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Several members of tumor necrosis factor receptor (TNFR) su-
perfamily that these members activate caspase-8 from death-in-
ducing signaling complex (DISC) in TNF ligand-receptor signal 
transduction have been identified. In the extrinsic pathway, 
apoptotic signal transduction is induced in death domain (DD) 
superfamily; it consists of a hexahelical bundle that contains 
80 amino acids. The DD superfamily includes about 100 
members that belong to four subfamilies: death domain (DD), 
caspase recruitment domain (CARD), pyrin domain (PYD), and 
death effector domain (DED). This superfamily contains key 
building blocks: with these blocks, multimeric complexes are 
formed through homotypic interactions. Furthermore, each 
DD-binding event occurs exclusively. The DD superfamily reg-
ulates the balance between death and survival of cells. In this 
study, the structures, functions, and unique features of DD su-
perfamily members are compared with their complexes. By 
elucidating structural insights of DD superfamily members, we 
investigate the interaction mechanisms of DD domains; these 
domains are involved in TNF ligand-receptor signaling. These 
DD superfamily members play a pivotal role in the develop-
ment of more specific treatments of cancer. [BMB Reports 
2016; 49(3): 159-166]

INTRODUCTION

Apoptotic cell death is a critical decision point in the life cycle 
of mammalian cells. It is triggered by intrinsic, mitochon-
dria-mediated or extrinsic receptor-mediated signaling path-
ways (1). This process occurs via a well-defined sequence of 

morphological events (2). The intracellular mechanism that is 
responsible for apoptosis appears to be similar in almost all 
mammalian cells. These mechanisms depend on the members 
of a protease superfamily, which has cysteine at their en-
zyme’s activity site. The substrates cleave at specific aspartic 
acids. Hence, they are termed caspases (3). During this proc-
ess, the dying cell undergoes condensation of nucleus and 
cytoplasm. Furthermore, blebs develop in the plasma mem-
brane. The cell breaks up into membrane-enclosed fragments 
that are known as apoptotic bodies; these apoptotic bodies 
contain intact organelles. The apoptotic bodies are rapidly en-
gulfed by neighboring cells or professional phagocytes, such 
as dendritic cells and macrophages. This prevents the release 
of potentially toxic chemicals in tissues (1-2, 4).

Biological responses may vary from cell survival to cell 
death. These responses are mediated by many protein com-
plexes that contain homotypic interaction motifs, such as 
death ligand/receptor complex, apoptosome protein complex, 
and DISC (5, 6). The typical model of signal transduction path-
ways entails transmembrane receptors. These receptors be-
come active after docking a ligand. Then, they transmit signals 
in the cytoplasm to generate new signal transduction com-
plexes (5, 6). Owing to the interaction between tumor necrosis 
factor- (TNF-) and tumor necrosis factor receptor type 1 
(TNFR-1), there is rapid clustering and internalization of death 
domain (DD) complex. This process proceeds through the for-
mation of clathrin-coated endocytic vesicles (7). After the in-
ternalization of TNFR-1 in human endothelial cells, DD com-
plex induces NF-B regulation factor. However, TNFR-1 is 
able to promote apoptotic cell death. The DD superfamily in-
duces cell survival and apoptotic cell death via TNFR-1 de-
pendent signal cascade. This superfamily is a vital regulator for 
maintaining the homeostasis of cells in humans (Fig. 1) (5-9).

In the extrinsic apoptosis pathway, the interaction between 
DD superfamily members plays an important role in the for-
mation of DISC. With this pathway, procaspase-8 is activated 
(10). The DISC is assembled in the cytoplasm. Furthermore, 
TNF-related apoptosis inducing ligand (TRAIL), TNF-related 
weak inducer of apoptosis (TWEAK), TNF-, TNF-, and Fas li-
gand (FasL) are the death ligands that interact with death re-
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Fig. 1. Cell signaling pathway through 
which DD complex elicits a balance 
between survival and programmed cell
death (9).

ceptors and TNF receptors. They constitute apoptotic signaling 
platforms of extrinsic pathway (5, 10, 11).

Apoptotic signal transduction is induced through a homol-
ogy domain containing a hexahelical bundle of 80 amino 
acids. With this process, DD superfamily members are pro-
duced (12-14). Furthermore, DDs construct key building 
blocks that are involved in the formation of multimeric com-
plexes; these complexes are associated with death signaling 
cascades. In this study, we summarize recent findings that elu-
cidate three dimensional structures of TNF ligand-receptor 
superfamily. They provide molecular and functional character-
ization of homotypic DD interaction motifs, which are asso-
ciated with programmed cell death.

THE DEATH-FOLD INTERACTIONS

When the signal of Fas receptor is activated, the Fas-associated 
death domain protein (FADD) develops homotypic interaction 
motifs, such as DD and death effector domain (DED). With these 
motifs, caspase-8 can be recruited to the docking site. In this 
process, Fas and caspase-8 interact simultaneously via DD and 
DED (9). The aspartate-specific cysteine proteases (Caspases) are 
primary executioners of non-inflammatory cell death. Effector 
caspases cleave regulatory enzymes, such as poly (ADP-ribose) 
polymerase (PARP). They also cleave activating endonucleases, 
such as caspase-activated deoxyribonuclease (CAD) (15). Biolo-
gically, caspases are broadly categorized into initiator and effec-
tor caspases. The initiator caspases have death-fold motifs, such 
as DED or caspase recruitment domain (CARD). They trigger 
non-inflammatory cell death by activating effector caspases. The 
activation of effectors is conducted by initiator caspases, which 

act at cytoplasmic sites, nucleus, and other organelles. Many 
death-fold interactions are formed by specific adaptor mole-
cules, such as CARDs, DEDs, DDs, and pyrin domains (PYDs): 
they belong to the superfamily of DD (16).

An apoptotic protease cascade develops when cytochrome c 
influences dATP-dependent interaction of apoptotic protease 
activating factor (Apaf-1) and caspase-9. Consequently, the 
apoptosome is generated via a CARD-CARD homotypic inter-
action (Fig. 2A-C) (17). When cytochrome c and Apaf-1 are 
bound to each other, the signaling complex is activated. 
Consequently, there is autoactivation and recruitment of pro-
caspase 9 (18). The active apoptosome complex contains sev-
eral Apaf-1, procaspase-9 proteins, and general complex 
forms; the molecular weight of these components is approx-
imately 700 kDa (19).

THE DD SUPERFAMILY

Many proteins have significantly different amino acid se-
quences. However, functional and structural characteristics in-
dicate that a common ancestor is probably involved in super-
families (20). The DD superfamily, which is characterized by 
the presence of conserved homotypic interaction motifs, has 
emerged as the principal mediator in the transduction of a cell 
signal (21). About 100 members of DD, DED, CARD, and PYD 
subfamilies have been identified till date (12-14). Despite the 
appreciable divergence in the overall sequence of each mem-
ber, the structure of each DD is hallmarked. The DD super-
family constitutes six amphipathic -helices that are folded in 
an antiparallel -helical bundle. The atomic structures of DD 
superfamily are determined by either nuclear magnetic reso-
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Fig. 2. (A) Ribbon representations of Apaf-1 (blue) and caspase-9 (green). CARDs complex is shown (PDB ID: 3YGS). (B) Carbon stick rep-
resentation of CARDs complex is shown. Each important amino acid in CARD interaction is shown in yellow. (C) The Apaf-1 and cas-
pase-9 complex, which undergoes a 180o rotation along the horizontal axis, is shown as a surface representation. (D) Amino acid se-
quence alignment of DED superfamily members. The secondary structural elements of DED superfamily members, as indicated. Alpha heli-
ces are presented as red ellipses, while loop regions are presented as gray lines. The negatively charged amino acids are conserved 
through species, while highly conserved motifs are presented in red. (E-H). Three dimensional structures of different DD subfamilies (23). 
(E) The DD of FADD (PDB: 1E3Y). (F) The CARD of Apaf-1 (PDB: 1CY5). (G) The pyrin domain of apoptosis repressor with CARD pro-
tein (PDB: 1UCP). (H) The second DED of v-FLIP (PDB: 2BBR). The DD superfamily structures are presented as flat ribbon. Each specific 
region is illustrated (yellow).

nance (NMR) or X-ray crystallography (Fig. 2E-H) (22-26).
Recently, many studies have been conducted on DD super-

family proteins. In these studies, it is proved that DD super-
family proteins contain many different motifs; the features of 
these different motifs have significant differences. The differ-
ences exist even within the members of subfamilies. These dif-
ferences are caused by the alterations in the size and arrange-
ment of -helices. Furthermore, these differences are also 
caused by the varying distribution of charged and hydrophobic 
residues along the surface (23-26). As a result, all the super-
family members are included in the homotypic interaction pro-
teins of every kind. Furthermore, they do not cross the boun-
daries of subgroup (27). Compared to respective structural fea-
tures, it is likely that DDs have an exposed third -helix. This 
-helix is more pliable than other subfamilies (Fig. 2E-H) 
(22-26). The CARD is another DD subfamily consisting of 
members with a highly conserved structure. There is striking 
similarity between members of CARD and the amino-terminal 
domains of DD-containing proteins: CRADD and Apaf-1 (24, 

28). The most significant difference between CARD and other 
subfamilies is as follows: the first -helix (1) leads to the dis-
ruption of hydrogen bonds between nitrogen atoms of amide 
and oxygen atoms in the carbonyl group of CARD. The helix 
in CARD is composed of two short helices in -helix: the first 
part is 1a and the second part is 1b. Both the parts are con-
nected by a linker region. Owing to bending, residues present 
at the C-terminal of helix 1 in Apaf-1 are closer to the hydro-
phobic core; they are far away from the corresponding resi-
dues in RAIDD CARD (24, 28). This helical shift is propagated 
in the remaining portion of the molecule. Consequently, the 
positions and boundaries of all other helices and surface loops 
are altered (24, 28-30). The PYD subfamily members have a 
hydrophobically stabilized loop region between helices 2 
and 3. The connecting loop of PYD is longer than that of oth-
er subfamilies, whereas the exposed helix 3 in PYD is short-
est in the DD superfamily (25, 31). The DED subfamily has ex-
posed hydrophobic sites, which are smaller than DDs in the 
helix region. Moreover, a conserved motif is present between 
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helices 5 and 6 (26, 32, 33). This specific motif contains 
amino acids, such as aspartic acid and arginine, in helix 6. 
They mediate protein folding and ensure the functional con-
formation of DEDs. Negatively charged amino acids (glutamic 
acid, aspartic acid, or asparagine) are conserved at the N-ter-
minal. Furthermore, there is an Arg-x-Asp-Leu (RxDL; ‘x’ for 
any amino acid) motif in nearly all DEDs (33). Most single and 
tandem DED proteins have RxDL motifs that are consistent in 
the highly conserved region; however, this motif is not present 
in other DD subfamilies (Fig. 2D) (26, 33, 34). When the 
three-dimensional structure of MC159 (v-FLIP) was elucidated, 
a hydrogen-bonded triad was revealed on the surface of DED1 
and DED2. This triad contributes to the highly charged fea-
tures on one face of the structure (32). Previous studies prove 
that RxDL motif mediates molluscum contagiosum virus 
(MCV) protein MC159 and block apoptosis (33, 35). Convert-
sely, the charged amino acids in caspase-8 and caspase-10 are 
either greatly altered or missing in DEDs. The DED2 domain 
in caspase-8 has three charged amino acids: Glu, Lys, and Ser 
(36). By converting arginine to lysine, the hydrogen bonding 
potential decreases and there is interaction with only one neg-
atively charged amino acid. In caspase-10, RxDL motif is miss-
ing in both DED1 and DED2. Therefore, we deduce that this 
motif does not play an important role in the recruitment of 
caspase. However, it is important in other functions of proteins 
containing DED (32).

THE DEATH INDUCIBLE SIGNALING COMPLEX

NMR spectroscopy is used to develop three-dimensional mod-
els of FADD, DED, and DD (32, 37). Members of DD super-
family include Fas and FADD; they share helix 6 strands with 
Greek key topology (32, 27). It has been shown that this top-
ology governs the process of protein folding. This process is in-
itiated by the formation of a hydrophobic pocket, which con-
tains almost all the conserved sites of DD superfamily (38). 
The DD domains regulate the assembly of death inducing, 
multimeric signaling complexes exhibiting the activity of crit-
ical effectors (9). However, very limited information is avail-
able about the structural features of DDs complexes till date. 
By performing X-ray crystallography, models of cell death have 
been identified; these models induced Fas/FADD-DISC (39). 
The complex activates procaspase-8, which forms an integral 
part of programmed cell death pathway. It is triggered by bind-
ing between Fas-receptor and FasL or between TNFR-1 and 
TNF- (40, 41). FasL is expressed in activated T lymphocytes 
or natural killer (NK) cells. They cause the destruction of target 
cells, such as virus-infected or damaged cells (42). The Fas/ 
FADD-DISC crystal structure exists in the closed form owing to 
lack of a stimulus. This is followed by multimerization of its 
factors; they form an active platform (39). In FasL-treated cells, 
Fas and FADD proteins form signaling complexes via modular 
interaction in their C-terminal DDs (39, 42). Furthermore, 
FADD recruits caspase-8 through DED, promoting their enzy-

matic activity and stimulating the expression of apoptosis-re-
lated proteins (38, 39, 43). 

In Fas receptor signaling, the central event involves the for-
mation of DISC; it is comprised of procaspase-8, procas-
pase-10, cellular FLICE-like inhibitory proteins (c-FLIP), and 
adapter molecule FADD (44). The procaspase-mediated apop-
tosis is crucial to Fas/FADD-DISC signaling study. All procas-
pase-8 isoforms have two N-terminal DEDs that are similar to 
the isoforms of c-FLIP protein. In this study, we identified sev-
eral DED isoforms of procaspase and c-FLIP at DISC. There 
were two procaspase-8 isoforms: (procaspase-8a [p55] and pro-
caspase-8b [p53]). In addition, there were three c-FLIP iso-
forms, such as c-FLIP long (c-FLIPL), c-FLIP short (c-FLIPs), and 
c-FLIP Raji (c-FLIPR) (Fig. 3) (26, 44-47). Recently, Schleich et 
al. demonstrated that FADD, procaspase, and c-FLIP were the 
DED members forming a signaling complex in their DED do-
mains (48). The new paradigm of DISC proved that procas-
pase-8/10 is activated via the assembly of DED chains assem-
bly (48, 49). These chains enable the homodimerization of 
procaspase-8, which plays an important role in the activation 
of procaspase-8 in DISC. For example, owing to the mutations 
of some key binding amino acids in procaspase-8, DED2 inter-
rupts the formation of DED chain in cells. Moreover, these 
specific binding sites are conserved in nearly all DED do-
mains; these domains interact with another DED via hydro-
phobic interaction motif of phenylalanine/leucine (FL motif) 
(Figs. 2D and H) (22-26, 49, 50). After the formation of DED 
chain, procaspase-8a/b homodimer processing involves two 
sequential cleavage steps at the DISC. The first cleavage step 
takes place at the aspartic acid 374, which lies between p18 
and p10 caspase subunits. The second cleavage step occurs in 
two aspartic acids: Asp216 and Asp384. Consequently, large 
protease subunit p18, small protease subunit p10, and the pro-
domain p26/p24 are produced. Owing to DED chain process-
ing, the active caspase-8 heterotetramer, p182-p102, is sub-
sequently released into cytosol and it triggers an apoptotic sig-
nal cascade (51, 52). The procaspase-8-dependent apoptotic 
death is interrupted by c-FLIP; however, it is also activated 
when DED interacts at DISC. The shorter c-FLIP isoforms 
(c-FLIPs and c-FLIPR) consist of only tandem DEDs that block 
cell death and procaspase-8 cleavage. However, the long 
splice variant of c-FLIP isoform (c-FLIPL) either accelerates or 
blocks cell death and procaspase-8 cleavage; the interaction of 
c-FLIP isoform depends on its density (53, 54). The DED chain 
model helps us in elucidating the molecular mechanisms of 
DD superfamily.

SIGNAL TRANSDUCTION OF LIGANDS AND 
RECEPTORS ASSOCIATED WITH TNF SUPERFAMILY

Two different forms of TNF- and lymphotoxin- were identi-
fied in activated macrophages and T cells (55, 56). Several 
members of TNF superfamily and their receptors are identified 
in many tissues and organs of animals (57). Each factor of TNF 
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Fig. 3. Three dimensional structures of procaspe-8 and c-FLIP isoforms. (A) The tandem DEDs of procaspase-8 (PDB ID: 4GBW). (B) The 
subunits of procaspase-8 (p18 and p10) (PDB ID: 4JJ7). (C) The domain structures of procaspase-8 isoforms. (D) Homology model of c-FLIP 
DEDs (v-FLIP) (PDB ID: 2BBR). (E) The subunits of c-FLIP (p20 and p12) (PDB: 3H11). (F) The domain structures of c-FLIP isoforms.

superfamily interacts with at least one receptor of TNFR 
superfamily. Furthermore, some TNF factors bind with several 
receptors (5, 8, 21). TNF- is a cytokine that exhibits in-
flammatory activity; a member of a group of cytokines is in-
cluded in the TNF-ligand superfamily. The TNF-ligand super-
family plays an important role in regulating cellular life and 
death (57, 58).

TNF- plays an important role in the regulation of immune 
cells; however, it can also induce apoptotic cell death and in-
hibit tumorigenesis, metastasis, bone resorption, and viral rep-
lication (59-61). In addition, TNF- plays an important role in 
the activation of two distinct cell surface receptors: TNFR-1 
and TNFR-2 (6, 59, 60). The expression of TNFR-2 is man-
ifested in the immune system and endothelial cells, whereas 
the expression of TNFR-1 is detected in many tissues. In 
TNFR-1, the extracellular position has four characteristic cys-
teine-rich domains (CRDs) for the purpose of interaction; these 
CRDs bind directly with the TNF- trimer (6, 57-59). Previous 
studies prove that owing to the interaction between TNF- and 
TNFR-1, activation of proteins is mediated in the following 
components: tumor necrosis factor receptor type 1-associated 
death domain (TRADD), receptor-interacting serine/threo-
nine-protein kinase 1 (RIPK1), and TNF-R-associated factor 2 
(TRAF2). These events play a crucial role in the cascade of 
TNF signal transduction pathway (59-61).

DD SUPERFAMILY-MEDIATED CELL SIGNAL CASCADE 

In most cell lines, nearly all death receptors mediate apoptosis; 
moreover, TNFR has several signal transduction pathways, 

controlling a broad spectrum of life and death in cells (Fig. 1) 
(9, 57, 58). With an activated TNFR-1 signal cascade, the ly-
sine 63 polyubiquitination of RIPK1 is promoted (62, 63). 
Protein kinase RIPK1 functions as a kinase depending on the 
extent to which it undergoes ubiquitination. It either regulates 
prosurvival transcription factor NF-B or promotes apoptotic 
and necrotic cell death under the effect of TRADD, FADD, 
caspase-8, and RIPK3 (62-65). The assembly of RIPK1, TNFR-1, 
and TRADD complex (complex I) was found to be inhibited by 
cellular inhibitor of apoptosis protein 1 (cIAP1) and cellular in-
hibitor of apoptosis protein 2 (cIAP2) in cytosol (62, 66, 67). 
Furthermore, with the interaction of these two inhibitor pro-
teins, the polyubiquitin chains of RIPK1 were formed. They act 
as a crucial binding site in TAK1/TAB2/3 complex and NEMO/ 
IKK/ complex. NF-B is translocated in the nucleus by these 
two complexes. Thereafter, there is expression of cylin-
dromatosis (CYLD), tumor necrosis factor alpha-induced pro-
tein 3 (TNFAIP3), and other NF-B related factors (64, 66, 68).

Recent studies prove the intracellular signaling kinase RIPK1 
acts as a key switch in the regulation of cell fate. Depending 
on the cellular context, RIPK1 determines whether the pieo-
tropic cytokine TNF induces activation, apoptosis, or pro-
grammed necrosis of NF-B (69, 70). RIPK1 is involved in the 
regulation of cell death when there is internalization of death 
receptor. RIPK1 is dissociated from TNFR-1 of TNF signal 
transduction complex, while lysine 63 deubiquitination of 
RIPK1 is mediated by the following deubiquitination enzymes: 
CYLD and A20. These enzymes inhibit the expression of pro-
survival transcription factor, NF-B (5, 62, 63). Following deu-
biquitination, RIPK1 interacts with TRADD, FADD, RIPK3, 
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generating TRADD-dependent complex (complex IIA) and 
RIPK1-dependent complex (complex IIB) (63, 70-72). Complex 
IIA necessitates a TRADD-FADD scaffold to recruit caspase-8, 
which has DED and DD sites. Thus, an apoptotic pathway is 
initiated (5, 21, 71).

When TRADD does not exist, RIPK1 is formed and apopto-
sis signal pathway is initiated. With the formation of complex 
IIB, there is FADD-mediated recruitment and activation of cas-
pase-8 at the cleavage of RIPK1 and RIPK3. Owing to the inter-
action between these two RIPK superfamily proteins, there is 
increase in metabolic activities. In this process, the activities of 
glutamate dehydrogenase 1, glutamate ammonia ligase, and 
glycogen phosphorylase may an important regulatory role. 
This results in programmed necrotic cell death (63, 65, 69-71).

When X-ray crystallographic and NMR studies were per-
formed on the members of DD superfamily, a great deal of in-
formation was obtained. These studies prove that its members 
play a pivotal role in the assembly and regulation of com-
plexes, which are crucial for cell survival and programmed 
cell death signaling. They ensure the recruitment of kinase pro-
teins through an interaction with homotypic motifs. Despite 
conservation in topology, members of DD superfamily have 
three dimensional structures with significant difference. 
Among DD superfamily proteins, the major structural differ-
ence is the presence of diverse twisting angles between each 
-helix bundle. These angles are formed by several helices in 
DD, and they exhibit the biggest difference in three dimen-
sional structure. Owing to the structural differences in DD su-
perfamily, none of the superfamily members undergo cross in-
teractions among subgroups. Owing to the interaction be-
tween TNF-ligand and TNF-receptor superfamily, there is me-
diation in many DD proteins. These proteins create new signal 
transduction complexes, such as apoptosome, DISC, and other 
multimers of DD. The apoptosis that is induced by TNF re-
ceptor is a biologically relevant form of cell death; it occurs in 
the presence of sufficient DISC activity. In the extrinsic path-
way, Fas/FADD oligomerization regulates apoptotic signal 
cascade. Depending on the homotypic interaction with DD su-
perfamily, the transition occurs between programmed cell 
death and survival (71). Previous studies prove that the ex-
pression of DD superfamily increases in cancer cells and tis-
sues, which are treated with anticancer agents. This indicates 
that DD superfamily participates in the action of these agents 
(73, 74). Moreover, many extrinsic signaling pathways stim-
ulate tumor cells to induce programmed cell death; these 
events are independent of tumor-suppressor p53 (75). Thus, 
DD receptors might be a useful target in cancer research 
studies. In this study, we summarized the structural character-
ization and function of homotypic interaction motifs and their 
complexes. The findings of this study play an important role in 
the development of more specific treatments that are used for 
curing inflammation and cancer.
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46. Vickers CJ, González-Páez GE and Wolan DW (2013) 
Selective detection of caspase-3 versus caspase-7 using ac-
tivity-based probes with key unnatural amino acids. ACS 
Chem Biol 8, 1558-1566

47. Jong WY, Jeffrey PD and Shi Y (2009) Mechanism of pro-
caspase-8 activation by c-FLIPL. Proc Natl Acad Sci USA 
106, 8169-8174

48. Schleich K, Warnken U, Fricker N, et al (2012) 
Stoichiometry of the CD95 death-inducing signaling com-
plex: experimental and modeling evidence for a death ef-
fector domain chain model. Mol Cell 47, 306-319

49. Dickens LS, Boyd RS, Jukes-Jones R, et al (2012) A death 
effector domain chain DISC model reveals a crucial role 
for caspase-8 chain assembly in mediating apoptotic cell 
death. Mol Cell 47, 291-305

50. Schleich K, Buchbinder JH, Pietkiewicz S, et al (2015) 



Homotypic interaction in tumor necrosis factors (TNF)
Young-Hoon Park, et al.

166 BMB Reports http://bmbreports.org

Molecular architecture of the DED chains at the DISC: 
regulation of procaspase-8 activation by short DED pro-
teins c-FLIP and procaspase-8 prodomain. Cell Death 
Differ (advance online publication, 23 October), e1-e16 

51. Hoffmann JC, Pappa A, Krammer PH and Lavrik IN (2009) 
A new C-terminal cleavage product of procaspase-8, p30, 
defines an alternative pathway of procaspase-8 activation. 
Mol Cell Boil 29, 4431-4440

52. Golks A, Brenner D, Schmitz I, et al (2006) The role of 
CAP3 in CD95 signaling: new insights into the mecha-
nism of procaspase-8 activation. Cell Death Differ 13, 
489-498

53. Öztürk S, Schleich K and Lavrik IN (2012) Cellular 
FLICE-like inhibitory proteins (c-FLIPs): fine-tuners of life 
and death decisions. Exp Cell Res 318, 1324-1331

54. Fricker N, Beaudouin J, Richter P, Eils R, Krammer PH and 
Lavrik IN (2010) Model-based dissection of CD95 signal-
ing dynamics reveals both a pro-and antiapoptotic role of 
c-FLIPL. J Cell Biol 190, 377-389

55. Aggarwal BB, Moffat B and Harkins RN (1984) Human 
lymphotoxin. Production by a lymphoblastoid cell line, 
purification, and initial characterization. J Biol Chem 259, 
686-691

56. Aggarwal BB, Kohr WJ, Hass PE, et al (1985) Human tu-
mor necrosis factor. Production, purification, and 
characterization. J Biol Chem 260, 2345-2354

57. Locksley RM, Killeen N and Lenardo MJ (2001) The TNF 
and TNF receptor superfamilies: integrating mammalian 
biology. Cell 104, 487-501

58. Croft M (2003) Co-stimulatory members of the TNFR fam-
ily: keys to effective T-cell immunity? Nat Rev Immunol 3, 
609-620

59. Idriss HT and Naismith JH (2000) TNF and the TNF re-
ceptor superfamily: Structure‐function relationship (s). 
Microsc Res Tech 50, 184-195

60. Wajant H, Pfizenmaier K and Scheurich P (2003) Tumor 
necrosis factor signaling. Cell Death Differ 10, 45-65

61. Zhang G (2004) Tumor necrosis factor family ligand–re-
ceptor binding. Curr. Opinion Struct Biol 14, 154-160

62. Ea CK, Deng L, Xia ZP, Pineda G and Chen ZJ (2006) 
Activation of IKK by TNF requires site-specific ubiquiti-
nation of RIP1 and polyubiquitin binding by NEMO. Mol 
Cell 22, 245-257

63. Vanlangenakker N, Bertrand MJM, Bogaert P, Vandena-
beele P and Berghe TV (2011) TNF-induced necroptosis in 

L929 cells is tightly regulated by multiple TNFR1 complex 
I and II members. Cell Death Dis 2, e230

64. Rahighi S, Ikeda F, Kawasaki M, et al (2009) Specific rec-
ognition of linear ubiquitin chains by NEMO is important 
for NF-B activation. Cell 136, 1098-1109

65. Li J, McQuade T, Siemer AB, et al (2012) The RIP1/RIP3 
necrosome forms a functional amyloid signaling complex 
required for programmed necrosis. Cell 150, 339-350

66. Moulin M, Anderton H, Voss AK, et al (2012) IAPs limit 
activation of RIP kinases by TNF receptor 1 during 
development. Embo J 31, 1679-1691

67. Park YH, Jeong MS and Jang SB (2014) Death domain 
complex of the TNFR-1, TRADD, and RIP1 proteins for 
death-inducing signaling. Biochem Bioph Res Co 443, 
1155-1161

68. Yamaoka S, Courtois G, Bessia C, et al (1998) 
Complementation cloning of NEMO, a component of the 
IB kinase complex essential for NF-B activation. Cell 
93, 1231- 1240

69. Moquin D and Chan FKM (2010) The molecular regu-
lation of programmed necrotic cell injury. Trends Bio-
chem Sci 35, 434-441

70. Zhang DW, Shao J, Lin J, et al (2009) RIP3, an energy me-
tabolism regulator that switches TNF-induced cell death 
from apoptosis to necrosis. Science 325, 332-336

71. Hsu H, Shu HB, Pan MG and Goeddel DV (1996) 
TRADD–TRAF2 and TRADD–FADD interactions define 
two distinct TNF receptor 1 signal transduction pathways. 
Cell 84, 299-308

72. Park YH, Jeong MS, Park HH and Jang SB (2013) Forma-
tion of the death domain complex between FADD and 
RIP1 proteins in vitro. BBA-Proteins. Proteom 1834, 292- 
300

73. Jang MS, Lee SJ, Kim CJ, Lee CW and Kim E (2011) 
Phosphorylation by polo-like kinase 1 induces the tu-
mor-suppressing activity of FADD. Oncogene 30, 471- 
481

74. Kelley SK, Harris LA, Xie D, et al (2001) Preclinical stud-
ies to predict the disposition of Apo2L/tumor necrosis fac-
tor-related apoptosis-inducing ligand in humans: charac-
terization of in vivo efficacy, pharmacokinetics, and 
safety. J Pharmacol Exp Ther 299, 31-38

75. El-Deiry WS (2001) Insights into cancer therapeutic design 
based on p53 and TRAIL receptor signaling. Cell death 
differ 8, 1066-1075


