encoding 
shRNA sequences were designed and cloned into the expression 
vector pLV-H1-EF1α-puro using the single oligonucleotide RNAi 
technology developed by Biosettia as described elsewhere [12]. 
All lentiviral-shRNA vectors were constructed following the 
manufacturer’s protocol. The shRNA target sequences are listed in 
Supplementary information, Table S1.

Immunoprecipitation 
Cells rinsed once with cold PBS were lysed in cold lysis buf-

fer (20 mM Tris-HCl pH 7.5, 120 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 1% Triton X-100, 2.5 mM Sodium pyrophosphate, 1 mM 
β-Glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 1× Protease 
inhibitor mix (Sigma)) as described elsewhere [92]. The soluble 
fractions of cell lysates were isolated by centrifugation at 20 000× 
g for 30 min at 4 °C in a centrifuger. Immunoprecipitation was 
performed using anti-flag M2 beads, or anti-HA beads as described 
previously [93].

Antibodies 
Mouse anti-RIP1 antibodies were obtained from BD Biosci-

ences (San Jose, CA, USA). RIP3 polyclonal antibody was raised 
in rabbits using Escherichia coli-expressed GST-RIP3 (287-387 
amino acids) [12]. FADD polyclonal antibody was raised in rabbits 
using E. coli-expressed full-length FADD. p38 antibody was gen-
erated as described [94]. p65, p-p65, p-p38, JNK, p-JNK, ERK, p-
ERK, Src (36D10), pY416-Src antibodies were obtained from Cell 
Signaling Inc. (Beverly, MA, USA). Mouse anti-HA (F-7), mouse 
anti-GAPDH (6C5) and mouse anti-β-actin (C4) antibodies were 
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, 
USA). Mouse anti-flag antibody (M2) was obtained from Sigma 
(Saint Louis, MO, USA). Rabbit anti-vimentin antibody (10366-1-
AP) was obtained from Proteintech Company (Chicago, IL, USA). 

RNA extraction and real-time PCR analysis 
RNA extractions and real-time PCR analyses were performed 

as described previously [12]. Total RNA was isolated from the 
indicated cells using TRIZOL reagent (Invitrogen) according to 
the manufacturer’s instructions. In all, 1.5 µg total RNA was used 
to prepare cDNA using oligo(dT)12 as a primer. RNA expression 
levels were normalized to an internal control, GAPDH. Real-time 
PCR was performed in CFX96 RealTime System (Bio-Rad). For 
Gγ and Gβ mRNA absolute quantification, RT-PCR products were 
purified and quantified, and series were diluted as templates for a 
standard curve. The real-time primers are listed in Supplementary 
information, Table S2. 

CRISPR/Cas9-mediated gene knockout
The method used for CRISPR/Cas9-mediated gene knockout 

was described in [35, 36]. In brief, Cas9-target sites for the indi-
cated genes were designed in http://www.genome-engineering.org/
crispr/?page_id=41. Then, synthetic nucleotides containing target 
sites were sub-cloned into gRNA_Cloning Vector (Addgene). Then 
gRNA vector was co-transfected with hCas9 (Addgene) into L929 
cells. After G418 selection, cells were isolated as single clones. 
The protein quantity of each single clone was analyzed. The Cas9-
target sites are: Gβ2-target site-1: TCATCTGAATTCGCCCCAC; 
Gβ2-target site-2: CTGTGCCTACGCCCCCTCA; Src-target site: 
GCCGCGGGCGGCACGAAGG.

Cell culture 
HEK293T cell line and mouse fibrosarcoma L929 cell line 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 
100 IU penicillin and 100 mg/ml streptomycin at 37 °C in a 
humidified incubator containing 5% CO2.

Virus packaging 
Recombinant lentiviruses were packaged in 293T cells in the 

presence of helper plasmids (pMDLg, pRSV-REV and pVSV-G) 
using a calcium phosphate precipitation method. The transfected 
cells were cultured at 37 °C for 48 h and the virus was then 
collected for infection.

Reagents 
PP2, Genistein, dbcAMP, LY294002, PI were obtained from 

Sigma-Aldrich Chemicals. zVAD was obtained from Calbiochem 
(San Diego, CA, USA). Gallein was obtained from Tocris Bio-
science (Bristol, UK). Fluo-3 AM was obtained from Invitrogen 
(Molecular Probes, Eugene, OR, USA). Mouse TNF was obtained 
from eBioscience (San Diego, CA, USA). Asante Potassium Green 
1 (APG1) AM was obtained from TEFLABS (Austin, TX, USA). 

Determination of calcium concentration 
Determination of calcium concentration was performed follow-

ing the manuals. In brief, cells were treated with or without TNF 
for the indicated times. Before being harvested for FACS, cells 
were loaded with 4 µg of Fluo-3 acetoxymethyl (AM) per ml in 
the presence of 4 mM probenecid (Sigma, Saint Louis, MO, USA) 
at 37 °C for 30 min. FACS was performed at 488 nm excitation, 
and the fluorescence of fluo-3 was collected at 530 nm. Then, the 
mean fluorescent values of viable cells were considered as the 
relative calcium concentrations. For experiment of ATP-induced 
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calcium mobilization, cells were pre-incubated with Fluo-3 as 
above and then harvested for FACS. After assay by FACS for 25 s, 
ATP was added to stimulate cells and then continued the measure-
ment by FACS. FACS data were analyzed by FlowJo software and 
processed with photoshop.

Immunofluorescence imaging
Cells were fixed with freshly prepared 4% paraformaldehyde 

(PFA) in PBS. The fixed cells were then permeabilized in 0.2% 
Triton X-100/PBS, blocked with 3% BSA in PBS, stained with 
anti-HA (mouse, 1:100, Santa Cruz) and labeled with goat-anti-
mouse AlexaFluor 594 (1:1 000, Invitrogen) and Oregon Green 
Phalloidin (Invitrogen). All images were captured and processed 
using identical settings in the Zeiss LSM 780 laser scanning 
confocal microscope with a 100×/1.49 NA oil objective. Duplicate 
cultures were examined, and similar results were obtained in at 
least three independent experiments.

Determination of potassium concentration 
Determination of potassium concentration was performed fol-

lowing the fluorescent ion indicator handbook of TEFLABS. In 
brief, cells were treated with 2 µM Asante Potassium Green 1 
(APG1) AM and 100 ppm Pluronic F-127 for 60 min at 37 °C. 
Flow cytometry analysis was performed at 488 nm excitation, and 
the fluorescence of fluo-3 was collected at 530 nm. Then, the mean 
fluorescent values of viable cells were considered as the relative 
potassium concentrations.

Measurement of cell survival rate 
Cell survival rates were determined by flow cytometry as de-

scribed previously [12]. Plasma membrane integrity was tested by 
the ability of cells to exclude PI. Cells were trypsinized, collected 
by centrifugation and resuspended in PBS containing 5 µg/ml PI. 
The level of PI incorporation was quantified by flow cytometer (BD, 
FACSCalibur). Cell size was evaluated by forward-angle light 
scattering. PI-negative cells with a normal size were considered 
as living cells. For spontaneous necroptosis and peritoneal macro-
phage experiment, PI was directly added in the medium and incu-
bated for 10 min. Cell numbers and PI-positive dots were counted 
afterward by microscopy.

Isolation of Triton X-100-insoluble fragments
Isolation of Triton X-100-insoluble fragments was performed 

as described elsewhere [69]. Cells were isolated after washing 
twice with PBS and harvested by scraping. After centrifugation at 
500× g for 3 min, cell pellet was resuspended in 1 ml lysis buffer. 
After 30-min incubation on ice, the cells were centrifuged at 20 
000× g for 15 min. Cell pellet was washed with lysis buffer for 
four times and centrifuged again at 20 000× g for 3 min. Pellet was 
resuspended in SDS sample buffer (70 mM Tris-Cl pH 6.8, 2% 
SDS, 10% glycerol, 50 mM DTT, 0.01% Bromphenol Blue in lysis 
buffer) and then sonicated before analysis.

Fractionation of L929 cells
L929 cells were fractionated and HM, mitochondria and 

heterotypic membrane were isolated as described previously 
[71] with little modification. In brief, about 3 × 108 cells were 
washed with cold PBS and harvested into 50-ml tubes. Cells 
were homogenized by glass homogenizer (Kontes, Vineland, 

NJ, USA) in homogenization buffer (225 mM mannitol, 75 mM 
sucrose, 0.1 mM EGTA and 30 mM Tris-HCl pH 7.4). The lysate 
was centrifuged at 800× g to remove nuclei. The supernatant was 
centrifuged at 100 000× g for 10 min at 4 °C and the subsequent 
pellet was collected as HM. For further purification, HM was 
resuspended and loaded on 20% percoll and centrifuged at 10 
000× g for 30 min at 4 °C. Mitochondria were recovered from the 
bottom of the gradient; the heterotypic membranes were collected 
from the upper gradient. Each fraction was quantified and the 
indicated proteins were analyzed by western blot. For investigating 
the composition of the fractions, the freshly prepared mitochondria 
fraction and heterotypic membrane fraction were subjected to 
transmission electron microscopy (JEM 2100 HC, JEOL USA) by 
the conventional method. 
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