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Introduction
On tumor necrosis factor- (TNF-) binding, TNF receptor  
1 (TNFR1) triggers the intracellular assembly of the so-called 
TNFR complex I, which includes TNF receptor–associated 
death domain, receptor-interacting protein kinase 1 (RIPK1), cel-
lular inhibitor of apoptosis proteins (cIAPs), and TNF receptor–
associated factor 2 (TRAF2; Micheau and Tschopp, 2003). 
Within the complex, RIPK1 is polyubiquitinated by several 
ubiquitin ligases including cIAPs, which further recruits TGF-
–activated kinase 1 (TAK1) and IB kinase (IKK), leading to 
the activation of nuclear factor-B (NF-B) and transactivation 
of cytoprotective genes such as cellular FLICE-like inhibitory 
protein (c-FLIP) to facilitate cell survival (Green et al., 2011). 
The molecular composition of the TNFR1 complex is sub
sequently changed and leads to the formation of protein com-
plex II, the so-called cell death-inducing signaling complex 
(DISC; Micheau and Tschopp, 2003). In complex II, RIPK1, 

an adaptor molecule, Fas-associated death domain (FADD), 
and caspase-8 activate the pro-apoptotic caspase activation  
cascade (Vandenabeele et al., 2010). RIPK1 is de-ubiquitinated 
by de-ubiquitination enzymes such as CYLD concomitantly 
with the formation of complex II (Wang et al., 2008; O’Donnell 
et al., 2011). If caspases are inhibited or CYLD is hyperacti-
vated, complex II cannot execute apoptosis but triggers phos-
phorylation and activation of RIPK1 and RIPK3 to initiate 
necrotic cell death (Hitomi et al., 2008; Vandenabeele et al., 
2010; Yuan and Kroemer, 2010; Green et al., 2011; Oberst and 
Green, 2011; O’Donnell et al., 2011; Vandenabeele and Melino, 
2012). Catalytic activity of RIPK1 is not required for complex 
I–induced pro-survival signaling (Degterev et al., 2005), whereas 
RIPK1 activation is required for RIPK3 activation and necrotic 
cell death (Degterev et al., 2008). In addition, when RIPK1 is 
activated by down-regulation of cIAP, RIPK1 induces not only 
necrosis but also caspase activation and apoptosis (Wang et al., 
2008; Feoktistova et al., 2011; Tenev et al., 2011; Dondelinger 

TNF activates three distinct intracellular signaling cas-
cades leading to cell survival, caspase-8–mediated 
apoptosis, or receptor interacting protein kinase 3 

(RIPK3)–dependent necrosis, also called necroptosis. De-
pending on the cellular context, one of these pathways is 
activated upon TNF challenge. When caspase-8 is acti-
vated, it drives the apoptosis cascade and blocks RIPK3-
dependent necrosis. Here we report the biological event 
switching to activate necrosis over apoptosis. TAK1 kinase 
is normally transiently activated upon TNF stimulation. 
We found that prolonged and hyperactivation of TAK1 

induced phosphorylation and activation of RIPK3, leading 
to necrosis without caspase activation. In addition, we 
also demonstrated that activation of RIPK1 and RIPK3 pro-
moted TAK1 activation, suggesting a positive feedforward 
loop of RIPK1, RIPK3, and TAK1. Conversely, ablation of 
TAK1 caused caspase-dependent apoptosis, in which 
Ripk3 deletion did not block cell death either in vivo or  
in vitro. Our results reveal that TAK1 activation drives 
RIPK3-dependent necrosis and inhibits apoptosis. TAK1 
acts as a switch between apoptosis and necrosis.

TAK1 kinase switches cell fate from apoptosis to 
necrosis following TNF stimulation

Sho Morioka,1 Peter Broglie,1 Emily Omori,1 Yuka Ikeda,1 Giichi Takaesu,1,2 Kunihiro Matsumoto,3  
and Jun Ninomiya-Tsuji1

1Department of Biological Sciences, North Carolina State University, Raleigh, NC 27695
2Center for Integrated Medical Research, Keio University School of Medicine, Tokyo 160-8582, Japan
3Department of Molecular Biology, Graduate School of Science, Nagoya University, Nagoya 464-8602, Japan

© 2014 Morioka et al.  This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a 
Creative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, 
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

T
H

E
J

O
U

R
N

A
L

O
F

C
E

L
L

B
IO

L
O

G
Y



JCB • VOLUME 204 • NUMBER 4 • 2014� 608

fibroblasts exhibited the characteristic morphological features 
associated with apoptosis such as plasma membrane blebbing, 
whereas Tab2-deficient fibroblasts exhibited the features associ-
ated with necrosis such as plasma membrane rupture, translu-
cent cytoplasm, and organelle swelling (Fig. 1 C and Fig. S1 C). 
These results suggest that Tak1 deficiency causes TNF-induced 
apoptosis, whereas Tab2 deficiency causes necrotic cell death.

We previously reported that the pan-caspase inhibitor  
Z-VAD(OMe)-FMK (Z-VAD) could block cell death in Tak1- 
deficient keratinocytes at 2–4 h after TNF stimulation (Omori  
et al., 2008). To examine whether caspase is responsible for the 
cell death in Tak1-deficient dermal fibroblasts, we treated cells 
with Z-VAD. Z-VAD partially rescued cell death at an early 
time point (6 h) after TNF stimulation in Tak1-deficient cells 
(Fig. S1 B), which is consistent with the study in keratinocytes. 
However, we found that Z-VAD did not rescue the cell death in 
Tak1-deficient cells after 24 h (Fig. S1 D). Caspase inhibition 
might activate TNF-induced necrosis in Tak1-deficient cells, 
which is consistent with previous studies showing that Z-VAD 
does not block but rather induces TNF-induced necrotic cell 
death (Han et al., 2011).

TNF-induced cell death in Tab2-deficient 
fibroblasts requires RIPK1 activity
RIPK1 catalytic activity is generally implicated in necrotic cell 
death in TNF signaling pathways (Vandenabeele et al., 2010; 
Yuan and Kroemer, 2010). Necrotic morphology seen in TNF-
treated Tab2-deficient fibroblasts prompted us to investigate the 
involvement of RIPK1. Treatment of Tab2-deficient fibroblasts 
with a specific inhibitor of RIPK1 kinase, necrostatin-1 (Nec-1), 
completely blocked TNF-induced cell death, indicating that Tab2 
deficiency causes RIPK1-dependent cell death in response to 
TNF (Fig. 2 A). Although Tak1-deficient cells showed apoptotic 
morphology in response to TNF, Nec-1 also blocked TNF- 
induced cell death in Tak1-deficient fibroblasts (Fig. S2 A), con-
sistent with previous studies (Arslan and Scheidereit, 2011; 
Vanlangenakker et al., 2011; Lamothe et al., 2013). This rescue 
effect may be caused by an inhibitory effect of Nec-1 on apop-
tosis, as RIPK1 catalytic activity was previously shown to be 
also required for induction of apoptosis (Vanlangenakker et al., 
2012). Consistently, Nec-1 inhibited TNF-dependent caspase-3 
and caspase-8 activation in Tak1-deficient cells, whereas Tab2 de-
ficiency did not induce TNF-induced caspase activation (Fig. 2 B). 
Tab2-deficient fibroblasts undergo RIPK1-dependent cell death 
without engaging caspase activation, whereas Tak1-deficient fi-
broblasts die with RIPK1-dependent caspase activation.

Tab2-deficient fibroblasts die with  
RIPK3-dependent necrosis
RIPK3 has been shown to interact with RIPK1 and induce ne-
crotic cell death (Vandenabeele et al., 2010; Yuan and Kroemer, 
2010; Green et al., 2011; Oberst and Green, 2011; Vandenabeele 
and Melino, 2012). Thus, we examined whether RIPK3 is re-
quired for TNF-induced cell death in Tab2-deficient fibro-
blasts. Ripk3 knockdown effectively blocked TNF-induced cell 
death in Tab2-deficient fibroblasts (Fig. 3 A). To confirm this 
result, we generated Tab2 and Ripk3 double-deficient mice 

et al., 2013). However, relatively little is known about the regu-
lations by which RIPK1 activates RIPK3 and/or caspases.

TAK1 is a member of the mitogen-activated protein ki-
nase kinase kinase (MAP3K) family that is activated by in-
flammatory cytokines such as IL-1, TNF, or Toll-like receptor 
ligands (Ninomiya-Tsuji et al., 1999; Hayden and Ghosh, 2008). 
TAK1 is known to be essential for prevention of TNF-induced 
cell death in both in vitro and in vivo settings (Omori et al., 
2006; Kajino-Sakamoto et al., 2008; Inokuchi et al., 2010; Xiao 
et al., 2011; Morioka et al., 2012). Tak1-deficient cells are  
hypersensitive to TNF-induced cell death due to diminished 
pro-survival pathways including loss of NF-B activation and 
reduced antioxidant enzymes, which results in activation of  
caspases (Omori et al., 2008; Morioka et al., 2009; Arslan and 
Scheidereit, 2011; Vanlangenakker et al., 2011; Lamothe et al., 
2013). It has been recently reported that inhibition of RIPK1 
blocks caspase activation and cell death in Tak1-deficienct cells 
(Arslan and Scheidereit, 2011; Vanlangenakker et al., 2011;  
Lamothe et al., 2013), suggesting that TNF-induced TAK1 acti-
vation inhibits RIPK1-induced caspase activation. TNF-induced 
activation of TAK1 is transient, peaking at 5–10 min, and quickly 
deactivated by type 2 protein phosphatases such as protein 
phosphatases 2A and 6 (PP2A and PP6; Kajino et al., 2006; 
Kim et al., 2008; Broglie et al., 2010), which is sufficient to ac-
tivate the cytoprotective pathways. We have recently discovered 
that a binding partner of TAK1, TAK1-binding protein 2 (TAB2), 
is essential for TAK1 deactivation by recruiting PP6 to the 
TAK1 complex, and that ablation of TAB2 causes hyperacti-
vation of TAK1 in fibroblasts (Broglie et al., 2010). Here we  
report that hyperactivation of TAK1 unexpectedly induces 
RIPK3-dependent cell death.

Results
Tab2 deficiency causes necrotic cell death
Tab2-deficient fibroblasts show enhanced and prolonged TAK1 
activation after TNF stimulation (Fig. S1 A; Broglie et al., 
2010). Because TAK1 has a protective role to inhibit TNF- 
induced cell death, we initially anticipated that Tab2 deletion 
would be protective in TNF-induced cell death. However, to our 
surprise, we found that Tab2-deficient fibroblasts were also sen-
sitive to TNF-induced cell death (Fig. 1 A). To understand the 
mechanism of TNF-induced cell death in Tab2-deficient fibro-
blasts, we compared cell death in Tab2-deficient fibroblasts with 
that in Tak1-deficient fibroblasts. We found that TNF-induced 
cell death in Tab2-deficient fibroblasts exhibited characteristics 
different from those by Tak1 deficiency. TNF stimulation up-
regulated activity of caspase-3 and caspase-8 in Tak1-deficient 
fibroblasts within 6 h after stimulation (Fig. 1 B). In contrast, 
Tab2-deficient fibroblasts did not show a pronounced increase 
in caspase activation (Fig. 1 B), even though they were already 
morphologically disrupted at 6 h after TNF stimulation (Fig. S1 B). 
These results suggest that TNF causes caspase-independent  
cell death in Tab2-deficient fibroblasts. We examined mor-
phology of TNF-treated Tak1-deficient and Tab2-deficient fi-
broblasts by transmission electron microscopy in order to 
understand the type of cell death they undergo. Tak1-deficient 

http://www.jcb.org/cgi/content/full/jcb.201305070/DC1
http://www.jcb.org/cgi/content/full/jcb.201305070/DC1
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Figure 1.  Tab2-deficient fibroblasts are sensitive to TNF-induced cell death. (A) Tab2 wild-type (Tab2 WT) and -deficient (Tab2 KO) fibroblasts were 
seeded on 24-well plates and treated with 2, 20, or 200 ng/ml of TNF for 24 h. Cells attached on the plates were determined by the crystal violet assay. 
Values of unstimulated fibroblasts were set at 100%. The x axis is a log scale (five independent experiments; mean ± SD; ***, P = 0.00002). (B) Tak1 wild-
type (Tak1 WT), -deficient (Tak1 KO), Tab2 WT, and Tab2 KO fibroblasts were pretreated with vehicle (DMSO) or pan-caspase inhibitor, Z-VAD(OMe)FMK 
(Z-VAD; 20 µM) for 1 h and stimulated with TNF (20 ng/ml for Tak1 fibroblasts or 200 ng/ml for Tab2 fibroblasts) for 6 h. Caspase-3 was analyzed by 
immunoblotting. Immunoblots of TAK1, TAB2, and -actin are shown as controls. Tak1 KO fibroblasts express a truncated (kinase-negative) form of TAK1 
(TAK1). Asterisk indicates a nonspecific band. Caspase-8 activity in cellular extracts from samples treated with the same procedure was measured. Data 
are shown as caspase-8 activity relative to that in unstimulated Tak1 WT samples (three independent experiments; mean ± SD; one-way ANOVA; **, P < 
0.01; N.S., not significant, P = 0.0013 and P = 0.59 from the left). (C) Tak1 KO and Tab2 KO fibroblasts were exposed to TNF (20 ng/ml for Tak1 KO 
and 200 ng/ml for Tab2 KO) for 6 h and samples were analyzed using a transmission electron microscope. Bars, 2 µm.
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CreERT activator, 4-hydroxytamoxifen. Tab2 and Ripk3 double-
deficient fibroblasts were found to be resistant to TNF-induced 
cell death (Fig. S2 B). Thus, TNF-induced cell death in Tab2-
deficient fibroblasts is RIPK3 dependent. In contrast, ablation 

using a ubiquitously expressing inducible Cre transgene sys-
tem, Rosa26-CreERT (Badea et al., 2003). Dermal fibroblasts 
were isolated from Rosa26-CreERT Tab2flox/flox Ripk3/ and 
control mice, and Tab2 deletion was induced in vitro by a  

Figure 2.  TNF-induced cell death in Tab2-deficient cells 
is rescued by inhibition of RIPK1. (A) Tab2 WT and 
Tab2 KO fibroblasts were pretreated with either vehicle 
(DMSO) or Nec-1 (30 µM) for 1 h, and then treated with 
2, 20, or 200 ng/ml of TNF for 24 h. Cells attached on 
the plates were determined by the crystal violet assay. 
Values of unstimulated fibroblasts were set at 100%. The x  
axis is a log scale (three independent experiments; mean ± 
SD; **, P = 0.0066). (B) Tak1 KO and Tab2 KO fibroblasts 
were pretreated with vehicle (DMSO) or Nec-1 (30 µM)  
for 1 h and stimulated with TNF (20 ng/ml for Tak1 fi-
broblasts or 200 ng/ml for Tab2 fibroblasts) for 0, 3, 6, 
and 9 h. Caspase-3 was analyzed by immunoblotting. 
Immunoblots of TAK1, TAB2, and -actin are shown as 
controls. Asterisk indicates a nonspecific band. Caspase-
8 activity in cellular extracts from samples treated with 
the same procedure was measured. Data are shown as 
caspase-8 activity relative to that in unstimulated Tak1 KO  
samples (three independent experiments; mean ± SD;  
*, P < 0.05; **, P < 0.01; ***, P < 0.001; N.S., not sig-
nificant; P = 0.012, P = 0.00016, P = 0.0012, P = 0.97,  
P = 0.99, and P = 0.33 from the left).
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Figure 3.  Ripk3 knockdown rescues TNF-induced cell death in Tab2-deficient but not Tak1-deficient fibroblasts. (A) Tab2 WT and Tab2 KO fibroblasts 
were transfected with Ripk3 siRNA #1 and #2 and stimulated with 50, 100, or 200 ng/ml of TNF at 72 h after transfection. The protein levels of RIPK3 
were determined by immunoblotting. Cell viability was determined at 24 h after TNF stimulation by the crystal violet assay. Values of unstimulated fibro-
blasts were set at 100%. The x axis is a log scale (three independent experiments; mean ± SD; ***, P < 0.001; P = 0.026 and P = 0.000024 from 
the bottom). (B) Tak1 WT and Tak1 KO fibroblasts were transfected with Ripk3 siRNA #2, and stimulated with 0.2, 2, or 20 ng/ml of TNF at 72 h after 
transfection. Cell viability was determined at 24 h after TNF stimulation by the crystal violet assay. Values of unstimulated fibroblasts were set at 100%. 
The x axis is a log scale (three independent experiments; mean ± SD; N.S., not significant; P = 0.99). (C) Tak1 KO fibroblasts were transfected with Ripk3 
siRNA #2, and stimulated with 20 ng/ml TNF at 72 h after transfection. Caspase-3 was analyzed by immunoblotting. Immunoblots of RIPK3 and -actin 
are shown as controls.
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Figure 4.  Ripk3 deletion rescues cell death in the Tab2-deficient skin in vivo. (A) Rosa26-CreERT Tab2flox/+ Ripk3/, Rosa26-CreERT Tab2flox/flox, and 
Rosa26-CreERT Tab2flox/flox Ripk3/ mice were treated with tamoxifen at 50 mg/kg for three consecutive days to generate Tab2 Het Ripk3 KO, Tab2 KO, 
and Tab2 Ripk3 DKO, respectively. Tab2flox/flox mice were treated with the same dose of tamoxifen and studied in parallel as Tab2 WT. 2 wks after the  
injection, protein extracts from spleen were isolated to confirm the deletion of Tab2 gene by immunoblotting. RIPK3 and -actin are shown as controls.  
(B) 1 µg TNF was intradermally injected in Tab2 WT (n = 3), Tab2 KO (n = 3), and Tab2 Ripk3 DKO mice (n = 3). After 6 h, the skin was isolated and TUNEL 
staining was conducted on the sections. The arrows indicate TUNEL-positive dermal fibroblasts. epi, epidermis; der, dermis. Bars, 40 µm. The percentages  
of TUNEL-positive cells in the dermal fibroblasts are shown (mean ± SD; **, P < 0.01; P = 0.0018, P = 0.0035, and P = 0.0027 from the left). (C and D)  
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in liver extracts (Fig. S3, A–C), which is consistent with the 
earlier studies (Bettermann et al., 2010; Inokuchi et al., 2010). 
Whereas ablation of TNF signaling diminished injury in Tak1-
deficient livers, Ripk3 deficiency did not restore them (Fig. S3, 
A–C). Thus, liver damage in Tak1-deficient mice is TNF depen-
dent but RIPK3 independent. To further analyze the role of 
RIPK3 in Tak1-deficient cell death in vivo, we used the LPS- 
induced acute hepatotoxicity injury model, as LPS injection in-
duces TNF-dependent hepatocyte toxicity (Leist et al., 1995). 
Although TAK1LPC-KO mice spontaneously develop severe liver 
injury by 1–2 months of age, older TAK1LPC-KO mice have milder 
liver damage for unknown reasons (Bettermann et al., 2010;  
Inokuchi et al., 2010). In the acute toxicity assay, we used rela-
tively aged (4–7 months old) mice to avoid having a high basal 
level of liver damage without LPS stimulation. LPS highly ele-
vated hepatocyte death and damage in Tak1-deficient mice com-
pared with control mice, and the liver damage was not rescued 
by Ripk3 deficiency (Fig. S3, D and E). These results demon-
strate that RIPK3 has little contribution to cell death in Tak1-
deficient cells in vivo as well as in vitro.

Enforced activation of TAK1 induces 
RIPK3-dependent cell death
In an effort to determine the mechanism by which Tab2 defi-
ciency activates TNF-induced RIPK3-dependent cell death, we 
focused on hyperactivation and sustained activation of TAK1 
and asked whether it is the cause of RIPK3-dependent cell 
death. We used HeLa cells because they are highly transfect-
able and known to be deficient in RIPK3 expression (He et al., 
2009). We activated TAK1 using TAK1-binding protein 1 (TAB1), 
which is a constitutively associated TAK1 binding partner, and 
co-overexpression of TAK1 and TAB1 highly activates TAK1 
(Kishimoto et al., 2000). TAK1 and TAB1 were overexpressed 
in the presence and absence of RIPK3 in HeLa cells, which 
were analyzed for cell death (Fig. 5). Activation of TAK1 or 
expression of RIPK3 alone did not profoundly induce cell death 
but RIPK3 moderately increased annexin V– and cell permea-
bility dye double-positive necrotic cell death in the presence of 
treatment with TNF together with an inhibitor of cIAP, Smac 
mimetic (Wang et al., 2008), and Z-VAD (T/S/Z) treatment 
(Fig. 5 A), which is consistent with the earlier study (He et al., 
2009). However, when TAK1 and TAB1 were coexpressed with 
RIPK3, cell death was dramatically enhanced (Fig. 5 A). We 
also reproduced this result in mouse dermal fibroblasts. Over
expression of TAK1 and TAB1 or RIPK3 alone only marginally 
increased necrotic cell death in dermal fibroblasts, but over
expression of TAK1, TAB1, and RIPK3 together highly enhanced 
cell death (Fig. S4). Overexpression of TAK1 and TAB1 produces 
an active form of TAK1 and we found that it induced a slower 

of Ripk3 did not block TNF-induced cell death in Tak1-deficient 
fibroblasts (Fig. 3 B), and caspase activation in Tak1-deficient 
fibroblasts was not reduced by Ripk3 knockdown (Fig. 3 C). These 
results suggest that TNF induces RIPK1–RIPK3-dependent cell 
death in Tab2-deficient fibroblasts, whereas Tak1 deficiency en-
gages RIPK3-independent cell death.

To investigate the role of TAB2 in vivo, we used the in-
ducible Tab2 deletion (Rosa26-CreERT Tab2flox/flox) mice and 
generated Tab2-deficient mice by treatment of a CreERT acti-
vator, tamoxifen. We confirmed that TAB2 protein was dimin-
ished by the gene deletion (Fig. 4 A). Because our fibroblasts 
were isolated from the dermal layer of the skin, we intrader-
mally injected TNF to examine whether our results in culture 
cells can be reproduced in the in vivo skin (Fig. 4 B). We found 
that Tab2-deficient mice exhibited extensive cell death in the 
dermal fibroblasts in vivo, which was rescued by Ripk3 deletion 
(Fig. 4 B). This demonstrates that TNF induces RIPK3-dependent 
cell death in Tab2-deficient mice in vivo. To further examine 
the relationship between TAB2 and RIPK3 in vivo, we per-
formed a wound-healing assay. The wound-healing process is 
characterized by regeneration of the cellular and extracellular 
components of the skin. This process involves inflammation, 
proliferation, and remodeling (Werner and Grose, 2003). The 
proliferative phase of healing includes the re-epithelialization 
of the superficial surface layer and the reconstitution of the un-
derlying dermis by dermal fibroblasts. Upon cutaneous injury, 
TNF is known to be secreted by immune cells (Werner and Grose, 
2003). Thus, we hypothesized that Tab2 deficiency in dermal 
fibroblasts would induce cell death upon skin injury, which 
would delay the wound-healing process. Indeed, Tab2-deficient 
mice showed slower wound healing compared with wild-type 
mice, and the delay in Tab2-deficient mice was rescued by 
Ripk3 deletion (Fig. 4 C). TUNEL-positive dermal fibroblasts 
were increased in the injured Tab2-deficient skin, which was 
also reduced by Ripk3 deletion (Fig. 4 D). Thus, TAB2 partici-
pates in skin wound healing in vivo by preventing RIPK3- 
dependent cell death.

We next examined the effect of Ripk3 deletion on TNF-
induced cell death in a Tak1-deficient tissue in vivo. Because 
whole-body Tak1-deficient mice die within several days after gene 
deletion (Takaesu et al., 2012), we used mice having hepatocyte-
specific deletion of Tak1, which is known to develop TNF-
dependent liver damage by 1–2 months of age (Bettermann  
et al., 2010; Inokuchi et al., 2010). We generated mice with 
liver parenchymal cell-specific deletion of Tak1 (TAK1LPC-KO) 
in either a Ripk3/ or a Tnfr1/ background to determine the 
contribution of RIPK3 to TNF-mediated liver damage. Tak1  
deficiency caused pronounced liver injury involving TUNEL-
positive cells, and highly increased alanine aminotransferase 
(ALT) levels in serum and the activity of caspase-3 and caspase-8 

Skin wound surgery was conducted on Tab2 WT (n = 6), Tab2 KO (n = 5), Tab2 Het Ripk3 KO (n = 4), and Tab2 Ripk3 DKO (n = 5) mice. Wound 
area was expressed as a percentage of initial wound size. Statistical significance between Tab2 WT and Tab2 KO or between Tab2 KO and Tab2 Ripk3 
DKO is indicated by # or *, respectively (mean ± SD; ## and **, P < 0.01; # and *, P < 0.05; #, P = 0.034; #, P = 0.011; #, P = 0.014; #, P = 0.045;  
#, P = 0.038; #, P = 0.027; **, P = 0.0042; **, P = 0.0022; **, P = 0.01; *, P = 0.030; and *, P = 0.028 from the left). 4 d after skin surgery, the skin 
was isolated from the mice and TUNEL staining was conducted on the sections (D). Arrows indicate TUNEL-positive cells. epi, epidermis; der, dermis; scab, 
a scab formed over the wound. Bars, 40 µm.

 

http://www.jcb.org/cgi/content/full/jcb.201305070/DC1
http://www.jcb.org/cgi/content/full/jcb.201305070/DC1
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Figure 5.  Hyperactivation of TAK1 promotes RIPK3-dependent cell death. (A) HeLa cells were transfected with 1 µg of Flag-TAB1 (TAB1), DsRedMT7-TAK1 
(TAK1), HA-RIPK3 (RIPK3), or their control vectors for the total amount of 3 µg. At 48 h after transfection, cells were stimulated with 200 ng/ml TNF, 1 µM 
Smac mimetic, and 20 µM Z-VAD (T/S/Z) for 6 h. DsRed-positive transfected cells were gated, and cell death was analyzed by annexin V and fixable  
viability dye eFlour 780 staining. Percentages of fixable viability dye–positive cells in the transfected cells are shown (three independent experiments; mean ±  
SD; **, P < 0.01; P = 0.0043 and P = 0.0011 from the left). (B) HeLa cells were transfected as shown in A and treated with 200 ng/ml TNF alone or 
together with 1 µM Smac mimetic and 20 µM Z-VAD (S/Z). Activity of TAK1 was monitored by immunoblotting with anti-phospho-TAK1. Expression levels 
of TAB1, TAK1, RIPK1, and RIPK3 were also analyzed. -Actin is shown as a control. (C) HeLa cells were transfected with expression vectors for RIPK3 with 
TAB1 and TAK1. Cell lysates were incubated with lambda protein phosphatase. Mobility shift of RIPK3 was observed by immunoblotting. -Actin is shown 
as a control. (D) The Flag-tagged TAK1 wild-type (TAK1) or kinase-dead (TAK1 KD) TAK1 together with T7-tagged TAB1 (TAB1) and GFP-tagged wild-type 
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an NF-B protein, p65, in Tak1- or/and Tab2-deficient fibroblasts 
(Fig. 6 D). p65 overexpression increased c-FLIP in Tak1- 
deficient fibroblasts (Fig. S5). As anticipated, p65 overexpression 
blocked TNF-induced cell death in Tak1-deficient fibroblasts 
(Fig. 6 E). Thus, enforced activation of NF-B can block TNF-
induced apoptosis in Tak1-deficient fibroblasts. Importantly, we 
found that p65 overexpression did not at all rescue TNF-induced 
cell death in Tab2-deficient fibroblasts (Fig. 6 E). Thus, en-
forced activation of NF-B blocks only Tak1 deficiency–caused 
apoptosis but does not affect RIPK3-dependent cell death in 
Tab2-deficient fibroblasts, and this allows us to investigate the 
role of Tak1 in RIPK3-dependent cell death by blocking apop-
tosis caused by Tak1 deficiency. TNF-induced RIPK3-dependent 
cell death may be through hyperactivation of TAK1 as we hy-
pothesized or through TAK1-independent mechanisms. If hy-
peractivation of TAK1 is the mechanism, deletion of Tak1 should 
rescue TNF-induced cell death in p65 overexpressing Tab2- 
deficient fibroblasts. Conversely, if Tab2-deficient fibroblasts died 
upon TNF treatment not solely through a TAK1-dependent 
mechanism, deletion of Tak1 would not effectively rescue TNF-
induced cell death in p65 overexpressing Tab2-deficient fibro-
blasts. We found that Tak1 and Tab2 double-deficient fibroblasts 
with a stable overexpression of p65 were completely resistant 
to TNF-induced cell death (Fig. 6 E). This result clearly indi-
cates that TAK1 mediates TNF-induced cell death in Tab2-
deficient fibroblasts.

TAK1 is hyperactivated by inhibition  
of caspases
We asked whether TAK1 is hyperactivated under any physio-
logical conditions other than Tab2 deletion. Based on the results 
showing that TAK1 promotes RIPK3-dependent cell death, we 
hypothesized that necrosis-inducing conditions might be asso-
ciated with hyperactivation of TAK1. The most well established 
condition to promote TNF-induced necrosis is inhibition of  
caspases, which occurs when viral-derived caspase inhibitors 
are introduced into cells. We examined whether TAK1 was acti-
vated by inhibition of caspases in fibroblasts. Inhibition of cas-
pases (Z-VAD treatment) slightly activated TAK1 at 3–6 h after 
TNF treatment in wild-type fibroblasts, and inhibition of cas-
pases in Tab2-deficient fibroblasts further up-regulated TAK1 
activity (Fig. 7, A and B; 1–6 lanes from left). Thus, hyperacti-
vation of TAK1 is associated with caspase inhibition and ne-
crotic cell death. We next examined the mechanism of TAK1 
hyperactivation. Because caspase inhibition upon TNF stimula-
tion activates RIPK1 and RIPK3, we hypothesized that RIPK1 
or RIPK3 or both are involved in the hyperactivation of TAK1. 
We first examined whether RIPK3 is required for TAK1 activa-
tion by using Ripk3-deficient dermal fibroblasts. Ripk3 defi-
ciency reduced TNF- and Z-VAD–induced TAK1 activation in 

migrating additional RIPK3 band (Fig. 5 B). The retardation of 
RIPK3 migration was abolished by lambda phosphatase treat-
ment (Fig. 5 C), suggesting that RIPK3 is phosphorylated by 
TAK1. We then examined whether TAK1 activates RIPK3 by 
the in vitro kinase assay (Fig. 5 D). An active and kinase-dead 
TAK1, RIPK3, and kinase-dead RIPK3 were prepared from 
HEK293 cells separately overexpressing these proteins, and 
proteins were mixed as indicated and subjected to in vitro ki-
nase assay. Kinase activity was assessed by its autophosphory-
lation of RIPK3. RIPK3 was basally active (lane 3), which is 
consistent with an earlier study (Cho et al., 2009), and the activ-
ity was further increased by TAK1 (lane 4). The kinase-dead 
RIPK3 was not detectably phosphorylated by TAK1 (lane 7). 
Thus, phosphorylation of wild-type RIPK3 (lanes 3–5) is likely 
to be predominantly mediated by RIPK3 autophosphorylation. 
We note that endogenous RIPK1 was co-precipitated with 
RIPK3 (Fig. 5 D, far right panels). This raises the possibility 
that co-precipitated RIPK1 in the RIPK3 preparation may be 
involved in activity of RIPK3 in these in vitro assays. However, 
endogenous RIPK1 was not coprecipitated with TAK1 (Fig. 5 D, 
second from right panels), indicating that adding TAK1 prepa-
ration to the kinase assay mixture did not increase total amount 
of RIPK1. Thus, the increase of RIPK3 activity (lane 4) over 
basal RIPK3 activity (lane 3) is mediated by TAK1 but not due 
to increase amount of RIPK1. These data demonstrate that an 
active TAK1 activates RIPK3, leading to necrosis.

TAK1 mediates TNF-induced cell death in 
Tab2-deficient cells
The results shown in Fig. S1 demonstrate that Tab2 deficiency 
induces hyperactivation of TAK1, which might be the cause of 
TNF-induced RIPK3-dependent cell death in Tab2-deficient  
fibroblasts. If Tab2 deficiency mediates TNF-induced cell death 
through enhanced TAK1 activity, inhibition of TAK1 should 
rescue the TNF-dependent cell death in Tab2-deficient cells. To 
address this, we generated inducible Tab2 and Tak1 double- 
deficient mice (Rosa26-CreERT Tab2flox/flox Tak1flox/flox), and der-
mal fibroblasts were isolated and used for the experiments. 
However, we found that Tak1 and Tab2 double-deficient fibro-
blasts still died (Fig. 6 A) and caspase activity was increased in 
response to TNF (Fig. 6 B), resembling Tak1 single-deficient fi-
broblasts. We confirmed these results by using a selective TAK1 
inhibitor, 5Z-7-Oxozeaenol (Zeaenol; Fig. 6 C). Thus, inhibi-
tion of TAK1 activates apoptosis and does not rescue TNF- 
induced cell death in Tab2-deficient fibroblasts. To overcome 
this difficulty, we attempted to block TNF-induced apoptosis. 
TNF-induced NF-B activation is known to be impaired in 
Tak1-deficient cells (Sato et al., 2005; Omori et al., 2008), and 
NF-B is an inducer of anti-apoptotic proteins such as c-FLIP 
(Pasparakis, 2009). Based on these data, we stably overexpressed 

(RIPK3) or kinase-dead (D161N; RIPK3 KD) RIPK3 were separately expressed in HEK293 cells. TAK1–TAB1 complex and RIPK3 were immunoprecipitated 
with anti-Flag or anti-RIPK3 antibody, respectively. TAK1–TAB1 complex was released from antibody beads, activated by incubation with ATP, and then 
mixed with RIPK3 or RIPK3 KD. RIPK3 kinase activity was assessed by in vitro kinase assay. Left panel, autoradiograph; right panels, immunoblot analysis 
of the immunoprecipitates with anti-TAK1 and anti-RIPK3 antibodies. Co-precipitated endogenous TAK1 and RIPK1 in the protein preparations were also 
determined by immunoblotting (right panels). Because HEK293 cells do not express RIPK3, endogenous RIPK3 was not examined.

 

http://www.jcb.org/cgi/content/full/jcb.201305070/DC1
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Figure 6.  Tak1 deletion rescues TNF-induced cell death in Tab2-deficient fibroblasts when apoptosis is blocked. (A) To generate Tab2 KO, Tak1 Het, and 
Tab2 Tak1 DKO fibroblasts, Rosa26-CreERT Tab2flox/flox, Rosa26-CreERT Tak1flox/+Tab2flox/flox, and Rosa26-CreERT Tak1flox/floxTab2flox/flox dermal fibroblasts 
were treated with 0.1 µM 4-hydroxytamoxifen to induce the deletion of Tak1 and Tab2. Rosa26-CreERT Tab2flox/flox dermal fibroblasts were treated with 
vehicle (EtOH) and studied in parallel as Tab2 WT controls. Fibroblasts were stimulated with 200 ng/ml TNF for 24 h and cell viability was determined 
by the crystal violet assay (three independent experiments; mean ± SD; *, P = 0.029; ***, P = 0. 00056). (B) Tab2 KO Tak1 Het and Tab2 Tak1 DKO 
fibroblasts were pretreated with vehicle (DMSO) or Z-VAD (20 µM) for 1 h and stimulated with 200 ng/ml TNF for 6 h. Caspase-3 was analyzed by 
immunoblotting. Immunoblots of TAK1, TAB2, and -actin are shown as controls. The asterisk indicates a nonspecific band. Caspase-8 activity in cellular 
extracts from samples treated with the same procedure was measured. Data are shown as caspase-8 activity relative to that in unstimulated Tab2 KO Tak1 
Het fibroblasts (three independent experiments; mean ± SD; **, P = 0.0019). (C) Tab2 WT and Tab2 KO fibroblasts were pretreated with vehicle (DMSO) 
or 5Z-7-Oxozeaenol (Zeaenol; 1 µM) for 1 h and stimulated with TNF (200 ng/ml) for 6 h. Immunoblots of TAB2 and -actin are shown as controls. The 
asterisk indicates a nonspecific band. Caspase-8 activity in cellular extracts from samples treated with the same procedure was measured. Data are shown 
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and RIPK1 activates RIPK3 and facilitates interaction between 
TAK1 and RIPK3. We propose that TAK1, RIPK1, and RIPK3 
are activated through a positive feedforward loop mechanism.

Discussion
TAK1 kinase switches between apoptosis 
and necrosis
As summarized in Fig. 8, the current study reveals that dimin-
ished TAK1 activity activates caspase-8, whereas hyperacti-
vation of TAK1 promotes RIPK3-dependent necrosis. It has 
been established that a transient activation of TAK1 in re-
sponse to TNF engages cell survival through induction of  
NF-B and antioxidant enzymes (Shim et al., 2005; Omori et al., 
2008). Thus, the level and timing of TAK1 activation deter-
mine whether cells are alive or undergo apoptosis or necrosis 
after TNF stimulation.

Relationship between caspase-8 deficiency 
and Tak1 deficiency
Inhibition of caspases by gene deletion of either caspase-8 or its 
adaptor protein FADD causes RIPK1–RIPK3-dependent cell 
death (Kaiser et al., 2011; Oberst et al., 2011; Zhang et al., 
2011). Interestingly, mice having deletion of Tak1, caspase-8, or 
Fadd genes share similarity. Epidermal-specific deletion of  
caspase-8 causes severe inflammatory conditions in the skin 
in neonatal mice (Kovalenko et al., 2009), which resembles the 
skin in mice having epidermal-specific deletion of Tak1 (Omori 
et al., 2006). Caspase-8 deficiency is associated with abnormal 
vascular development during embryogenesis (Kaiser et al., 
2011), which is also seen in embryos with endothelial-specific 
deletion of Tak1 (Morioka et al., 2012). Furthermore, intestinal 
epithelial-specific deletion of Fadd or caspase-8 causes ileitis 
(Günther et al., 2011; Welz et al., 2011), which is identical to 
intestinal epithelial-specific deletion of Tak1 (Kajino-Sakamoto 
et al., 2008). These might suggest that TAK1 is involved in 
maintenance of caspase-8 activity, which is pro-cell survival. 
However, as shown in the current study, caspases are activated 
after TNF stimulation in Tak1-deficient fibroblasts. Thus, the 
mechanisms of cell death in Tak1 deficiency and caspase-8 defi-
ciency are different. Indeed, abnormalities in embryogenesis by 
deletion of caspase-8 or Fadd are rescued by Ripk3 gene dele-
tion (Kaiser et al., 2011; Oberst et al., 2011), but TNF-induced 
cell death in Tak1-deficient cells is not rescued by Ripk3 dele-
tion in vivo and in vitro as shown in the current study. Vucur  
et al. (2013) also recently reported that Ripk3 deletion did not 
rescue liver damage in Tak1-deficient liver. Thus, caspase-8 or 
Fadd deficiency kills cells through RIPK3-dependent necrosis, 
whereas TAK1 deficiency causes caspase-induced apoptosis. 
TNF is expressed at some levels in tissues, and kills cells, if 
caspase-8, Fadd, or Tak1 gene is deleted, through two different 
mechanisms leading to similar outcomes.

Tab2-deficient fibroblasts (Fig. 7 B). This indicates that RIPK3 
mediates the TAK1 hyperactivation. To examine the involve-
ment of RIPK1, Nec-1 was used and we found that inhibition of 
RIPK1 also reduced TNF- and Z-VAD–induced TAK1 activa-
tion in Tab2-deficient fibroblasts (Fig. 7 C). These results suggest 
that both RIPK1 and RIPK3 are essential for TAK1 hyperacti-
vation. To further investigate the contribution of RIPK1 and 
RIPK3 to TAK1 activation, we examined whether RIPK1 and/
or RIPK3 can activate TAK1 using the overexpression system in 
HeLa cells (Fig. 7 D). As mentioned above, HeLa cells ex-
pressed endogenous RIPK1 (Fig. 7 D, fourth panel) but not 
RIPK3 (He et al., 2009). Treatment of TNF, Smac mimetic, and 
Z-VAD activated overexpressed RIPK3 (Fig. 7 D, sixth panel, 
lane 8) and endogenous TAK1 (Fig. 7 D, top panel, lane 8). 
However, RIPK1 overexpression did not activate TAK1 even 
with treatment with TNF, Smac mimetic, and Z-VAD (Fig. 7 D, 
top panel, lane 4). This demonstrates that an active RIPK1 alone 
cannot activate TAK1. Interestingly, TNF-, Smac mimetic–, and 
Z-VAD–induced activation of TAK1 in RIPK3-expressing cells 
was completely blocked by Nec-1 (Fig. 7 D, top panel, lane 10). 
Nec-1 completely blocked activation of RIPK3 (Fig. 7 D, sixth 
panel, lanes 8 and 10). These data indicate that RIPK3 may be a 
direct activator and RIPK1 is required for activation of RIPK3. 
To further evaluate whether RIPK3 is a direct activator of TAK1, 
we incubated TAK1 immunopurified from TAK1-overexpressing 
HEK293 cells with RIPK1 or RIPK3, which was separately 
prepared from RIPK1- or RIPK3-overexpressing HEK293 cells. 
We found that the in vitro incubation of TAK1 with RIPK3 but 
not with RIPK1 elevated TAK1 activity (Fig. 7 E). These data 
confirm that RIPK3 is a direct activator of TAK1. We note that 
endogenous RIPK1 was co-precipitated with RIPK3 and was 
present in the in vitro kinase mixture (Fig. 7 E, bottom panel). 
This raises the possibility that RIPK1 may still participate in 
RIPK3-induced TAK1 activation through some mechanisms but 
not through direct activation of TAK1. We examined interaction 
among TAK1, RIPK1, and RIPK3 using a HEK293 overexpres-
sion system (Fig. 7 F). TAK1 and RIPK3 were not detectably 
associated when both proteins were overexpressed in HEK293 
cells (Fig. 7 F, lane 6), but overexpression of RIPK1 induced an 
interaction between TAK1 and RIPK3 (Fig. 7 F, lane 8). Over-
expression of RIPK1 also induced an interaction between 
RIPK3 and endogenous TAK1 (Fig. 7 F, lane 7). Thus, RIPK1 
mediates interaction between TAK1 and RIPK3. These results 
demonstrate that RIPK1 contributes to activation of TAK1 by 
facilitating interaction between TAK1 and RIPK3 as well as ac-
tivating RIPK3 in response to TNF, Smac mimetic, and Z-VAD. 
We describe that TAK1 activated RIPK3 in Fig. 5, in that en-
dogenous RIPK1 was found to be present in the assay mixture. 
Thus, RIPK1 may also enhance TAK1-induced activation of 
RIPK3 by facilitating interaction between TAK1 and RIPK3. 
Collectively, TAK1 activates RIPK3, RIPK3 activates TAK1, 

as caspase-8 activity relative to that in unstimulated Tab2 WT fibroblasts (three independent experiments; mean ± SD; ***, P < 0.001; P = 0.00038 and 
P = 0.000014 from the left). (D and E) Tak1 WT, Tak1 KO, Tab2 WT, Tab2 KO, Tak1 Tab2 WT, and Tak1 Tab2 DKO fibroblasts were stably transfected 
with p65. Immunoblots of p65, TAK1, TAB2, and -actin are shown (D). Fibroblasts were stimulated with 200 ng/ml TNF for 24 h, and cell viability was 
determined by the crystal violet assay (E) (three independent experiments; mean ± SD; ***, P < 0.001; N.S., not significant; P = 3E–05, P = 0.58, and 
P = 0.00015 from the left).
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Figure 7.  Inhibition of caspases hyperactivates TAK1 through RIPK1 and RIPK3. (A) Tab2 WT and Tab2 KO fibroblasts were pretreated with vehicle 
(DMSO) or Z-VAD (20 µM) for 1 h and stimulated with TNF (20 ng/ml) for the indicated time periods, and TAK1 activation was determined by immunoblot-
ting with anti–phospho-TAK1. TAB2 and TAK1 are shown as controls. (B) Tab2 WT, Tab2 KO, and Ripk3-deficient (Ripk3 KO) and Tab2 and Ripk3-deficinet 
(Tab2 Ripk3 DKO) dermal fibroblasts were pretreated with vehicle (DMSO) or Z-VAD (20 µM) for 1 h and stimulated with TNF (20 ng/ml) for 6 h. TAK1 
activation was determined by immunoblotting with anti–phospho-TAK1. TAK1, TAB2, RIPK3, and -actin are shown as controls. The asterisk indicates a 
nonspecific band. (C) Tab2 KO fibroblasts were pretreated with 20 µM Z-VAD and 30 µM Nec-1 for 1 h as indicated, then stimulated with 20 ng/ml TNF. 
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containing RIPK1, RIPK3, FADD, c-FLIP, and caspase-8 (Green 
et al., 2011). Dillon et al. (2012) described that c-FLIP makes 
a heterodimer with caspase-8 and prevents an active homodi-
mer formation of caspase-8. The c-FLIP–caspase-8 heterodimer  
inhibits RIPK3, resulting in no activation of either caspase-8  
or RIPK3. We found that the basal expression level of c-FLIP 
was reduced in Tak1-deficient cells, which was restored by  
NF-B overexpression (Fig. S5). These data suggest that re-
duced c-FLIP expression and subsequent caspase-8 homodimer 
formation may be involved in TNF-induced caspase-8 activa-
tion in Tak1-deficient cells. In this context, restoration of c-FLIP 
by NF-B overexpression inhibits the homodimer formation of 
caspase-8 and normalizes the complex composition so that 
RIPK3 is not activated. On the other hand, caspase-8 inhibition 
without restoration of c-FLIP in Tak1-deficient cells would acti-
vate RIPK3-dependent necrosis.

The effect of caspase inhibition in  
Tak1-deficient cells
To block TNF-induced apoptosis in Tak1-deficient cells, we ini-
tially used a pan-caspase inhibitor, Z-VAD. However, Z-VAD 
failed to rescue cell death in Tak1-deficient cells (Fig. S1 D). 
We assume that caspase inhibition by Z-VAD activates necrosis 
in response to TNF in Tak1-deficient cells, consistent with re-
ports showing that Z-VAD does not block but rather enhances 
TNF-induced necrotic cell death (Hirsch et al., 1997; Degterev 
et al., 2005; Han et al., 2011). NF-B is known to up-regulate 
inhibitory molecules for caspase-8 such as c-FLIP and cIAPs 
(Micheau and Tschopp, 2003). In contrast to Z-VAD treatment, 
we show that overexpression of NF-B could suppress apopto-
sis without activating necrosis (Fig. 6). What causes these dif-
ferent outcomes of Z-VAD treatment and NF-B overexpression? 
TNF stimulation normally induces the formation of a complex 

TAK1 activation was determined by immunoblotting with anti–phospho-TAK1. Immunoblots of total TAK1 and RIPK1 are shown as controls. (D) HeLa cells 
were transfected with GPF-HA-RIPK1 (RIPK1), FLAG-RIPK3 (RIPK3), or control vectors (Vec) and pretreated with 30 µM Nec-1 for 1 h, then stimulated with 
200 ng/ml TNF alone or together with 1 µM Smac mimetic and 20 µM Z-VAD (S/Z). TAK1 activation was determined by immunoblotting with anti–phospho-
TAK1. Total amounts of TAK1, overexpressed RIPK1, endogenous RIPK1, and overexpressed RIPK3 and -actin are shown. (E) The Flag-tagged TAK1 
wild-type (TAK1), GFP- and HA-tagged RIPK1 wild-type (RIPK1), or kinase-dead (K45A; RIPK1 KD), GFP-tagged RIPK3 wild-type (RIPK3), or kinase-dead 
(D161N; RIPK3 KD) were separately expressed in HEK293 cells. TAK1, RIPK1, and RIPK3 were immunoprecipitated with anti-Flag, anti-HA, or anti-RIPK3 
antibody, respectively. TAK1 was released from antibody beads and then mixed with RIPK1, RIPK1 KD, RIPK3, or RIPK3 KD immunoprecipitates as indi-
cated. TAK1 activation was determined by immunoblotting with anti–phospho-TAK1. Protein amounts of TAK1, RIPK1, and RIPK3, and endogenous RIPK1 
coprecipitated in RIPK3 precipitates were determined by immunoblotting. Density measurement was conducted using Photoshop CS3 and the relative ratio 
between phospho-TAK1 and total TAK1 to that in TAK1 expression alone (third lane from left) is shown. (F) HEK293 cells were transfected with DsRedMT7-
TAK1 (TAK1), GFP-HA-RIPK1 (RIPK1), and Flag-RIPK3 (RIPK3) or control vectors, and total cell lysates were immunoprecipitated with anti-Flag antibody. 
RIPK3-binding proteins were detected by immunoblotting using anti-HA and anti-TAK1 antibodies. Immunoprecipitated RIPK3 was detected by anti-Flag.

 

Figure 8.  Models. In wild-type cells, TAK1 
is transiently activated upon TNF stimula-
tion and inhibits caspase-8, which blunts the 
apoptosis pathway. Tak1 deficiency activates 
TNF-induced caspase-8 apoptosis pathway, 
which is inhibitory to the RIPK3-dependent 
necrosis pathway. Hyperactivation of TAK1 
blocks TNF-induced apoptosis and activates the 
RIPK1–RIPK3 necrotic pathway. TAK1–RIPK1–
RIPK3 is activated by a positive feedforward 
loop mechanism.
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from the dermis of the neonatal mice and spontaneously immortalized in 
culture. Tab2-deficient fibroblasts were generated by infection of a retrovi-
ral vector for the expression of Cre recombinase. We isolated more than 
10 independent clones of control and Tab2-deficient fibroblasts (Broglie  
et al., 2010), and we confirmed that all Tab2-deficient fibroblast clones 
were sensitive to TNF-induced cell death. Several double-deficient fibro-
blasts were generated by using mice having combinations of Tab2flox/flox, 
Tak1flox/flox (Sato et al., 2005), and Ripk3/ mice (a gift from V.M. Dixit, 
Genentech, Inc., South San Francisco, CA; Newton et al., 2004) and a 
deleter transgene, Rosa26-CreERT (The Jackson Laboratory; Badea et al., 
2003). Gene deletion was induced in vitro by incubation with 0.1 µM  
4-hydroxytamoxifen for 3 d. Fibroblasts, HeLa, and HEK293 cells were cul-
tured in DMEM with 10% bovine growth serum (Hyclone) and penicillin/
streptomycin at 37°C in 5% CO2. Alb.Cre and Tnfr1/ C57BL/6 mice 
were obtained from The Jackson Laboratory (Pfeffer et al., 1993; Postic  
et al., 1999). Hepatocyte-specific Tak1-deficient Alb.Cre Tak1flox/flox  
(Tak1LPC-KO) mice, in a background of either Tnfr1/ or Ripk3/, were 
generated and compared with Alb.Cre Tak1flox/flox in a wild-type back-
ground. To induce gene deletion in mice having Rosa26-CreERT transgene, 
mice were intraperitoneally injected with 50 mg/kg tamoxifen for three 
consecutive days. Mice were subjected to experiments at least two weeks 
after tamoxifen treatment to prevent a potential effect from acute Cre toxic-
ity as described previously (Takaesu et al., 2012). All animal experiments 
were conducted with the approval of the North Carolina State University 
Institutional Animal Care and Use Committee.

Antibodies, reagents, and plasmids
Anti–phospho-TAK1 (T187) rabbit polyclonal antibody (Cell Signaling 
Technology) was used to detect the phosphorylated form of TAK1. Anti-
TAK1, -TAB1, and -TAB2 rabbit polyclonal antibodies were described pre-
viously (Ninomiya-Tsuji et al., 1999; Kishimoto et al., 2000; Takaesu et al., 
2000). Anti-RIPK3 (R4277, rabbit polyclonal; Sigma-Aldrich), anti-RIPK1 
(mouse monoclonal, BD), anti–caspase-3 (8G10, rabbit polyclonal; Cell 
Signaling Technology), anti-p65 (C20, rabbit polyclonal; Santa Cruz Bio-
technology, Inc.), anti–b-actin (C5, mouse monoclonal; Sigma-Aldrich), 
anti-HA (HA.11, mouse monoclonal; Covance), and anti-FLAG (M2, mouse 
monoclonal; Sigma-Aldrich) were used. The reagents used were TNF (Pepro-
Tech), Z-VAD-fmk (Z-VAD; Enzo Life Sciences), and Necrostatin-1 (Nec-1; 
Enzo Life Sciences). Smac mimetic (C2-symmetric compound; Li et al., 
2004) was a gift from X. Wang (University of Texas Southwestern Medical 
Center, Dallas, TX). Full-length TAK1 cDNA was subcloned into pCMV-
DsRedMonomer-T7 vector to generate pCMV-DsRedMT7-TAK1. pCMV-
TAB1 and pCMV-TAK1 (Ninomiya-Tsuji et al., 1999; Inagaki et al., 2008) 
and HA-tagged RIPK3 expression plasmid (pCI-neo-RIPK3-HA, a gift from 
X. Wang) were used. GFP-tagged wild-type and kinase-dead (D161N) 
RIPK3 expression plasmid (pEGFP-N1-GFP-RIP3 and pEGFP-N1-GFP-RIP3 
(D161N)) and GFP- and HA-tagged wild-type and kinase-dead (K45A) 
RIPK1 (pEGFP-N1-GFP-RIP1 and pEGFP-N1-GFP-RIP1 (K45A)) were a gift 
from F. Chan (University of Massachusetts Medical School, Worcester, MA; 
Addgene plasmids).

Crystal violet assay
Cells were plated on 24-well dishes overnight at 37°C in 5% CO2 at a 
concentration of 104 cells per well. Cells were either pretreated with Z-VAD 
or Nec-1 for 1 h and exposed to TNF for 24 h. Cells were fixed in 10% 
formalin and stained with 0.1% crystal violet. The dye was eluted and ana-
lyzed at 595 nm.

Caspase assay
Cell extracts were mixed with the substrate mixture (Caspase-Glo; Pro-
mega) for caspase-8 or caspase-3, and the cleaved substrates were deter-
mined according to the manufacturer’s instructions.

Immunoblotting
Whole-cell extracts were prepared using an extraction buffer containing 
20 mM Hepes, pH 7.4, 150 mM NaCl, 12.5 mM -glycerophosphate, 
1.5 mM MgCl2, 2 mM EGTA, 10 mM NaF, 2 mM DTT, 1 mM Na3VO4,  
1 mM phenylmethylsulfonyl fluoride, 20 µM aprotinin, and 0.5% Triton  
X-100. Cell extracts were resolved on SDS-PAGE and transferred to Hypond-
P membranes (GE Healthcare). The membranes were immunoblotted with 
various antibodies, and the bound antibodies were visualized with horse-
radish peroxidase–conjugated antibodies against rabbit or mouse IgG 
using the ECL Western blotting system (GE Healthcare).

RIPK1-dependent caspase-8 activation in 
Tak1-deficient fibroblasts
Tak1-deficient fibroblasts undergo apoptosis upon TNF stimula-
tion. Our results clearly demonstrate that RIPK1 activity is re-
quired for this apoptosis. However, RIPK1 is not typically 
involved in death ligand–induced apoptosis (Ting et al., 1996). 
Only when polyubiquitination of RIPK1 is blocked by inhibi-
tion of ubiquitination enzymes cIAPs or by mutation at the 
polyubiquitination site of RIPK1, RIPK1 becomes a pro-apoptotic 
and activates caspase-8 (O’Donnell et al., 2007; Wang et al., 
2008). Treatment of a cIAP inhibitor, Smac mimetic, together 
with TNF is well known to induce this type of apoptosis. In-
terestingly, we have previously reported that cIAPs are down- 
regulated by Tak1 deletion in keratinocytes (Morioka et al., 
2009). Thus, it is likely that TNF-induced apoptosis in Tak1-
deficient fibroblasts is through a mechanism similar to that of 
Smac mimetic treatment.

Relationship between TAK1  
and RIPK1–RIPK3
It has been shown that phosphorylation of RIPK1 and RIPK3 is 
important for stable RIPK1–RIPK3 complex formation and 
subsequent execution of necrotic cell death (Cho et al., 2009; He 
et al., 2009). RIPK1 kinase activity is required for RIPK3 phos-
phorylation, and reciprocally RIPK3 phosphorylates RIPK1 (Cho 
et al., 2009). However, the mechanism by which these phosphory
lation events are regulated was still elusive. We reveal that hyper-
activation of TAK1 induces phosphorylation of RIPK3 even 
without TNF stimulation. This raises the possibility that TAK1 
acts upstream of RIPK3. We also found that RIPK3 activation 
leads to hyperactivation of TAK1, suggesting that TAK1 is not 
only upstream of RIPK3 but also a target of RIPK3. Furthermore, 
we show that RIPK1 facilitates RIPK3-induced TAK1 activation, 
suggesting that TAK1–RIPK1–RIPK3 is activated in a positive 
feedforward mechanism. Our results demonstrate that TAK1 
promotes RIPK1–RIPK3–necrosis; however, it is still not clear 
whether TAK1 is entirely required for this type of death. Inhibi-
tion of caspase in Tak1-deficient fibroblasts initially blocked but 
still induced cell death upon TNF stimulation in later time points 
(Fig. S1, B and D). Because treatment of Z-VAD and TNF nor-
mally activates RIPK3, this cell death is presumably RIPK3- 
dependent necrosis. Thus, TAK1 may not be required for RIPK3 
activation under some circumstances. Alternatively, Tak1 defi-
ciency may cause RIPK3-independent cell death when caspases 
are inhibited. Further studies in cell death in Tak1-deficient cells 
will clarify contribution of TAK1 to RIPK3-dependent and po-
tentially other types of cell death. In addition, further studies are 
required to define precise physical interactions and potential 
phosphorylation sites of TAK1, RIPK1, and RIPK3 using puri-
fied proteins. Our results identify TAK1–RIPK1–RIPK3 as a ne-
crosis promoting protein kinase cascade.

Materials and methods
Mice and cell culture
Tab2-floxed (Tab2flox/flox) mice (Sanjo et al., 2003) were backcrossed for a 
minimum of five generations to C57BL/6 mice. Fibroblasts were isolated 
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Samples were resolved on SDS-PAGE and exposed to autoradiographic 
films or subjected to immunoblotting.

Retroviral infection
Retroviral vectors for p65 (pMXpuro-p65) were generated by inserting p65 
cDNA into the retroviral vector pMX-puro. PLAT-E cells (Morita et al., 2000) 
were transiently transfected with pMX-puro-p65. After 48 h culture, the 
growth medium containing the retrovirus was collected and filtered with a 
0.45-µm cellulose acetate membrane to remove packaging cells. Fibroblasts 
were incubated with the collected virus-containing medium with 10 µg/ml 
polybrene for 24 h. Uninfected cells were removed by puromycin selection.

Statistical analyses
Statistical analyses were performed using two-tailed Student’s t test or one-
way ANOVA for comparing the means of two or multiple groups, respec-
tively. *, P < 0.05; **, P < 0.01; ***, P < 0.001; N.S., not significant 
when P > 0.05.

Online supplemental material
Fig. S1 A shows TNF-induced hyperactivation of TAK1 in Tab2-deficient fi-
broblasts. Fig. S1 B shows bright-field images of Tak1- and Tab2-deficient 
fibroblasts after TNF stimulation. Fig. S1 C shows TEM images of Tak1- and 
Tab2-deficient fibroblasts after TNF stimulation. Fig. S1 D shows that Z-VAD 
does not inhibit TNF-induced cell death in Tak1-deficient fibroblasts.  
Fig. S2 A shows that Nec-1 blocks TNF-induced cell death in Tak1-deficient 
fibroblasts. Fig. S2 B shows that Tab2 and Ripk3 double-deficient fibro-
blasts are completely resistant to TNF-induced cell death. Fig. S3 shows 
that Ripk3 deletion does not rescue chronic and acute liver injury in liver-
specific Tak1-deficient mice. Fig. S4 shows that overexpression of an active 
TAK1 induces RIPK3-dependent cell death in fibroblasts. Fig. S5 shows that 
cFLIP is reduced in Tak1-deficient fibroblasts and is restored by p65 over-
expression. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201305070/DC1.
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