
   

ABSTRACT 
 
BROGLIE, PETER MICHAEL.  The Role of TAK1 Associated Binding Protein 2 (TAB2) in 
Tumor Necrosis Factor Signaling and Cell Death. (Under the Direction of Dr. Jun Ninomiya-
Tsuji) 
 
Tumor Necrosis Factor (TNF) is a key modulator of the innate immune system, aiding in the 

activation of immune cells as well as killing damaged cells.  Dysregulation of the TNF-

initiated intracellular signaling pathways can cause a number of pathologic conditions.  TNF 

binds to TNF receptor (TNFR) and initiates signaling by assembling a protein complex on 

the receptor consisting of Receptor Interacting Protein 1 (RIP1) and TNF-Receptor 

Associated Factor 2/5 (TRAF2/5).  The RIP1-TRAF complex ultimately activates the IκB 

kinase (IKK)-NF-κB pathway as well as mitogen activated protein kinase (MAPK)-AP-1 

pathway, and transcriptionally activates various anti-inflammatory genes.  A key step in this 

signaling pathway is the activation of the MAPK kinase kinase family member TGF-β 

Activated Kinase 1 (TAK1) through which the IKK and MAPK pathways are activated.  

Activation of TAK1 occurs within 3-5 minutes in TNF signaling and is quickly deactivated 

by the protein phosphatase PP6, which is important to avoid prolonged signaling.  It has been 

demonstrated that RIP1 is ubiquitinated and this polyubiquitin chain is important for 

assembly of the signaling complex consisting of RIP1, TAK1, TAB2 and IKK.   However, 

the mechanism by which PP6 is recruited to TAK1 has not yet been determined.  In this 

study, we show that the TAK1 associated binding protein TAB2 is critical in the deactivation 

of TAK1 by localizing TAK1 and PP6 in close proximity.  We found that, in TAB2 knockout 

fibroblasts, TAK1 is not deactivated in a timely manner as it is in TAB2 wild-type cells.  We 

found that the interaction between TAK1 and PP6 is disrupted in TAB2 knockout fibroblasts.  



   

We demonstrated that PP6 was normally associated with a polyubiquitin chain, and the 

TAB2-polyubiquitin complex was associated with PP6.  Our results have revealed that a 

polyubiquitin chain is important not only for the assembly of the activation complex but also 

of the deactivation complex for TAK1 in TNF signaling pathway, and that TAB2 participates 

in these complex as an indispensable adaptor. 

 

We have observed that, following prolonged exposure to TNF, TAB2 knockout fibroblasts 

underwent cell death.  We next investigated the role of TAB2 in TNF-induced cell death.  

Treatment with caspase inhibitors only further sensitized cells to TNF-induced cell death, 

indicating that TAB2 knockout cells were not dying through an apoptotic mechanism.  

Treating cells with a specific necroptosis inhibitor, Necrostatin-1, we found that this cell 

death hypersensitivity was completely rescued, suggesting that TAB2 deficiency activates 

TNF-induced necroptosis.  Necroptosis is an active form of necrotic cell death that is induced 

when apoptosis is inhibited.  It has been known that a complex consist of RIP1 and a RIP1 

related kinase, RIP3, plays key roles in the activation of the necroptotic pathway.  However, 

the mechanism by which the RIP1-RIP3 is activated has not been determined.  We found that 

TAB2 deficiency caused prolonged activation of TAK1 resulting in association of TAK1 

with RIP1 in a prolonged manner.  TAK1 could activate RIP1 and RIP3 kinase activity.  Our 

results in this study demonstrate that TAB2 regulation of TAK1 is critical in the prevention 

of TNF-induced necroptosis.   

 



   

In summary, TAB2 is a dual role TAK1 adaptor protein that mediates both activation and 

deactivation of TAK1.  The TAB2-mediated deactivation of TAK1 is particularly important, 

because impairment of this deactivation results in necroptosis leading to dysregulated 

inflammatory conditions.   
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GENERAL INTRODUCTION 

 

1. Regulation of Inflammation 

 

 Inflammation plays a key role in defending and repairing tissue following injury, 

infection or other stresses1, 2.  Some key events during inflammation include blood vessel 

dilation, immune cell localization and initiation of tissue repair.  When inflammation is 

tightly regulated, it is beneficial process to aid in restoring the tissue following injury3.  

However, when inflammation is dysregulated and not controlled as it is during normal 

homeostasis, the inflammatory conditions are causally associated with a number of diseases 

including inflammatory bowel disease (IBD)4, psoriasis5, asthma6, arthritis7, atherosclerosis8 

and several forms of cancer9.  In cancer, it has been demonstrated that chronic and 

unregulated inflammation can promote not only tumor cell proliferation and survival but also 

tumor metastasis resulting in cancer progression10, 11.   

 

 Proper dissection of the inflammatory signaling pathways is the key to understand the 

means by which it can become dysregulated.  On the systemic level, the immune system is 

activated by injury to the cell by mechanical forces (trauma), oxygen deprivation, genetic 

defects, or microorganisms12.  Immune cells activate several pathways that initiate 

inflammatory pathways.  Some of these pathways include the complement system13, the 

classical pathway14, the clotting system15 and the kinin system16.  The main outcomes of 

activation of the immune system include the five classical signs of inflammation: Rubor 
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(Redness due to vasodilation), Calor (Heat, also due to vasodilation), Dolor (Pain due to 

stimulation of nerve endings), Tumor (Outgrowth due vascular permeability and edema), and 

Functio Laesa (Loss of function)17.  On the molecular level, several inflammatory cytokines 

and chemokines are released from various immune cells including macrophages and mast 

cells.  Some of these immune cell modulators include histamines, kinins, leukotrienes, 

Interleukin 1-beta (IL-1β) and tumor necrosis factor alpha (TNFα)3.  TNFα (hereafter 

referred to as TNF) plays a key role in the immune system to initiate the immune response, 

recruit immune cells, remove dysfunctional cells (inducing apoptosis/necrosis as described 

later), and promote cellular repair and regeneration.  TNF is produced and secreted by many 

cell types but predominantly by macrophages following injury or bacterial infection.  TNF 

upregulates endothelial cell-leukocyte adhesion molecules such as ICAM and VCAM on 

endothelial cells, acts on the hypothalamus to induce fever development and controls the 

production of other cytokines/chemokines such as IL-1, IL-6, MCP-1 and IL-810.  

Inflammatory responses are normally very transient, and are quickly downregulated.  This 

temporal regulation is important for preventing chronic inflammatory diseases as discussed 

above.  Inflammatory cell signaling pathways such as the TNF signaling pathway are 

negatively regulated upon initial activation18, 19.  While the mechanisms by which 

intracellular signals are activated has been extensively studied, the mechanisms by which 

they are deactivated and regulated have yet to be fully elucidated.  
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2. Cell Death Pathways 

 

 Depending on the type and amount of toxicants, stressors and cell death inducing 

ligands [TNF, Fas Ligand (FasL)20, and TNF Related Apoptosis Inducing Ligand (TRAIL)21, 

22] presented to the cell, the cell can either respond to the stimulus activate cell survival 

signaling pathways or can undergo one of two forms of cell death23.  The first form of cell 

death is known as apoptosis or programmed cell death24-27.  A highly regulated and tightly 

controlled pathway has been studied tremendously over the past 20 years; apoptosis is a form 

of cell death that can be initiated not only in response to cell death stimuli but also as a part 

of normal development and homeostasis26, 28-30.  In the normal development processes, the 

balance between proliferating cells and apoptotic cells is kept in a strict order to have proper 

morphogenesis.  Lack of apoptosis leads to a severe defect in development and can cause 

embryonic lethality28. 

 

 Apoptosis, from the Greek 

‘dropping off’, is the most common 

form of cell death.  It is a highly 

conserved pathway that can be 

triggered by a number of stimuli 

including TNF25, FasL, TRAIL21, 22, 

31, DNA damage32, UV exposure 
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and various other stressors.  There are two means by which the apoptotic pathway can be 

activated; the extrinsic and intrinsic pathways (Figure 1.1).  The extrinsic pathway is 

characterized as the ‘death receptor’ pathway25, where the apoptotic pathway is triggered by 

binding of a ligand (e.g. TNF, FasL) to its respective receptor that contains a death domain 

(DD).  This binding initiates a signaling cascade that ultimately leads to activation of 

apoptotic specific enzymes resulting in the breakdown of the cell33.  The intrinsic pathway is 

characterized as the ‘mitochondria pathway’ because it is mediated by mitochondrial 

proteins24, 34-37.  If the cell is stressed (reactive oxygen species, DNA damage), cell death 

modulators such as cytochrome c are released from the mitochondria, which activates 

apoptotic enzymes.  The common apoptotic enzymes in which both the extrinsic and intrinsic 

pathway converge are a family of enzymes known as caspases38, 39.  The caspase family of 

enzymes are cysteine-aspartic acid cleavage enzymes that cleave and degrade a number of 

proteins in the cytoskeleton, organelles and the nucleus to execute apoptotic development38, 

40, 41.  There are two types of caspases: Initiator and Effector Caspases; where initiator 

caspases cleave and activate effector caspases.  A key marker of apoptosis is observing the 

cleavage (activation) of several caspases including caspase-3, which can be used as a 

indicator that the cell is undergoing apoptosis29.  Activation of caspases requires energy 

specifically ATP or dATP; therefore, apoptosis cannot be activated under the conditions of 

lack of ATP42. 

 

 Another form of cell death is known as necrosis, from the Greek ‘death.’  Necrosis 

can be caused by an overload of the injurious stimulus to the cell, and can be classified as 
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passive cell death26, 43.  Some causes of necrotic cell death can be lack of oxygen to the cell 

(ischemia), physical trauma, infection, toxicant exposure and cancer12.  When cells are 

overwhelmingly damaged and the level of cellular ATP is significantly reduced, the cell does 

not undergo a regulated process such as apoptosis, but rather a general breakdown of the cell 

and all of its constituents44.  One of the constituents that is broken down is the lysosome 

which releases proteases into the cytoplasm and nucleus that further the degradation 

process44.  Following breakdown of the cell, the contents are released into the surrounding 

tissue which can then initiate an inflammatory response and cause further damage.  The 

markers for necrotic development are organelle swelling and intracellular vacuolization26, 43-

45. 

 An emerging form of cell death that is recently identified is a subtype of necrosis 

called ’necroptosis’43, 44, 46.  Necroptosis is a form of ‘programmed necrotic cell death,’ 

meaning that it is a coordinated 

active process within the cell to 

initiate death of the cell via a 

necrosis-like mechanism.  This 

pathway is usually initiated when 

the apoptotic pathway is blocked, 

either by viral infection47 or 

oncogenic mutation48, 49.  Some 

tumor-associated viruses include 
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Hepatitis B Virus(HBV)50, 51, Hepatitis C Virus (HCV)52, 53, Epstein-Barr Virus (EBV)54-57, 

and Human Papillomavirus (HPV)58-60.  Some oncogenic mutations that can occur include 

upregulation of Bcl-2 in follicular lymphoma49, and upregulation of c-myc in B cell 

lymphoma20.  When apoptosis is blocked, two key protein kinases, receptor interacting 

proteins 1 and 3 (RIP1 and RIP3), are activated and initiate the process towards cell death 

(Figure 1.2)61-63.  RIP1 plays a key role in early TNF signaling that will be discussed later.   

 

3. Tumor Necrosis Factor (TNF) Signaling 

 

TNF is a key cytokine in the immune system, stimulating a number of cellular events 

including activation of inflammatory responses, apoptosis and necroptosis64-66.  TNF 

activates three major intracellular signaling pathways; NF-κB pathway67-72, mitogen-

activated protein kinase (MAPK) cascades65, 73, and death inducing signaling complex 

(DISC) pathway25, 74.  

Upon binding of TNF to 

the TNF receptor 

(TNFR), all three 

pathways are stimulated 

simultaneously.  Three 

receptor proximal 

proteins, RIP175, 
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TRAF2/555 (TNF Receptor Associated Factor 2/5) and TRADD39, 76 (TNF Receptor 

Associated Death Domain), are recruited to the TNFR immediately following TNF binding, 

and this receptor complex is referred to as complex I by Micheau and Tschopp39 (Figure 1.3).  

Following this complex formation, TRAF2/5 ubiquitinates RIP1 via a RING (Really 

Interesting New Gene) finger domain with an E3 ubiquitin ligase activity; this results in 

formation of a RIP1-anchored polyubiquitin chain77, 78.  The polyubiquitin chain serves as a 

scaffold for localization of other proteins and kinases79.  One of these kinases is TGF-β 

activated kinase 1 (TAK1) which will be described later80.  The signaling pathway then 

bifurcates at the TAK1 level.  TAK1 activates both the MAPK and NF-κB pathways leading 

to stimulation of the transcription factors AP-1 and NF-κB81, 82. 

 

3A. MAPK and AP-1 Signaling 

 

In MAPK signaling, TAK1 is a member of the MAP Kinase Kinase Kinase 

(MAPKKK)83, which activates the next level kinases (MAPKKs) MKK3, 4, 6, or 784-86 

which in turn activate the final level of kinases (MAPKs), p3887, 88 and c-Jun N-terminal 

kinase (JNK)85, 89.  Activation of both p38 and JNK then leads to activation and formation of 

the AP-1 transcription factor, which leads to transcription of many inflammatory response 

genes.   
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3B. NF-κB Signaling 

 

Simultaneously, the NF-κB pathway is also activated by TAK1 signaling86, 90.  A key 

protein complex in NF-κB signaling is the IκB Kinase (IKK) complex, which is composed of 

IKKα, IKKβ and NEMO (also called IKKγ)65, 91.  NEMO links the IKK complex to the 

polyubiquitin chain anchored to the receptor protein RIP176, 92.  TAK1 binds to the RIP1-

anchored polyubiquitin chain through its binding protein, TAK1 associated binding protein 2 

(TAB2) as discussed later and activates the IKK complex82.  The IKK complex then 

phosphorylates IκB, the inhibitory protein for NF-κB, which leads to IκB ubiquitination and 

subsequent degradation93.  Degradation of IκB releases of NF-κB, where it translocates to the 

nucleus and transcriptionally activates a number of inflammatory genes91.  It has been 

demonstrated that AP-1 and NF-κB cooperatively activate not only inflammatory genes but 

also anti-apoptotic genes such as cFLIP (cellular FLICE-inhibitory protein)70, or cIAP 

(cellular inhibitor of apoptosis)21.   

 

TNF-induced NF-κB and AP-1 activation is normally downregulated within 30-60 

minutes18, 94, 95.  This negative feed back mechanism is important for preventing prolonged 

and excessive inflammation.  Several different downregulation mechanisms have been 

identified.  The most well-studied mechanism is IκB-dependent negative feedback regulation 

of NF-κB.  IκB is transcriptionally activated by NF-κB and inhibits further activation of NF-

κB96.  Another regulatory mechanism is deubiquitination of RIP1, which inhibits the 

polyubiquitin-mediated signaling leading to NF-κB activation.  Two deubiquitinases, A2097, 
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98 and CYLD99, have been demonstrated to mediate this reaction.  Moreover, other signaling 

molecules in TNF signaling pathway also appear to be downregulated after the initial 

activation.  Further studies are required to fully elucidate the downregulation mechanisms.   

 

3C. DISC Pathway 

 

While both MAPK and NF-κB pathways are activated by TNF binding, the death 

inducing signaling complex (DISC) is also activated.  Following the initial signaling by 

complex I, RIP1, TRADD and TRAF2/5 dissociate from the TNFR and translocates to the 

cytoplasm.  The complex then interacts with and adaptor protein FADD (FasL Associated 

Death Domain) and one of the initiator caspases, caspase 833, 39, 74.  This new complex is 

referred to as complex II or DISC which leads to activation of the apoptosome (Figure 1.3).  

The apoptosome consists of caspase 9, cytochrome c and apoptotic protease-activating 

factor-1 (APAF-1), which is essential for activation of a major effector caspase, caspase-3, 

and ultimately initiation of apoptosis27.  However, in most cell types , the MAPK and NF-κB 

signaling inhibits the apoptotic pathway by upregulating anti-apoptotic genes such as 

cFLIP70.  Therefore, when both the MAPK and NF-κB pathways are functioning properly, 

the death receptor pathway is inhibited and the cell does not die in response to TNF25, 91, 100.  

TNF-induced apoptosis is activated in several cell types that have impaired NF-κB signaling 

and reduced production of anti-apoptosis factors.   
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4. Necroptosis pathway 

 

TNF-induced DISC signaling can be inhibited by upregulation of caspase inhibitors 

in cancer cells and by bacterial or viral infection.  TNF then activates the TNF-induced non-

canonical pathway, the necroptosis pathway46.  In canonical TNF signaling, following the 

initial RIP1-TRAF2-induced signaling events that lead to NF-κB/MAPK and caspase 

activation, activated caspase 8 cleaves and degrades RIP1 kinase66, preventing prolonged 

activation of these signaling events.  However, when caspase 8 is inhibited, RIP1 is activated 

in a prolonged and  uncontrolled manner which in turn stimulates the non-canonical TNF-

induced cell death, so-called "necroptosis"46, 62, 101.  Activated RIP1 forms a new complex 

(complex III) consisting of RIP1 and RIP3 (Figure 1.2).  RIP1-RIP3 induces necrotic cell 

death which cannot be repressed by caspase inhibitors63.  It has been reported that RIP1-RIP3 

induces mitochondrial dysfunction through increased reactive oxygen species, which leads to 

necrotic cell death102.  However, the exact mechanism by which RIP1-RIP3 induces necrotic 

cell death is still in debate.  As described above, RIP1 is an important mediator of NF-κB, 

MAPK and DISC pathways77.  Although RIP1 is a protein kinase, the kinase activity is not 

required in these pathways101.  Interestingly, in the necroptosis pathway, it has been 

demonstrated that both RIP1 and RIP3 kinase activity are essential63.  However, the 

mechanism by which RIP1 kinase is activated has not yet been determined. 
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5. TGF-β Activated Kinase 1 (TAK1) and Protein Phosphatase 6 (PP6) 

 

TGF-β Activated Kinase 1 (TAK1) was originally discovered by Dr. Kunihiro 

Matsumoto in 1996 at Nagoya University, Japan84, 103.  It is a highly conserved 

serine/threonine kinase that has orthologues in C. elegans (MOM4), Drosophila (dTAK1)104, 

human (hTAK1) and mouse (mTAK1).  TAK1 was originally found to be activated by TGF-

β (Transforming Growth Factor Beta) but is also highly activated by IL-1β83, TNF72, 

Lipopolysaccharide, osmotic stress105 and oxidative stress106.  It is a member of the 

MAPKKK (Mitogen Activated Protein Kinase Kinase Kinase) family, and upon stimulation 

activates members of the MAPKK family such as MKK4 or MKK6, which then activate 

members of the MAPK family like JNK and p3885, 88.  TAK1 can also activate the NF-κB 

pathway by associating with the polyubiquitin chain anchored to RIP1 and activating the 

IKK complex77, 86, 107.  TAK1 knockout keratinocytes and fibroblasts both show disrupted 

signaling when exposed to TNF, IL-1β or other Toll-like receptor ligands (e.g. 

lipopolysaccharide (LPS), peptidoglycan, etc.)81. 

  

 TAK1 is essential for embryogenesis, evident by the fact that TAK1 germline 

knockout mice die at day E9.5 due to neural tube defects108.  However, further analysis of 

this animal has proven to be difficult.  A tissue-specific knockout system was utilized in 

order to observe the role and importance of TAK1 in an in vivo setting108, 109.  Epidermal 

(epidermis of the skin)-specific TAK1 knockout mice were generated and were viable for 

only 5-7 days due to inflammation and increased apoptosis81.  Mice lacking TAK1 in the 
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intestinal epithelium have also been generated and exhibited increased inflammation and 

increased apoptosis110, 111.  Our group has identified that TAK1 deficiency elevates TNF-

induced apoptosis because TNF-induced NF-κB/MAPK pathways are impaired, leading to 

the accumulation of reactive oxygen species81.  Double knockout studies where TAK1 is 

deleted with a genetic background of TNFR-/-, revealed that TNF is the cause of apoptosis in 

TAK1 deficient epidermis of the skin and the intestinal epithelium110, 111.  TAK1 is an 

indispensable signaling molecule in TNF signaling leading to NF-κB/MAPK, which is 

essential for inhibiting DISC pathway in several epithelial tissues. 

 

 Protein Phosphatase 6 (PP6) is a member of the protein phosphatase 2A (PP2A) 

family of serine/threonine phosphatases112.  The yeast orthologue of PP6, Sit4, plays a key 

role in the cell cycle113 as well as glycogen metabolism114.  In mammals, PP6 is essential in 

the dephosphorylation of IκBε115, DNA-PK32, and TAK1116.  Previous work showed that PP6 

was the phosphatase responsible for regulating TAK1 activation following IL-1β and TNF116 

stimulation through the use of siRNA and inhibitor studies.  However, the molecular 

mechanism by which PP6 is recruited to TAK1 remains unknown.   

 

6. TAK1 Associated Binding Protein 2 (TAB2) 

 

TAB2 (TAK1 Associated Binding Protein 2) is one of three proteins constitutively 

associated with TAK1117.  TAB1 acts as the activation subunit of the TAK1 complex, aiding 

in autophosphorylation of TAK1 as well as mediating TAK1 activation following osmotic 
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stress118-121.  TAB2 and the 

closely related TAB3 act as 

polyubiquitin chain adaptors 

for the TAK1 complex122.  

TAB2 has three conserved 

domains; a CUE domain near 

the N-terminus which aids in 

ubiquitin association123, a 

coiled coil domain essential for 

interaction with TAK1117, and an NZF zinc finger domain124 which also aids in polyubiquitin 

association.  It is believed that both the CUE domain and the NZF zinc finger domain both 

play key roles in localizing TAK1 to the polyubiquitin chain.  It is thought that this 

polyubiquitin association aids in the activation of the IKK complex77, 86, 125.  The exact role of 

TAB2, other than acting as a polyubiquitin adaptor for the TAK1 complex has yet to be 

determined.  Several groups report that TAB2 is a non-essential protein because of TAB3 

that shares high homology with TAB2109.  There is ~80% homology between TAB2 and 

TAB3, and it is believed that TAB3 compensates for the loss of TAB2.  Several groups have 

shown that TAB2 knockout cells have no phenotype when stimulated with TNFα or IL-1β109, 

122, 126 and that this observation is due to TAB3 overcompensation. 

 

A TAB2 germline knockout mouse was generated; and it was found to be 

embryonically lethal at embryonic day 13.5126, which indicates that TAB2 plays an essential 
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function in embryogenesis that cannot be compensated by TAB3.  This lethality is due to 

massive liver degeneration (high levels of cell death)126.  This phenotype strongly resembled 

the phenotype of animals that have portions of the NF-κB pathway ablated and it was thought 

this cell death is caused by impaired NF-κB activation in TNF signaling127. However, several 

groups have shown that TAB2 knockout cells have no impaired NF-κB signaling when 

stimulated with TNF or IL-1β109 as described above.  Therefore, it has not been determined 

why TAB2 deficiency increases cell death, and the essential role of TAB2 remains to be 

elucidated.   
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Hypotheses 

 

Manuscript 1: A TAK1 kinase adaptor, TAB2, plays dual roles in TAK1 signaling by 

recruiting both an activator and an inhibitor of TAK1 kinase in TNF signaling pathway 

 

 TAK1 is a key modulator in TNF signaling, aiding in passing the signal from the TNF 

receptor to downstream effector kinases such as mitogen activated protein kinases (MAPK) 

and the IKK complex.  TAK1 is essential for activation of both the MAPK pathway as well 

as the IKK/NF-κB pathway 83, 86 and inactivity of this signaling pathway leads to 

inappropriate apoptosis following TNF exposure.  TAK1 is normally activated within 3-5 

min after TNF exposure and deactivated within 15-30 min83.  TAK1 is regulated through 

protein phosphatase 6 (PP6), a member of the PP2A phosphatase family116.  PP6 plays a key 

role in the regulation of IκBε115, DNA-PK32 and TAK1116.  PP6 dephosphorylates the 

essential amino acids within the TAK1 kinase domain thereby deactivating TAK1116.  

However, the mechanism by which TAK1 is regulated by PP6 has yet to be determined.   

 We have found that fibroblasts lacking TAB2 show elevated and prolonged activation 

of TAK1.  It was demonstrated that TAB2 aids in association with polyubiquitin chains 

through two ubiquitin binding domains, the CUE123, 128 and NZF zinc finger domains128.  

Therefore, we hypothesize that TAB2 recruits PP6 to TAK1 through polyubiquitin chain 

localization, which is essential for deactivation of TAK1.  To test this hypothesis, we asked 

the following questions. 
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1) Is the loss of TAB2 correlated with prolonged activation of TAK1 signaling? 

2) Is TAB2 essential for the interaction between TAK1 and PP6? 

3) Can PP6 associate with polyubiquitin chains?              

4) Does the polyubiquitin chain mediate interaction between TAK1 and PP6? 
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Manuscript 2: TAK1 binding protein 2 regulates TNF-induced necroptosis by 

modulating TAK1 activity 

 

 The two main forms of cell death are apoptosis and necrosis.  Apoptosis is an energy 

driven process triggered by either the extrinsic pathway via death receptor activation, or the 

intrinsic pathway triggered by release of pro-apoptotic factors from the mitochondria33.  

However, when the damage overwhelms the cell, it then undergoes passive (energy-

independent) cell death so called necrosis43.  Recently, an active form of necrosis has come 

to be known as necroptosis129.  RIP1130 and RIP363 kinases play an essential role in TNF-

induced necroptosis signaling.  However, the mechanism by which RIP1 and RIP3 are 

activated has not been elucidated. 

 TAK1-deficient keratinocytes and fibroblasts undergo apoptosis following TNF 

stimulation1.  In the manuscript #1, we have reported that TAB2 knockout fibroblasts exhibit 

prolonged and excessive activation of TAK1 in response to TNF stimulation131.  We have 

found that TAB2 deficient fibroblasts are sensitive to TNF-induced cell death.  However, we 

observed that this cell death is not apoptosis but necrosis, which is totally different from that 

in TAK1-deficient cells.  We hypothesize that TNF-induced hyper-activation of TAK1 in the 

TAB2 deficient cells activates RIP1-RIP3 pathway leading to necroptosis.  To test this 

hypothesis, we asked the following questions: 

 

1) Is necrotic cell death induced in TAB2 knockout fibroblasts in response to TNF 

exposure?  
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2) Is TAK1 activity correlated with TNF-induced necroptosis? 

3) Does TAB2 deficiency induce interaction of TAK1 with RIP1? 

4) Can TAK1 activate RIP1-RIP3? 
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ABSTRACT 

TAK1 kinase is an indispensable signaling intermediate in TNF, IL-1, and Toll-like receptor 

signaling pathways.  TAK1 binding protein 2 (TAB2) and its closely related protein, TAB3, 

are binding partners of TAK1, and have previously been identified as adaptors of TAK1 that 

recruit TAK1 to a TNF receptor signaling complex.  TAB2 and TAB3 redundantly mediate 

activation of TAK1.  In this study, we investigated the role of TAB2 by analyzing fibroblasts 

having targeted deletion of tab2 gene.  In TAB2-deficient fibroblasts, TAK1 was associated 

with TAB3 and activated following TNF stimulation.  However, TAB2-deficient fibroblasts 

displayed a significantly prolonged activation of TAK1 compared with wild type control 

cells.  This suggests that TAB2 mediates deactivation of TAK1.  We found that a TAK1 

negative regulator, protein phosphatase 6 (PP6), was recruited to TAK1 complex in wild type 

but not in TAB2-deficient fibroblasts.  Furthermore, we demonstrated that both PP6 and 

TAB2 interacted with the polyubiquitin chains and this interaction mediated the assembly 

with TAK1.  Our results indicate that TAB2 not only activates TAK1 but also plays an 

essential role in the deactivation of TAK1 by recruiting PP6 through a polyubiquitin chain-

dependent mechanism.  
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INTRODUCTION 

Inflammation is an important biological process to prevent invasion of 

microorganisms and stimulate wound-healing processes.  However, prolonged and 

dysregulated inflammation are associated with human diseases including inflammatory 

bowel disease, psoriasis and cancers.  Inflammatory responses ideally are transient and 

tightly regulated.  TGF-β activated kinase 1 (TAK1) is a member of the mitogen activated 

protein kinase kinase kinase family (MAPKKK) that is activated by inflammatory mediators 

such as interleukin-1 (IL-1), tumor necrosis factor (TNF) and Toll-like receptor ligands1, 2.  

In all these pathways, TAK1 is an essential intermediate that transmits the upstream signal 

from the receptor complex to the downstream mitogen-activated protein kinases (MAPKs) 

and to the NF-κB pathway2-4.  Specifically, in the TNF signaling pathway, TAK1 is 

associated with the TNF receptor complex through the TNF-receptor associated factor 2/5 

(TRAF2/5) and the kinase receptor interacting protein 1 (RIP1) to initiate the signaling 

cascade5-7.  Oligomerization of TAK1 through this complex assembly then induces 

autophosphorylation of TAK1, thereby activating TAK1.  TAK1 in turn activates kinases 

including MAPK and ERK kinases (MEKs) and IκB kinase (IKK) leading to activation of 

MAPKs including c-Jun N-terminal kinase (JNK), p38 and NF-κB, respectively.  MAPK and 

NF-κB then cooperatively regulate transcription of a number of genes that are involved in 

inflammation.  TAK1 is typically activated at 5-10 min after IL-1 and TNF stimulation and is 

quickly inactivated within 10-20 min (8, 9 and this report).  This reversibility is supposed be 

important for preventing prolonged inflammatory responses.  The mechanism of TAK1 
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activation has been extensively studied; however, the mechanism of TAK1 inactivation is 

still elusive.   

 

Serine/Threonine protein phosphatase 6 (PP6) is a member of type 2A 

serine/threonine phosphatase family10.  The yeast homologue of PP6, Sit4, is essential for the 

G1-S transition in the cell cycle as well as transcription, translation, and glycogen 

metabolism11.  In mammals, PP6 targets several proteins including IκBε10, DNA-PK12 and 

TAK18.  PP6 dephosphoryates and inactivates TAK1 following IL-1 stimulation, which is 

likely to be important for preventing prolonged inflammatory responses.  We have shown 

that TAK1 interacts with PP6; however, the mechanism by which PP6 is recruited to TAK1 

complexes has not been determined.   

 

TAK1 binding protein 2 (TAB2) is one of three proteins that are constitutively bound 

to TAK1.  TAK1 binding protein 1 (TAB1) acts as the activation subunit of the TAK1 

complex, aiding in the autophosphorylation of TAK113; while TAB2 and the closely related 

protein, TAB3, are adaptors of TAK1 that facilitate the assembly of an active TAK1 

complex6, 7, 14.  TAB2 contains 3 conserved domains: a CUE domain that directly binds to 

ubiquitin15, a coiled-coil domain involved in the interaction with TAK114, and a zinc finger 

domain which is involved in polyubiquitin binding6.  TAB2 and TAB3 bind the polyubiquitin 

chain and TAK1, thereby bringing TAK1 in close proximity to the polyubiquitinated proteins 

RIP1 and TRAF and the IKK complex5, 6, 16.  Previous reports have shown that TAB2 is not 

essential for IL-1 signaling pathways due to the presence of TAB3, which can play a 
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compensatory role17, 18.  However, TAB2 single knockout mice are embryonic lethal at 

E13.518, indicating that TAB2 has some unique functions that cannot be compensated by 

TAB3.  In this study, we examined the unique role of TAB2 by analyzing fibroblasts having 

targeted deletion of the tab2 gene.   

 

We found that, while TNF induced TAK1 activation in TAB2-deficient fibroblasts, 

the TAB2 deficiency enhanced and significantly prolonged TAK1 activation following TNF 

stimulation.  We show that TAB2 acts to recruit PP6 to TAK1 complex.  We further show 

that TAB2 dependent engagement of TAK1-PP6 is mediated through polyubiquitin chain.  

Collectively, our results indicate that TAB2 is essential for deactivation of TAK1 by 

recruiting PP6, which is likely to be important for preventing prolonged inflammatory 

responses.   
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EXPERIMENTAL PROCEDURES 

Cell Culture- Dermis fibroblasts were isolated from map3k7ip3flox/flox (TAB2-floxed mice) 

and spontaneously immortalized in culture.  TAB2 knockout fibroblasts were generated by 

infection of a retroviral vector expressing puromycin resistant gene alone (control) or 

puromycin resistant gene together with Cre recombinase (Cre).  Control and TAB2 deleted 

fibroblast clones were selected by exposure to 10 μg/ml puromycin for a period of 2-3 weeks 

and individual clones were isolated.  Control puromycin resistant clones were used as wild 

type (TAB2+/+) and Cre expressing clones were used as TAB2-deficient (TAB2 -/-) 

fibroblasts.  Fibroblasts and 293 cells were cultured in DMEM with 10% bovine growth 

serum (Hyclone), and penicillin-streptomycin at 37oC in 5% CO2. 

 

Antibodies-Anti-JNK1 (FL), anti-p38 (N-20), anti-IκBα (C-21), anti-IKKα (H-744), anti-c-

Myc (9E10) and anti-NF-κB p65 (C-20) polyclonal antibodies were purchased from Santa 

Cruz Biotechnology. Anti-phospho-SAPK/JNK (Thr-183/Tyr-185), anti-phospho-p38 (Thr-

180/Tyr-182), anti-phospho-IκBα (Ser-32), and anti-phospho-TAK1 (Thr-187) rabbit 

polyclonal antibodies (Cell Signaling) were used to detect the phosphorylated forms of JNK, 

p38, IκBα, and TAK1.  Anti-Flag M5 (Sigma), Anti-HA.11 (Covance) and Anti-T7 

(Novagen) were used for overexpression analysis. The anti-PP6 chicken polyclonal antibody 

was described previously 19.  Anti-TAK1, -TAB2 and -TAB3 antibodies were described 

previously2, 7, 14.   
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Immunoblots- Whole cell extracts were prepared using an extraction buffer containing 20 

mM HEPES (pH 7.4), 150 mM NaCl, 12.5 mM β-glycerophospate, 1.5 mM MgCl2, 2 mM 

EGTA, 10 mM NaF, 2 mM DTT, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 20 

μM aprotinin, 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 horseradish peroxidase-

conjugated antibodies against rabbit or mouse IgG using the ECL Western blotting system 

(GE Healthcare). 

 

Immunoprecipitation and kinase assay- Cells were lysed with the extraction buffer described 

above additionally containing 20 mM iodoacetamide (Sigma) and 1% Triton X-100.  500 μg 

of proteins were incubated with Protein G Sepharose beads (GE Healthcare) as well as 1 μg 

of the primary antibody overnight at 4°C. The beads were washed three times with a wash 

buffer (20 mM HEPES pH 7.4, 10 mM MgCl2, 0.5 M NaCl) and once with a kinase buffer 

(10 mM HEPES pH 7.4, 1 mM DTT, 5 mM MgCl2).  Some samples were subjected to an in 

IKK vitro kinase assay as described previously20. 

 

Electrophoresis mobility shift assay (EMSA)- The binding reaction contained radiolabeled 

32P-NF-κB oligonucleotide probe (Promega), 10 μg cell extracts, 4% glycerol, 1mM MgCl2, 

0.5mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), 500 ng of poly (dI-

dC) (GE Healthcare), and 10 μg of bovine serum albumin to a final concentration of 15 μl. 
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The reaction mixture was incubated at 25oC for 30 min, separated by 5% (w/v) 

polyacrylamide gel, and visualized by autoradiography. 

 

Overexpression analysis in 293 cells- 293 cells were transfected with the standard calcium 

chloride method.  The plasmids for HA-tagged TAB2, T7-tagged TAK1, and Myc-tagged Ub 

were described previously14, 15, 21.  Wild-Type, K48R and K63R-tagged ubiquitin were gifts 

from Dr. Ze’ev Ronai (Burnham Institute) and FLAG-tagged PP6 was described previously8.  

The cells were lysed with the extraction buffer described above and 500 μg total protein was 

used for immunoprecipitation analysis.   

 

GST-TNF pull-down assay 

The GST-TNF (a gift from Dr. Zhijian Chen, UTMC) was isolated from E. coli bacteria 

cultures.  The analysis of the TNF receptor complex was performed as described previously 

5.  
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RESULTS 

Activation of MAPK and NF-κB by TNF in TAB2 Deficient Fibroblasts.  Dermis 

fibroblasts were isolated from TAB2-floxed mice18 and immortalized by spontaneous 

immortalization. These fibroblasts were exposed to a control or a Cre-expressing retrovirus 

to delete the tab2 gene.  More than 20 independent colonies were isolated and grown in 

culture.  We confirmed tab2 gene deletion in clones used (Figure 1A) and performed the 

following experiments using at least 3 independent clones.  We found that MAPK family 

member JNK was activated in both control and TAB2 deficient fibroblasts following TNF 

treatment; however, the activation of JNK was prolonged in TAB2-/- cells (Figure 1B).  The 

IKK-NF-κB pathway was evaluated by IKK kinase assay (supplementary Figure S1), 

phosphorylation and degradation of IκBα and EMSA of NF-κB (Figure 1C).  The IKK-NF-

κB pathway was activated in response to TNF in control fibroblasts, while activation of NF-

κB was reduced in TAB2-deficient fibroblasts.  We tested activation of JNK and NF-κB in 6 

independent control and TAB2-deficient clones, and we obtained similar results in all clones.  

We also examined the level of NF-κB target genes, A20 and MCP-1 (Monocyte Chemotactic 

Protein-1)22 and the mRNA levels were increased, but the levels of induction were less in 

TAB2-deficient fibroblasts compared with control fibroblasts (data not shown).  These 

results are more or less consistent with the early studies reporting that TAB2 is not essential 

for TNF-induced TAK1 signaling17.  Our results show that TAB2 is partly involved in 

activation of NF-κB but is dispensable for activation of JNK.  These results suggest that 

TAK1 can be activated in a TAB2-independent manner.   
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Activation of TAK1 in TAB2-deficient fibroblasts.  We measured activation of TAK1 by 

utilizing the phospho-site-specific TAK1 antibody that recognizes only the activated form of 

TAK18.  TAK1 was quickly activated within 5 min following TNF treatment, and the 

activation was transient as shown in two independent clones (Figure 2A).  In contrast, we 

found that in TAB2-deficient fibroblasts, TAK1 was not only activated but remained 

activated for up to 60 min (Figure 2A).  These data indicate that TAB2 is dispensable for 

activation of TAK1 but may be important for deactivation of TAK1.  It is well known that 

TAB2 and TAB3 redundantly mediate activation of TAK16, 7, 23.  Therefore, TAB3 may be 

sufficient to mediate activation of TAK1 in TAB2-deficient fibroblasts.  We examined 

whether TAK1 binds TAB3 in TAB2-deficient fibroblasts.  TAB3 was detected in TAK1 

immunoprecipitates in both control and TAB2-deficient fibroblasts (Figure 2B).  The 

migration of TAB3 in SDS-PAGE was significantly slower after TNF exposure, which is 

consistent with earlier observation that TAB3 was phosphorylated concomitantly with TAK1 

activation23.  We conclude that TAK1 activation is through TAB3 action in TAB2-deficient 

fibroblasts.     

 

Dephosphorylation of TAK1 is impaired in TAB2-deficient fibroblasts.  TAK1 is activated by 

autophosphorylation within its activation loop at Thr-187 and other sites13, 24.  We have 

previously identified that PP6 dephosphorylates these sites, thereby inactivating TAK18.  

Kim et al. reported that another type 2A family protein phosphatase PP2A dephosphorylates 

these sites in some cell types25.  Therefore, dysregulation of type 2A protein phosphatase-

dependent dephosphorylation could be the cause of prolonged activation of TAK1.  To 
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determine whether the prolonged activation of TAK1 is due to a defect in dephosphorylation 

of TAK1, we pretreated control and TAB2-deficient fibroblasts with okadaic acid (OA), a 

selective inhibitor of type 2 protein phosphatases including PP6.  OA treatment strongly 

increased phosphorylated TAK1 in control fibroblasts, consistent with our previous report8.  

We found that the increased levels of phosphorylated TAK1 by OA treatment was less 

pronounced in TAB2-deficient fibroblasts and OA treatment normalized the levels of TAK1 

activation in control and TAB2-deficient fibroblasts (Figure 3A).  The results suggest that the 

prolonged activation of TAK1 in TAB2-deficient fibroblasts might be due to a defect in type 

2 protein phosphatase-mediated dephosphorylation of TAK1.  Since we observed interaction 

of PP6 with TAK1 in fibroblasts as shown below, we focused on PP6.   

  

The interaction between TAK1 and PP6 is TAB2-dependent.  To examine the mechanism by 

which TAK1 is dephosphorylated in control fibroblasts, we first looked at the interaction 

between endogenous TAK1 and PP6 (Figure 3B and supplementary Figure S2).  In control 

fibroblasts, TAK1 was co-precipitated with PP6.  However, in TAB2-deficient fibroblasts, 

PP6 association with TAK1 was diminished (Figure 3B and supplementary Figure S2).  

These results indicate that PP6 is associated with the TAK1 complex in a TAB2-dependent 

manner.  RIP1 is known to be ubiquitinated following TNF stimulation5.  Consistently, we 

detected ubiquitinated RIP1 only in TNF treated samples.  A small amount of unmodified 

RIP1 was non-specifically precipitated with control IgG; however, ubiquitinated RIP1 was 

specifically co-precipitated with PP6 following TNF stimulation in control but not in TAB2-

deficient fibroblasts (Figure 3B).  Interaction of TAB2 with PP6 was also increased 
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following TNF stimulation.  TAB2 is an ubiquitin binding protein and known to binds to the 

RIP1-anchored polyubiquitin chain6.  Taken together, we postulate that TAB2 recruitment of 

PP6 involves polyubiquitin chains. 

 

PP6 interacts with ubiquitin chains.  Next, we examined whether PP6 interacts with 

polyubiquitin chains.  Previous studies have shown that TAB2 associates with the RIP1 K63-

linked polyubiquitin chain thereby recruiting TAK1 to the IKK complexes5, 6.  Recently, not 

only K63-linked but also other types of polyubiqutin chains have been implicated in TNF 

signaling26.  If PP6 is recruited to the TAK1 complex through TAB2, PP6 might interact with 

polyubiquitin chains.  We exogenously expressed FLAG-tagged PP6 together with wild-type, 

K48R and K63R mutated versions of HA-tagged ubiquitin (Figure 4 A and B).  

Overexpressed HA-ubiquitin spontaneously forms polyubiquitin chains (Figure 4A and B, 

whole cell extracts).  The wild-type ubiquitin chain was co-precipitated with PP6 (Figure 

4A).  We found that both mutant K48R and K63R ubiquitin chains were co-precipitated with 

PP6 (Figure 4B).  We note that co-precipitated FLAG-PP6 migrated at a position of at the 

anticipated protein size (Figure 4A, top second to right panel).  Therefore, FLAG-PP6 was 

not covalently modified by ubiquitin but interacted with the polyubiquitin chains.  We 

concluded that PP6 interacts with polyubiquitin chains. 

 

The interaction between TAK1 and PP6 is dependent on polyubiquitin.  In order to examine 

whether TAB2 mediates interaction of TAK1 with PP6 through an ubiquitin-dependent 

mechanism, we utilized a truncated version of TAB2, TAB2ΔCUE, which is lacking the 
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CUE domain, one of the ubiquitin binding domains of TAB215.  We anticipated that full-

length TAB2, but not TAB2ΔCUE, facilitates interaction of TAK1 with PP6.  We co-

expressed vectors for T7-TAK1, HA-TAB2 or HA-TAB2ΔCUE, FLAG-PP6 and Myc 

tagged wild-type ubiquitin in 293 cells.  TAK1, TAB2, and polyubiquitin were co-

precipitated with PP6 (Figure 4C).  However, the interaction between TAK1 and PP6 was 

reduced in TAB2ΔCUE expressing cells.  In a reciprocal experiment, PP6 and polyubiquitin 

were co-precipitated with TAK1 in a TAB2 CUE domain dependent manner (Figure 4D).  

These indicate that TAB2 recruits PP6 to the TAK1 complex through  polyubiquitin chains.  

Finally, we examined whether endogenous PP6 is recruited to polyubiquitin chains.  Upon 

TNF stimulation, TNF receptor binds to polyubiquitinated RIP1 and TRAF2/5, which recruit 

the TAB2-TAK1 complex.  Therefore, if PP6 is recruited to the TAK1 complex through 

polyubiquitin chains, PP6 should be detected in the TNF receptor complex.  We utilized a 

GST-TNF fusion protein to isolate the TNF receptor complex5.  Control and TAB2-deficient 

fibroblasts were stimulated with GST-TNF, and the proteins from the cell lysates were 

subjected to a GST-pulldown assay (Figure 5A).  PP6 and ubiquitinated RIP1 were 

precipitated with GST-TNF in control fibroblasts.  However, PP6 was not detected in the 

TNF receptor complex in TAB2-deficient fibroblasts.  This suggests that PP6 is associated 

with the TNF receptor complex through the TAB2-polyubiquitin chains.  
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DISCUSSION 

TAB2 and its closely related protein, TAB3, have been identified as essential 

molecules in TNF and IL-1 signaling pathways.  They recruit the TAK1 kinase complex to 

the TNF and IL-1 signaling complex that activates IKK-NF-κB and MAPK pathways 

through an ubiquitin chain dependent mechanism5-7, 27. TAB2 and TAB3 can bind to 

ubiquitin through the CUE domain15 and bind to polyubiquitin chains through the zinc finger 

domain6, both of which are important for TAB2/TAB3-mediated NF-κB activation.  Multiple 

types of ubiquitin chains participate in TNF signaling pathways.  K48-linked ubiquitination 

of IκB targets it for degradation and induces activation of NF-κB.  K63-linked ubiqutination 

of RIP1 is important for TNF signaling, which tethers several signaling molecules leading to 

activation of IKK-NF-κB5.  RIP1 is also modified with a K48-linked ubiquitin chain and 

degraded at later time point after TNF stimulation, which is one of the negative feed 

regulatory mechanisms of TNF signaling28.   Recently, a novel type of ubiquitin chain, a 

linear ubiquitin chain, has been identified as an essential mediator of TNF signaling29-31.  The 

head-to-tail linked ubiquitin chain binds to and/or is formed on NEMO, which appears to 

play an important role in IKK activation.  TAB2 and TAB3 bind to the polyubiquitin chains 

of RIP15 and can interact a linear ubiquitin chain of NEMO31.  Therefore, ubiquitin binding 

of TAB2 and TAB3 might mediate recruitment of TAK1 to both RIP1 and NEMO.  In this 

report, PP6 is identified as an ubiquitin binding protein, which is recruited to the TAK1 

complex through TAB2.  Therefore, ubiquitin binding of TAB2 participates not only in an 

assembly for activation complex but also in assembly of deactivation signaling complex in 

TNF signaling pathway (Figure 5B).   
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We have found that activation of IKK-NF-κB was reduced in TAB2-defieictent 

fibroblasts, while activation of JNK was prolonged (Figure 1).  JNK activation was very 

much correlated with the activity of TAK1, whereas IKK activation was diminished even 

though TAK1 was still activated.  As described above, TAB2 is likely to participate in 

recruitment of not only RIP1 but also of the NEMO-IKK complex.  Therefore, we speculate 

that TAB2 deficiency partly interrupts the close proximately between TAK1 and the NEMO-

IKK complex, thereby diminishing IKK activation.  On the other hand, TAK1 is likely to 

engage in interaction with MAP2K-JNK pathway through a polyubiquitin independent 

mechanism as summarized in Figure 5B. 

 

PP6 binds to polyubiquitin chains in overexpression experiments (Figure 4A and B).  

However, the interaction of polyubiquitinated RIP1 with PP6 is TAB2-dependent (Figure 

3B).  Why does endogenous PP6 not bind to the polyubiquitin chain of RIP1 in TAB2-

deficient fibroblasts?  We speculate that TAB2 may be important to facilitate binding of PP6 

to a polyubiquitin chain under physiological conditions (Figure 5B).   

 

We observed that PP6 was constitutively associated with TAK1-TAB2 complex 

(Figure 3B and supplementary Figure S2), and that polyubiquitinated RIP1 were further 

recruited to TAK1-TAB2-PP6 complex following TNF stimulation  (Figure 3B and 5A).  We 

also showed that overexpressed PP6 binded to polyubiquitin chains, and TAB2 facilitated 

interaction between PP6-polyubiquitin chains and TAK1 (Figure 4).  Taken all together, we 



 

34 

speculate that TAK1-TAB2 complex is associated with PP6 through polyubiqutin chains 

even in unstimulated cells, and that the polyubiquitin chains may be different in unstimulated 

and TNF-stimulated cells.  In TNF-stimulated cells, polyubiquitinated RIP1 and TRAF2/5 

are presumably the polyubiquitin chains for TAK1-TAB2-PP6 assembly.  An unidentified 

polyubiqutinated protein may function for the basal assembly of TAK1-TAB2-PP6 in 

unstimulated cells.  We assume that this basal TAK1-TAB2-PP6 complex blocks TAK1 

activation, and that TAK1 is activated by switching polyubiquitin chains to the TNF-induced 

polyubiquitin chains.   

 

We have previously demonstrated that TAK1 deletion results in accumulation of 

reactive oxygen species and greatly increases sensitivity to TNF-induced apoptosis32, 33.  

Furthermore, it has been known that TNF-induced JNK and NF-κB pathways are critically 

involved in cell death and survival34-37.  Therefore, we have tested the TNF-induced cell 

death in the TAB2-deficient fibroblasts.  We have observed that all clones of TAB2-deficient 

fibroblasts are hyper-sensitive to TNF-induced apoptosis compared with the wild type 

fibroblasts (PB unpublished observation).  Because TAB2 deletion does not impair rather 

activate TAK1 as shown in this report, the mechanisms by which TAK1 or TAB2 deletion 

causes hypersensitivity to TNF-induced apoptosis are completely different.  We show here 

that TAB2-deficient fibroblasts induce less NF-κB but prolonged activation of JNK 

following TNF treatment.  NF-κB is known to activate anti-apoptotic genes, while prolonged 

activation of JNK is known to be pro-apoptotic34-37.  Taken together, we speculate that the 

cause of TNF hyper-sensitivity in TAB2-deficient fibroblasts is combination of decreased 
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NF-κB and prolonged activation of JNK.  Germ-line deletion of TAB2 causes liver 

degeneration involving cell death during embryogenesis.  In fetal liver, TAB2 deficiency 

may cause hyper-activation of TAK1-JNK and less effective activation of NF-κB resulting in 

cell death and liver degeneration.  Our results demonstrate that TAB2-dependent deactivation 

of TAK1 is important for TNF signaling, which may be critically involved in cell survival.   
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FIGURE LEGENDS 

Figure 1  

MAPK and NF-κB pathways are activated in response to TNF independently of TAB2 

(A) map3k7ip2fl/fl dermis fibroblasts were infected with a control or a Cre-expressing 

retrovirus.  More than 10 independent control or Cre-expressing clones were 

isolated.  The expression levels of TAB2 was confirmed by immunoblotting analysis 

using an anti-TAB2 antibody.  All Cre-expressing clones did not express detectable 

levels of TAB2.  A representative immunoblots are shown.  anti-TAK1 

immunoblotting was used as a loading control.  Asterisk indicates a non-specific 

band.   

(B) Control (TAB2 +/+) and TAB2-deficient (TAB2 -/-) fibroblasts were stimulated by 

TNF (20 ng/ml) and JNK activation was detected by immunoblots with anti-

phospho-JNK (upper panel) and anti-JNK (lower panel) 

(C) TAB2 +/+ and -/- fibroblasts were stimulated with TNF (20 ng/ml) and activation of 

NF-κB was detected by immunoblotts with anti-phospho- IκB (upper panel) and 

anti-IκB (2nd panel) and an NF-κB EMSA (3rd panel).  Total p65 NF-κB levels 

were determined by anti-p65 immunoblots.  Asterisk indicates a non-specific band. 
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Figure 2  

TNF-induced TAK1 activation is sustained in TAB2-deficient fibroblasts. 

(A) Control (TAB2 +/+) and TAB2-deficient (TAB2 -/-) fibroblasts were stimulated with 

TNF (20 ng/ml).  An activated form of TAK1 was detected by anti-phospho-TAK1 

(T187) immunoblotting and the total amount of TAK1 was determined using an anti-

TAK1 antibody.  Data is representative of at least 5 different clones. 

(B) TAB2 +/+ and -/- fibroblasts were stimulated with TNF (20 ng/ml) and proteins from 

cell lysates were immunoprecipitated (IP) with anti-TAK1 antibody.  TAB2 and 

TAB3 coprecipitation was analyzed using anti-TAB2 and anti-TAB3 antibodies. 

Anti-TAB3 was weakly cross-reacted with TAB2.  The bands indicated with 

asterisks are TAB2 that were reacted with anti-TAB3.   

 

Figure 3  

TAB2 is essential for TAK1-PP6 interaction. 

(A) Control (TAB2 +/+) and TAB2-deficient (TAB2 -/-) fibroblasts were pretreated with 

250 μM Okadaic Acid (OA) for 4 hours before TNF treatment (20 ng/ml).  

Activation of TAK1 was detected by using anti-phospho-TAK1 (T187) antibodies 

and the total amounts of  TAK1 were determined using an anti-TAK1 antibody.  

Asterisk indicates background band. 

(B) TAB2 +/+ and -/- fibroblasts were stimulated with TNF (20 ng/ml) and proteins from 

cell lysates were immunoprecipitated (IP) with an anti-TAK1 antibody.  TAB2, PP6 
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and RIP1 coprecipitation was determined using anti-TAB2, anti-PP6 and anti-RIP1 

antibodies. 

 

Figure 4  

The interaction between TAK1 and PP6 is polyubiquitin dependent. 

(A) 293 cells were transfected with expression vectors for FLAG tagged PP6 (FLAG-

PP6) and HA-tagged wild type, K48R, or K63R mutant ubiquitin.  Forty-eight hours 

after transfection, cells were lysed and proteins were immunoprecipitated (IP) with 

anti-FLAG antibody.  Immunoprecipitaes and whole cell lysates were analyzed by 

immunoblotting with an anti-HA antibody and anti-FLAG.  

(B) The cell lysate of (A) lane 4-6 were immunoprecipitated (IP) with anti-HA antibody.  

The HA-ubiquitin immunoprecipitaes were analyzed with anti-FLAG and anti-HA 

antibodies.   

(C) 293 cells were transfected with expression vectors for T7-tagged TAK1 (T7-TAK1), 

FLAG-tagged PP6 (FLAG-PP6), Myc-tagged ubiquitin (Myc-Ub), and HA-tagged 

TAB2 (HA-TAB2) wild-type (WT) or the CUE domain-lacking mutant (Δ).  Forty-

eight hours following transfection, cells were lysed and FLAG-PP6 complex were 

immunoprecipitated (IP) with  anti-FLAG antibody.  Imunoprecipitates and whole 

cell lysates were anlayzed by immunoblotting with anti-T7, anti-HA, anti-Myc and 

anti-FLAG antibodies.   
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(D) The cell lysates of (B) lanes 5 and 6 were immunoprecipitated (IP) with anti-T7 

antibody.  The T7-TAK1 immunoprecipitaes were analyzed with anti-FLAG, anti-

HA anti-Myc and anti-T7 antibodies. 

 

Figure 5 

PP6 is recruited to TNF receptor complex 

(A) Control (TAB2 +/+) and TAB2-deficient (TAB2 -/-) fibroblasts were left untreated 

or stimulated with GST-TNF (1 μg/ml) for 5 min.  GST pull-down was peformed and 

the preciptes were analyzed with anti-PP6 and anti-RIP1 antibodies. 

(B) Model 

 

Supplemental Figure S1 

TNF-induced activation of JNK and IKK in control and TAB2-deficient fibroblasts 

(A) A representative result of JNK activation using clones different from ones used in 

Figure 1.  Control (TAB2 +/+) and TAB2 deficient (TAB2 -/-) fibroblasts were 

stimulated with TNF (20ng/mL), and analyzed by immunoblotting 

(B) A representative result of IKK activation using clones different from ones used in 

Figure 1.  TAB2 +/+ and -/- fibroblasts were stimulated with TNF (20ng/mL) and 

proteins were immunoprecipitated with an anti-IKKα antibody.  The samples were 

subjected to an in vitro kinase assay using GST-IκB as an exogenous substrate. 
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Supplemental Figure S2 

TAK1 is associated with PP6 in a TAB2 dependent manner. 

(A) A representative result of association of TAK1 with PP6 in clones different from 

ones used in Figure 3B.  Control (TAB2 +/+) and TAB2-deficient (TAB2 -/-) 

fibroblasts were stimulated with TNF (20ng/ml), cell extracts were 

immunoprecipitated with anti-PP6 antibodies and analyzed by immunoblotting 

 



 

47 

  

 

Figure 1. MAPK and NF-κB pathways are activated in response to TNF independently of TAB2 
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Figure 2. TNF-induced TAK1 activation is sustained in TAB2-deficient fibroblasts. 
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Figure 3. TAB2 is essential for TAK1-PP6 interaction. 
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Figure 4. The interaction between TAK1 and PP6 is polyubiquitin dependent. 
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Figure 5. PP6 is recruited to TNF receptor complex  
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Supplemental Figure S1. TNF-induced activation of JNK and IKK in control and TAB2-deficient fibroblasts 
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Supplemental Figure S2. TAK1 is associated with PP6 in a TAB2 dependent manner. 
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ABSTRACT 

Necroptosis is an active form of necrotic cell death that is induced when apoptotic cell death 

is inhibited. Protein kinases, receptor interacting protein 1 and 3 (RIP1 and RIP3), play a key 

role in activation of the necroptotic pathway. However, the mechanism of how these kinases 

are activated remains unknown. TAK1 kinase is an indispensable signaling intermediate of 

TNF signaling pathway by activating NF-κB and MAPK pathways, and TAK1 binding 

protein 2 (TAB2) is an important modulator of TAK1 kinase activity. We have previously 

reported that TAB2-deficient fibroblasts display elevated and prolonged TAK1 activation 

following TNF stimulation. Here we report that TAB2 deficiency facilitates TNF-induced 

necroptosis through prolonged activation of TAK1-RIP1/3. We observed that TAB2 

deficiency primarily caused necrotic rather than apoptotic cell death following TNF 

exposure. TAK1 was hyper-activated and associated with RIP1 and RIP3 in TAB2 deficient 

fibroblasts, which was correlated with TNF-induced cell death.  We also show that TAK1 

can activate RIP1 and RIP3.  Our results revealed that TAB2 regulation of TAK1 is essential 

to prevent TNF-induced necroptosis, and that TAK1 plays dual role in TNF signaling by 

activating NF-κB/MAPKs and RIP-dependent necroptosis pathways.    
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INTRODUCTION 

 A form of necrosis referred as necroptosis has been the recent focus of much research, as 

it is an active form of necrosis and can be initiated following stimulation by TNF, FasL and 

TRAIL when the apoptotic machinery is inhibited 1-3.  Pathological conditions including viral 

infection or oncogenic mutation can inhibit the apoptotic machinery and necroptosis could 

function as a back-up cell death mechanism 1, 4.  Two protein kinases, RIP1 and RIP3, have 

been identified as key modulators of necroptotic cell death 4-7.  RIP1 is a component of 

complex I in the TNFα signaling pathway, containing the TNF receptor, TNF receptor 

associated factor 2 (TRAF2) and TRADD, which is formed during the initial step of TNF 

signaling and leads to activation of transcription factors NF-κB and AP18.  RIP1 is next 

translocated to complex II, which contains Fas-associated protein with a death domain 

(FADD), and caspase 8, which then activates the apoptotic pathway8.  RIP3, originally 

thought to be involved in apoptosis and NF-κB signaling9, has recently been shown to be a 

critical regulator in necroptotic signaling pathway4-6,10,11.  Activation of both RIP1 and RIP3 

is the turning point in necrotic cell death in cells treated with TNF1,5,12.  However, the 

mechanism by which RIP1 and RIP3 are activated has yet to be determined. 

 

 TGF-β activated kinase 1 (TAK1) is a member of the mitogen activated protein kinase 

(MAPK) family that is activated by inflammatory cytokines such IL-1, TNF or other Toll-

like receptor ligands13-17.  In the TNF signaling pathway, the upstream proteins RIP1, TRAF2 

and TAK1 binding protein 2 (TAB2) are associated with TAK1, and this complex formation 

facilitates auto-phosphorylation of TAK1 resulting in catalytic activation of TAK118-20.  The 
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TAK1 downstream pathways include the MAPK family including c-Jun N-terminal kinase 

(JNK) and p38 as well as the IKK/NF-κB family.  Following TNF stimulation, TAK1 is 

activated within 5-10 minutes and quickly deactivated16.  A member of the type 2 protein 

phosphatase family, protein phosphatase 6 (PP6), dephosphorylates and deactivates TAK 

21,22.   

  

 TAB2 is one of 3 proteins constitutively associated with TAK120.  TAK1 associated 

binding protein 1 (TAB1) acts as the activation subunit aiding in the autophosphorylation of 

TAK1 in response to several stressors such as osmotic stress23,24.  TAB2 and a TAB2-related 

protein TAB3 have a overlapping roles to activate TAK1 in the TNF signaling pathway, 

where both are able to recruit TAK1 to complex 119,25-27.  However, germline TAB2 

knockout mice are embryonically lethal due to liver degeneration at E13.528, which indicates 

that TAB2 has an indispensable role that TAB3 cannot compensate.  We have recently 

demonstrated that TAB2 is essential for TAK1 deactivation by recruiting PP6 to the TAK1 

complex21.  TAB2 has 3 conserved domains, a CUE domain, a coiled-coil domain and a NZF 

zinc finger domain.  The CUE and NZF zinc finger domains are critical for ubiquitin 

binding29-32, and the coiled-coil domain is important for interaction with TAK120.  TAB2 

recruits PP6 to TAK1 through a polyubiquitin chain-dependent mechanism21.  TAB2-

deficient fibroblasts exhibit prolonged TAK1 activation following TNF stimulation due to 

impaired deactivation of TAK121.  In this study, we found that TAB2-deficient fibroblasts are 

hyper-sensitive to TNF-induced cell death, and investigated the pathway and molecular 

mechanism underlying this cell death. 
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EXPERIMENTAL PROCEDURES 

Cell culture- Dermis fibroblasts were isolated from map3k7ip3flox/flox (TAB2-floxed mice) 

and spontaneously immortalized in culture. TAB2 knockout fibroblasts were generated by 

infection of a retroviral vector expressing puromycin resistant gene alone (control) or 

puromycin resistant gene together with Cre recombinase (Cre). Control and TAB2 deleted 

fibroblast clones were selected by exposure to 10 μg/ml puromycin for a period of 2-3 weeks 

and individual clones were isolated. Control puromycin resistant clones were used as wild 

type (TAB2+/+) and Cre expressing clones were used as TAB2-deficient (TAB2-/-) 

fibroblasts.  All experiments were performed using at least 3 independently isolated clones to 

rule out any effect of clonal variation.  TAK1-deficient (TAK1-/-) fibroblasts were generated 

via the same procedure for TAB2-/- fibroblasts by using dermis fibroblasts isolated from 

TAK1-floxed mice14.   Fibroblasts and 293 cells were cultured in DMEM with 10% bovine 

growth serum (Hyclone), and penicillin-streptomycin at 37°C in 5% CO2. 

 

Antibodies- Anti-phospho-TAK1 (T187) rabbit polyclonal antibody (Cell Signaling) was 

used to detect the phosphorylated form of TAK1.  Anti-TAK1 and –TAB2 antibodies were 

described previously15,20.  Anti-RIP1 (BD Biosciences, #610459) and anti-RIP3 (Sigma, 

R4277) were purchased from Cell Signaling and Sigma respectively.  Anti-FLAG M5 

(Sigma) and anti HA.11 (Covance) were used for overexpression analysis.  Reagents used 

were TNF-α (Peprotech), Z-VAD-fmk (Enzo), Necrostatin-1 (Nec-1) (Enzo). 
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Immunoblots- Whole cell extracts were prepared using an extraction buffer containing 20 

mM HEPES (pH 7.4), 150 mM NaCl, 12.5 mM β-glycerophospate, 1.5 mM MgCl2, 2 mM 

EGTA, 10mM NaF, 2 mM DTT, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 20 

mM aprotinin,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 horseradish peroxidase-

conjugated antibodies against rabbit or mouse IgG using the ECL Western blotting system 

(GE Healthcare). 

 

Crystal violet assay- Cells were plated on 24-well dishes overnight at 37°C in 5%CO2 at a 

concentration of 1.25 x 104 cells per well.  After overnight incubation, cells were either 

pretreated with 20 μM zVAD-fmk or 30 μM Nec-1 for 1 h.  Following pretreatment, cells 

were exposed to 20ng/mL TNF for 24 hours.  At 24 h, cells were fixed using 10% formalin 

for 15 min at room temperature prior to two washes of cold PBS.  Cells were then stained 

with 0.1% Crystal Violet for 15 minutes followed by a wash with distilled water then dried 

overnight.  Following drying, the violet dye was eluted from the wells with 0.05M Sodium 

Citrate in 50% ethanol and the optical density was analyzed at 595 nm. 

 

Immunopreciptation- Cells were harvested with the above mentioned extraction buffer 

additionally containing 1% Triton X-100.  500 μg total protein was incubated with Protein G 

sepharose beads (GE Healthcare) and 1 μg of the primary antibody overnight at 4°C.  Beads 

were washed three times with an IP wash buffer (20mM HEPES pH 7.4, 10mM MgCl2, 0.5M 
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NaCl) followed by one wash with an IP kinase buffer (10mM HEPES pH 7.4, 1mM DTT, 

5mM MgCl2).  The beads were then resuspended in 50 μl sample buffer containing β-

mercaptoethanol, boiled at 95°C for 5 minutes before separation on a polyacrylamide gel and 

analyzed via western blotting.   

 

Overexpression Analysis using 293 cells- 293 cells were transfected using a standard calcium 

chloride method.  HA-TAK1 and TAB1 were described previously15.  FLAG-RIP1 was a 

generous gift from Dr. David Goeddel44 (Tularik) and FLAG-tagged RIP3 was a generous 

gift from Dr. Xiaogong Wang6 (UT Southwestern). 

 

Transmission Electron Microscopy- Fibroblasts were seeded in 10cm dishes at 5x105 cells 

per plate. Cells were exposed to 20 ng/ml TNF for 18 h, and cells were resuspended in 

McDowell and Trump’s 4F:1G fixative.  The samples were then suspended in 1% osmium 

tetroxide in 0.1M phosphate buffer (pH7.4) for 1 h, dehydrated and infiltrated with Spurr 

resin.  90nm ultra-thin sections were stained with uranyl acetate and analyzed through 

electron microscope (FEI/Philips EM 208S) at 80kV. 

 

RIP1/3 Kinase Assay- This was performed using the protocol listed in Miao and Degterev40.  

293 cells were transfected with the above method with plasmids for FLAG-RIP1, FLAG-

RIP3, and/or HA-TAK1 and TAB1.  The anit-FLAG immunprecipitates were resuspended in 

RIP Kinase assay buffer (20mM HEPES, pH7.4, 5mM MgCl2, 5mM MnCl2), and performed 

the kinase reaction.  10 μM of cold ATP and 1 μCi of γ-32P-ATP were added to each tube, 
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and the tubes were then incubated at 30°C for 30 minutes.  The samples were separated onto 

SDS-PAGE and analyzed by autoradiography. 
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RESULTS 

       TAB2 -/- fibroblasts are hyper-sensitive to TNF-induced cell death.  We have previously 

reported that TAB2-/- fibroblasts exhibit prolonged TAK1 activation at least for 1 h 

following TNF exposure21.  We found that TAB2 -/- fibroblasts were continuously activated 

even up to 24 h post-TNF addition to the medium (Figure 1A).  After 24 h of TNF exposure, 

we observed significant increase of cell death (Figure 1B).  We have previously reported that 

TAK1 deficiency causes hyper-sensitivity to TNF-induced cell apoptosis33.  Consistent with 

the previous observation, TAK1-deficient fibroblasts activated caspase 3 within 6 h after 

TNF exposure (Figure 1C).  In contrast to TAK1-deficient fibroblasts, TAB2-/- fibroblasts 

did not activate caspase 3 at 6 h, however it was moderately activated at 24 h after TNF 

exposure (Figure 1C) when a significant number of cells were dead (Figure 1B).  To 

determine the mechanism by which the cells died, the cells were analyzed by transmission 

electron microscopy.  TAK1-deficient fibroblasts exhibited a typical apoptotic cell 

morphology characterized by reduction of cellular volume, plasma membrane blebbing and 

no ultrastructural modification of cytoplasmic organelles (Figure 1D bottom panel).  TAB2-/- 

fibroblasts exhibited increased cell volume (swelling) and structural disruption and dilation 

of cytoplasmic organelles, which are morphological signs normally seen in necrosis.   

 

TAB2 knockout-/- fibroblasts die by Necroptosis.  To further assess what type of cell death is 

induced in TAB2-/- fibroblasts, pharmacological inhibitors for apoptosis and necrosis were 

tested.  TAB2+/+ and -/- fibroblasts were pre-treated with the pan-caspase inhibitor zVAD-

fmk for 1 h and stimulated with TNF for 24 h (Figure 2A).  Co-treatment of zVAD-fmk 
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together with TNF are somewhat toxic to even wild type (TAB2+/+) fibroblasts, which is 

consistent with the previous report that inhibition of apoptosis potentiates TNF-induced 

necrosis34.   Most strikingly, zVAD-fmk pre-treatment greatly sensitized TAB2-/- fibroblasts 

to cell death from approximately 30 % cell death to 80 - 95 % cell death even with a low 

concentration (2 ng/ml) of TNF.  These results indicate that TAB2-/- fibroblasts die through 

a non-apoptotic mechanism and most likely through necrosis.  There are several types of 

necrotic cell death; one is initiated by lysosomal permeabilization such as hydrogen 

peroxide-induced cell death, and another is necroptosis that is mediated by RIP kinase 

activation1,35.  Necroptosis, but not other types of necrosis, can be inhibited by necrostatin-1 

(Nec-1), a pharmacological inhibitor of RIP17,36.  TAB2 +/+ and -/- fibroblasts were 

pretreated with Nec-1 for 1 h prior to 24 h exposure of TNF.  TNF-induced cell death in 

TAB2-/- fibroblasts was almost completely rescued by Nec-1 treatment (Figure 2B).  We 

also examined whether necroptosis was the form of cell death observed in zVAD-fmk treated 

TAB2-/- fibroblasts.  TAB2-/- fibroblasts were pretreated with both zVAD-fmk and Nec-1 

simultaneously, and stimulated with TNF for 24 h.  zVAD-fmk-induced enhanced cell death 

in TAB2-/- fibroblasts is completely rescued by Nec-1 treatment (Figure 2C).  These data 

indicate that TAB2 -/- fibroblasts undergo necroptotic cell death following TNF exposure.   

 

TAK1 activity is correlated with necroptosis.  We next wanted to determine the molecular 

mechanism by which necroptotsis was initiated in TAB2-/- fibroblasts.  Since we observed 

prolonged TAK1 activation up to 24 h in TAB2-/- fibroblasts, we asked whether the level of 

TAK1 activity is correlated with the level of cell death.  As shown in Figure 2A, zVAD-fmk 



 

64 

treatment greatly increased cell death in TAB2-/- fibroblasts.  We examined the levels of 

TAK1 activity in the presence and absence of zVAD-fmk (Figure 3A).  TAB2-/- fibroblasts 

pretreated with DMSO (vehicle) showed modest activation of TAK1 following TNF 

exposure for 3 to 6 h.  However, this level of activation was greatly increased following 

pretreatment with zVAD-fmk.  This result prompted us to hypothesize that TAK1 

participates in the activation of the necropotosis pathway, specifically with the necroptotic 

mediators RIP1 and RIP3.  It is known that TAK1 is transiently associated with RIP1 through 

a polyubiquitin chain following TNF stimulation, which leads to activate IKK-NF-κB 

pathway37,38.  This interaction of TAK1 with RIP1 is normally diminished within 30 min 

after TNF treatment.  In contrast, in the necroptosis pathway, RIP1 is associated with RIP3 

and activated at 3-6 h post-TNF-stimulation4,6.  Therefore, if TAK1 is involved in the RIP1-

RIP3 necroptosis pathway, it should be associated with RIP1 around 6 h after TNF 

stimulation.  We performed co-immunoprecipitation experiments at 3-6 h post TNF 

stimulation in TAB2+/+ and -/- fibroblasts.  TAK1 was co-precipitated with RIP1 (Figure 

3B), suggesting that TAK1 is associated with the RIP1 when necroptosis is initiated.  We 

also analyzed the RIP1-RIP3 complex in TAB2+/+ and -/- fibroblasts (Figure 3C).  In the 

presence of zVAD-fmk, RIP1 was co-precipitated with RIP3 in both TAB2+/+ and -/- 

fibroblasts and the interaction was enhanced by TNF stimulation.  Interestingly, we found 

that TNF stimulation resulted in increased slowly migrating RIP1 in the RIP3 precipitate 

only in TAB2-/- fibroblasts (Figure 3C, lane 4).  These results indicate that activated TAK1 

interacts with and may modify RIP1 concomitantly with initiation of necroptosis.   
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TAK1 and RIP1-RIP3 are can activate each other.  To examine whether TAK1 can increase 

phosphorylation and activation of RIP1 and RIP3, 293 cells were transfected with plasmid 

vectors for FLAG-tagged RIP1 and HA-tagged RIP3.  293 cells were also transfected with 

vectors for TAK1 together with TAB1 in order to have a constitutively activated TAK139.  

RIP1 and RIP3 were immunoprecipitated and subjected to an in vitro kinase assay (Fig 4A).  

It has been reported that RIP1 and RIP3 are auto-phosphorylated, and the levels of 

phosphorylation are correlated with the kinase activity4,40.  Therefore, we performed a kinase 

assay without using an exogenous substrate.  RIP1 or RIP3 alone were phosphorylated; 

however, the level of phosphorylation dramatically increased in the presence of 

TAK1/TAB1.  We also found that TAK1 was co-precipitated with RIP1 and RIP3, 

suggesting that TAK1 can interact with and activate RIP1 and RIP3.  It has been known that, 

in the early TNF signaling leading to NF-κB/MAPK activation, RIP1 activates TAK1.  

Therefore, we hypothesized that, in the necroptotic pathway, RIP1 would also activate TAK1 

resulting in activation of TAK1-mediated further activation of RIP1-RIP3.  To test this 

hypothesis, we examined whether inhibition of RIP1 could downregulate TAK1 activation.  

TAB2-/- fibroblasts were pretreated Nec-1 together with zVADfmk and examine TNF-

induced activation of TAK1 (Figure 4B).  zVADfmk-mediated TAK1 hyper-activation was 

inhibited by Nec-1, suggesting that RIP1 is causally associated with TAK1 activation.  The 

slowly migrating RIP1 was also diminished by Nec-1 treatment.  Taken together, we propose 

that a complex of TAK1-RIP1-RIP3 is formed upon initiation of necroptosis, and in that the 

kinases are positively regulating each other. 
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DISCUSSION 

 It has been established that RIP1-RIP3 activation is the key in necroptosis signaling.  

RIP3 can phosphorylate and activate RIP1; however, the level of phosphorylation/activation 

is weak4.  Therefore, it has been assumed that other kinases are involved in the 

phosphorylation of RIP1.  We here show that TAK1 can activate RIP1 and RIP3, and that the 

levels of TAK1 activity is correlated with the levels of necroptotic cell death.  We propose 

that TAK1 participates in necroptotic signaling by phosphorylating/activating RIP1 and 

RIP3.  It has been well known that RIP1 is the upstream activator of TAK1 in TNF-induced 

NF-κB and MAPK signaling pathway38.  In this pathway, RIP1 binds to TAK1 and activates 

TAK1 kinase activity.  We observed that inhibition of caspases (zVAD-fmk treatment) 

upregulates TAK1 activity in TAB2-/- fibroblasts (Figure 3A).  RIP1 is known to be cleaved 

and degraded by caspase 8 that presumably function to terminate the RIP1-mediated 

signaling41.  Therefore, it is likely that inhibition of caspases stabilizes RIP1 resulting in 

prolonged activation of TAK1.  We also show that inhibition of RIP1 blocks hyper-activation 

of TAK1 (Figure 4B).  Therefore, TAK1, and RIP1-RIP3 consists of a positive feedback 

activation loop in which assembly of TAK1-RIP1 activates TAK1 kinase that in turn 

activates RIP1 and RIP3.  

 

 In this report, we show that prolonged activation of TAK1 is correlated with necroptosis.  

We have previously reported that TAK1-deficient fibroblasts and keratinocytes are sensitive 

to TNF-induced apoptosis.  Therefore, hyper- and hypo- activation of TAK1 leads to 

increased cell death but through completely different mechanisms.  This characteristics of 
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TAK1 is very similar to RIP1; RIP1-/- fibroblasts are hyper-sensitive to TNF-induced cell 

death42, and that overexpression of RIP1 can induce necroptosis4,6.  RIP1-TAK1 is the key 

kinase complex determining types of cell death in TNF signaling, and that TAK1 activity is 

in a delicate balance, where little to no activation leads to cell death via apoptosis and too 

much TAK1 activation leads to necroptotic cell death. 

 

 Oncogenic mutations often inactivate apoptotic pathways, which lead resistance of 

cancer cells to apoptosis inducers including TNF super family ligands43.  Necroptosis may be 

a useful tool to eliminate these cancer cells.  However, to induce necroptosis in cancer cells, 

treatment with caspase inhibitors and protein synthesis are normally required.  Such 

treatment is toxic to the cells even in the absence of TNF.  Ablation of TAB2 alone is not 

toxic to cells but greatly induces TNF-induced necropotosis without any additional treatment 

to the cells.  Thus, TAB2 may be a good target to improve cancer cell killing using TNF 

super family ligands.   
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FIGURE LEGENDS 

Figure 1 

TAB2 knockout dermis fibroblasts are sensitive to TNF induced cell death 

A. TAB2+/+ and -/- dermis fibroblasts were treated with TNF (20 ng/ml) for the 

indicated time points and TAK1 activation was determined by immunoblots with 

anti-phospho-TAK1 (upper panel) and anti-TAK1 (lower panel) antibodies.  The data 

are representative from three different clones with similar results.   

B. TAB2+/+ and -/- dermis 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.  The experiments were performed by using 6 different clones (3-

6 samples/clone) each and the data are means and SME.  N = 27, * p<0.05 **p<0.005 

***p<0.0005 

C. TAB2+/+, TAB2-/- and TAK1Δ/Δ fibroblasts were exposed to TNF (20 ng/ml) and 

was analyzed by immunoblotting with anti-caspase-3 western blotting (upper panel) 

Immunoblotting for β-Actin is shown as a loading control (middle panel).  Activation 

and total amount of TAK1 were analyzed by immunoblotting.  

D. TAB2+/+, TAB2-/- and TAK1Δ/Δ fibroblasts were exposed to TNF (20 ng/ml) for 

18 h and samples were analyzed using a transmission electron microscope.  Arrows 

indicate swelling of cytoplasmic organelles.  Scale bar, 2μm. 
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Figure 2  

TAB2-/- fibroblasts undergo TNF-induced necroptosis  

A. TAB2+/+ and -/- fibroblasts were pretreated with either vehicle (DMSO) or zVAD-

fmk (20 μM) for 1 h, and then treated with TNF (20 ng/ml) for 24 h.  Cell survival 

was determined by a crystal violet assay.  The data are means and error bars reflect 

SEM.  N =6 ***p<0.0005. 

B. TAB2+/+ and -/- fibroblasts were pretreated with either vehicle (DMSO) or Nec-1 

(30 μM) for 1 h, and then treated with TNF (20 ng/ml) for 24 h.  Cell survival was 

determined by a crystal violet assay.  The data are means and error bars reflect SEM.  

N = 9   **p<0.005, ***p<0.0005. 

C. TAB2+/+ and -/- fibroblasts were pretreated with DMSO, zVAD-fmk (20 μM), Nec-

1 (30 μM) or both zVAD-fmk and Nec-1 for 1 h, and then treated with TNF (20 

ng/ml) for 24 h.  Cell survival was determined by a crystal violet assay.  The data are 

means of relative (%) to control (DMSO treated cells) and error bars reflect SEM.    

N = 15;  **** p< 1 x 10-14 

 

Figure 3 

TAK1 is activated and associates with RIP1 

A. TAB2+/+ and -/- fibroblasts were pretreated with either vehicle (DMSO) or zVAD-

fmk (20 μM) for 1 h prior to treatment with TNF (20 ng/ml) for the indicated time 

points.  Activated TAK1 was determined by immunoblotting with anti-phospho-
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TAK1 (T187) antibodies (upper panel), and total TAK1 and TAB2 levels were 

determined by immunoblots with anti-TAK1 (middle panel) and anti-TAB2 (lower 

panel) antibodies. 

B. TAB2+/+ and -/- fibroblasts were treated with TNF (20 ng/ml) for 0 or 6 h.  500μg of 

total protein from each sample was immunoprecipitated with an anti-RIP1 antibody 

(lower panel) and co-precipitated TAK1 was detected with anti-TAK1 (upper panel). 

C. TAB2-/- fibroblasts were pre-treated with zVAD-fmk (20μM) for 1 h and stimulated 

with TNF (20ng/ml) for 0 or 6 h.  500 μg of total ptoein was immunoprecipitated for 

each sample with an anti-RIP3 andtibody and co-precipitated RIP1 was detected with 

anti-RIP1 antibodies.  The amounts of RIP1 and RIP3 in whole cell extracts (WCE) 

are also shown.  

 

Figure 4 

TAK1 activates RIP1 and RIP3 

A.  HEK 293 cells were transfected with expression vectors for FLAG-RIP1, HA-

RIP3 and T7-TAK1/TAB1 and cells were incubated for 48 h.  Cell extracts were 

immunoprecipitated with anti-FLAG antibody and the FLAG immunoprecipitates 

subjected to a RIP kinase assay.  Auto-phosphorylation of RIP1 and RIP3 were 

visualized by autoradiography. 

B.  TAB2-/- fibroblasts were pre-treated with DMSO (vehicle), zVAD-fmk (20 μM) 

alone or with Nec-1 (30 μM) for 1 h and stimulated with TNF (20ng/ml) for 0, 3, 

or 6 h.  Activated TAK1 was determined by immunoblotting with anti-phospho-
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TAK1 (T187) antibodies (upper panel), and total TAK1 and RIP1 levels were 

determined by immunoblotting with anti-TAK1 (middle panel) and anti-RIP1 

(lower panel) antibodies/ 
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Figure 1. TAB2 knockout dermis fibroblasts are sensitive to TNF induced cell death 
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Figure 2. TAB2-/- fibroblasts undergo TNF-induced necroptosis 
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Figure 3. TAK1 is activated and associates with RIP1 
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Figure 4. TAK1 activates RIP1 and RIP3 
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GENERAL DISCUSSION 

 

1. Overview of TNF signaling including new findings from this dissertation 

 

In this first section, a new view of the TNF signaling pathway that has been 

developed by the current dissertation study is summarized.  Upon binding of TNF to the 

TNFR1, a series of well-coordinated events is initiated.  Several protein kinases are activated, 

other signaling molecules are post-translationally modified either by phosphorylation or 

ubiquitination, and some are degraded.  To fully understand the complete signaling pathway 

and the ramifications of disruption of this cascade, we will need to dissect each part of the 

pathway. 

 

Complex I and NF-κB activation 

TNFR1 associates with 

TRAF2, TRADD, RIP1 and 

cIAPs following TNF binding 

resulting in ubiquitination of 

RIP1.  TAB2 and NEMO/IKKγ 

bind to the polyubiquitin chain 

and recruits their binding 

proteins TAK1 and IKKα/β 
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complex, respectively, to the same polyubiquitin chain-mediated signaling complex.  

Assembly of RIP1-TAB2-TAK1 activates TAK1, leading to activation of IKKα/β ultimately 

activating NF-κB activation.  This pathway has been extensively studied, and the mechanism 

by which the pathway is activated has been well documented.  However, the means of how 

this signaling cascade is terminated was not clear.  In Chapter 2, we are able to conclusively 

show that TAB2 recruits protein phosphatase PP6, which plays an essential role in the 

deactivation of TAK1.  The new model for complex I-NF-κB activation is shown in Figure 

4.1.  The deactivation mechanism is important in that it could provide new target to control 

TNF-induced inflammatory responses.  

 

Complex II leading to apoptosis 

RIP1 associates with FADD and caspase 8 resulting in activation of the caspase 

cascade, which has not been changed by this dissertation study.   

 

Complex III leading to necroptosis 

The RIP1-FADD-caspase 8 

complex is stabilized when caspases 

cannot be activated due to upregulation 

of cellular caspase inhibitors.  This 

stabilization then leads to the 

recruitment of RIP3.  RIP1 and RIP3 
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kinases are then catalytically activated by phosphorylation.  However, the kinase which is 

responsible for this phosphorylation had not been determined.  In Chapter 3, we show that 

TAK1 binds to and activates RIP1 as well as possibly RIP3.  We propose that, under the 

condition that caspases are inhibited; RIP1-RIP3-TAK1 forms a positive feed back loop of 

kinase activation, and exerts necroptotic cell death (Figure 4.2).   

 

2. Roles of TAB2 in TAK1 signaling 

 

TAB2 and NF-κB Activation 

We show in chapter 2 that TAB2 is essential for PP6 recruitment and deactivation of 

TAK1.  In addition, we show that   knockout of TAB2 only shows a modest decrease in the 

activation of IKK and NF-κB.  It has been controversial whether or not TAB2 is in part 

indispensable for NF-κB activation.  One study using mouse embryonic fibroblasts (MEFs) 

showed no impairment in TNF-induced NF-κB activation in TAB2-/- MEFs109.  We found 

that TAK1 is associated with TAB3 in TAB2-/- fibroblasts, and this binding is presumably 

sufficient for TAK1 activation.  TAB3 has ubiquitin binding domains that are similar to those 

of TAB2; and therefore, TAB3 can at least partly mediate TAK1 recruitment to the RIP1 

polyubiquitin chain/IKK complex.  It is likely that TAB2 and TAB3 redundantly function to 

recruit TAK1 onto the RIP1 polyubiquitin chain-IKK complex, and that the levels of TAB2 

and TAB3 contribution are different in cell types.   
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TAB2 and the MAPK pathway 

The levels of activated MAPKK family member’s c-Jun N-terminal kinase (JNK) and 

p38 were prolonged in TAB2 knockout fibroblasts, which are different from the results seen 

in the IKK/NF-κB pathway.  TAB2 knockout fibroblasts showed constant and prolonged 

activation of TAK1 following TNF stimulation.  This was consistent with the findings of 

JNK/p38 signaling, indicating that MAPK activation was independent of the TAB2/3-

polyubiquitin chain mediated mechanism, as seen in the IKK/NF-κB pathway.  Therefore, 

TAB2 is dispensable for this branch of TAK1 downstream signaling leading to JNK/p38 

activation. 

 

PP6 Association with Polyubiquitin Chains 

There are various forms of ubiquitin that exist within the cell; namely mono-

ubiquitin, and K48-linked, K63-linked as well as linear-linked polyubiquitin chains.  K48-

linked polyubiquitin is normally for protein degradation by the proteasome, while K63-linked 

polyubiquitin functions as a scaffold for cell signaling.  The RIP1-anchored polyubiquitin 

chain is a K63-linked polyubiquitin chain formed at the initial stage of TNF signaling77.  It 

has been reported that TAB2 can bind K63-linked polyubiquitin chains through the CUE123 

and NZF128 domains.   We show that PP6 can associate with both K48- and K63-linked 

polyubiquitin.  Therefore, we propose that TAB2 and PP6 bind to the same RIP1-K63-linked 

polyubiquitin chain.  In addition, we found that PP6 can be polyubiquitinated by E3 ligase 

TRAF2 or TRAF5 when co-overexpressed in 293 cells (PB unpublished observation).  This 



 

88 

PP6 anchored polyubiquitin chain may also contribute to the interaction of TAB2-TAK1 with 

PP6.   

 

Negative regulation of TNF signaling 

Downregulation of TNF is important for preventing excessive inflammatory 

responses.  Because dysregulated inflammation can cause serious pathological conditions, it 

is not surprising that TNF signaling is regulated at several different levels.  RIP1 is 

deubiquitinated and degraded by caspase 866, inhibitor of NF-κB (IκB) is upregulated to 

downregulate the NF-κB pathway96.  In addition, the kinase activity of JNK and p38 is 

downregulated by protein phosphatases MAPK phosphatases (MKPs)19, 132.  This study has 

revealed a new mechanism for downregulation of TNF signaling which is mediated by PP6.  

Perhaps, multiple regulatory mechanisms are needed to serve as backup when one or more 

mechanisms are failed to terminate TNF signaling.  However, it is noteworthy that JNK and 

p38 are constitutively active when TAK1 is constitutively activated.  This suggests that 

TAK1 signaling to downstream kinases overrides the negative feedback regulation and 

TAK1 is the primary regulator of JNK and p38 in TNF signaling. 

 

3. TAB2 and TNFα-induced cell death 

 

Necroptosis is widely becoming recognized as an important form of cell death to 

eliminate cells when the canonical cell death pathway (apoptosis) is disrupted by one of 

many reasons.  We have demonstrated, for the first time, that TAK1 and TAB2 are involved 
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in this cell death program.  Prolonged activation of TAK1 due to the absence of TAB2 leads 

to initiation of necroptosis.  Is TAK1 activation enough for initiation of necroptosis?  We 

transfected 293 cells with TAK1 along with its activation subunit TAB1, which results in a 

constitutively active form of TAK1.  We found that this overexpression does not lead to 

increase in cell death indicating that TAK1 activation alone is not sufficient for necroptosis 

(PB unpublished results).  It is possible that TNF-induced assembly of a complex containing 

TAK1 and RIP1/3 is essential for necroptosis development.  TAB2 may normally inhibit 

stable TAK1-RIP1 association simply by its physical presence.  TAB2 binds to TAK1 

through the coiled-coil domain, which is generally essential for protein-protein interactions.  

Therefore, it may be possible that spatial association of TAK1 with TAB2 interferes with 

TAK1 binding to RIP1.  TAB2 deficiency may enhance the interaction of TAK1 with RIP1 

and facilitates necroptosis. 

 

Cell death in TAK1- and TAB2-deficient cells 

The repercussions of deficient TAK1 activity or of knockout of TAB2, while both 

similar, are also quite different.  Both TAK1 and TAB2 deficient cells die following 

prolonged exposure to TNF, albeit by two completely separate mechanisms.  TAK1 deficient 

cells die via apoptosis due to a toxic accumulation of reactive oxygen species81.  TAK1 is 

essential for the production of cellular antioxidants through activation of the transcription 

factors NF-κB and AP-1.  This TNF sensitivity in TAK1 deficient cells is completely rescued 

when cells are pretreated by either a caspase inhibitor or an exogenous antioxidant81, 106.  

TAB2 knockout fibroblasts, on the other hand, show no noticeable increase in reactive 
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oxygen species nor did they undergo apoptotic cell death (PB unpublished observation).  In 

TAB2 knockout fibroblasts, TNF exposure leads to prolonged TAK1 activation followed by 

activation of the RIP1/RIP3 complex to initiate necroptotic cell death.  Unlike TAK1 

deficient cells, TAB2 cells are not rescued by caspase inhibitors or antioxidant treatment but 

rather a specific RIP1/necroptotic inhibitor.  These results have shown that the temporal 

regulation of TAK1 activation is critical for cell survival.  If there is little to no activation of 

TAK1, endogenous antioxidants are not produced and the cell dies via reactive oxygen 

species-mediated apoptosis.  If there is elevated or prolonged TAK1 activation, the 

RIP1/RIP3 complex is activated and the necroptotic pathway is initiated.  A difference in 

TAK1 signaling in one form or another leads to a decrease in cellular survival. 

 

4. TAB2 as a potential target of cancer therapy 

 

One of the six hallmarks of cancer as defined by Hanahan et al.133  is evasion of 

apoptosis, where cancer cells have developed means by which cell death can be avoided.  

Evasion of apoptosis can be attained by either viral infection or an oncogenic mutation that 

inhibits the apoptotic pathway.  This prolonged cell survival leads to uncontrolled cell growth 

and division leading to neoplastic growth.  Some cells use necroptosis as a backup cell death 

pathway when normal means of apoptosis are inhibited.  The ability of the cell to initiate a 

necrotic pathway can aid in evading cancer development and presents as a novel target for 

therapeutic intervention.   
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In the absence of TAB2, cells are normal in proliferation and survival in the absence 

of TNF.  Therefore, ablation of TAB2 is not generally toxic to normal cells.  It is well known 

that cancer is associated with chronic inflammation characterized increased levels of several 

cytokines and chemokines as well as recruitment of immune cells such as tumor associated 

macrophages.  The local level of TNF is upregulated in the tumor micro environment.  These 

conditions, inhibition of TAB2 and the increase levels of TNF, together may offer the 

advantage of inducing cellular toxicity specifically in cancer cells.  If a TAB2 inhibitor could 

be generated, administrating this inhibitor could selectively kill cancer cells due to the locally 

increased TNF.  A TAB2 inhibitor may not need any additional anti-cancer drugs that are 

often cytotoxic to normal cells.  However, a drawback of this approach is that it does trigger 

a necrotic response, which causes further inflammatory responses.  This study may open a 

new avenue for cancer treatment based on necroptotic cell death.    
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Dissertation Supplemental Figures 

 

Figure S1 

Inhibition of p38 leads to enhanced TAK1 activation and cell death 

A. TAB2+/+ and -/- fibroblasts were incubated with either DMSO (vehicle), a JNK 

inhibitor (SP600125, 20 μM) or a p38 inhibitor (SB203580; 20 μM) for 2 hours prior 

to treatment with TNF (20 ng/ml) for 24h.  After this incubation, a crystal violet assay 

was performed to analyze cell viability; error bars are SEM.  *** p<0.05 

B. TAB2+/+ and -/- fibroblasts were incubated with either DMSO (vehicle), or a p38 

inhibitor (SB203580; 20 μM) for 2h prior to treatment with TNF (20 ng/ml) and 

harvested at the indicated timepoints.  Activated TAK1 was determined by 

immunoblotting with anti-phospho-TAK1 (T187) (upper panel) antibodies.  The 

levels of TAK1 and TAB2 were determined by anti-TAK1 and anti-TAB2 (lower 

panel) antibodies. 

 

Figure S2 

TAB2 undergo necrotic cell death in response to TNF stimulation 

A. TAB2+/+ and -/-, as well as TAK1Δ/Δ, fibroblasts were either unstimulated or 

stimulated with TNF (20 ng/ml) for 24 hours before staining with Annexin V and 

Propidium Iodide to determine cell viability as well as membrane integrity 
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Figure S1. Inhibition of p38 leads to enhanced TAK1 activation and cell death 
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Figure S2. TAB2 undergo necrotic cell death in response to TNF stimulation 


