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Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) are a family of
structurally related proteins that transduces signals from members of TNFR superfamily
and various other immune receptors. Major downstream signaling events mediated
by the TRAF molecules include activation of the transcription factor nuclear factor kB
(NF-xB) and the mitogen-activated protein kinases (MAPKSs). In addition, some TRAF
family members, particularly TRAF2 and TRAF3, serve as negative regulators of specific
signaling pathways, such as the noncanonical NF-xB and proinflammatory toll-like
receptor pathways. Thus, TRAFs possess important and complex signaling functions in
the immune system and play an important role in regulating immune and inflammatory
responses. This review will focus on the role of TRAF proteins in the regulation of NF-kB
and MAPK signaling pathways.

Keywords: tumor necrosis factor receptor-associated factor, nuclear factor kB, mitogen-activated protein
kinases, toll-like receptors, tumor necrosis factor receptors, inflammation

INTRODUCTION

Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) form a family of intracellular
signaling molecules, which in mammalian cells includes six typical members (TRAF1-6) and an
atypical member (TRAF7) (1, 2). The typical TRAF members share a similar secondary structure,
including a homologous C-terminal domain termed TRAF domain and various numbers of zinc
fingers. In addition, all TRAF members, except TRAFI, contain a RING domain located in the

Abbreviations: TNFR, tumor necrosis factor receptor; TRAF, tumor necrosis factor receptor-associated factor; NF-kB, nuclear
factor kB; IkB, inhibitory B; IKK, IkB kinase; TAKI, transforming growth factor beta-activated kinase 1; NIK, NF-kB-
inducing kinase; BAFFR, BAFF receptor; LTPR, lymphotoxin f receptor; ERK, extracellular signal-regulated kinase; JNK,
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MKK, MAPK kinase; MAP3K, MAPK kinase kinase; PRR,
pattern-recognition receptor; TLR, toll-like receptor; NZF, Npl4 Zinc Finger; IL-1R, IL-1 receptor; IRAK, IL-1R-associated
kinase; RANK, receptor activator of nuclear factor kappa-B; MAVS, mitochondrial antiviral signaling protein; MYSM1, myb-
like SWIRM and MPN domain 1; NLR, NOD-like receptor; TRADD, TNF receptor-associated death domain; RIP1, receptor-
interacting protein kinase 1; S1P, sphingosine-1-phosphate; SphK1, sphingosine kinase 1; DSS, dextran sodium sulfate; IBD,
inflammatory bowel disease; CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; NDR1, Nuclear
Dbf2-related kinase 1; IRF5, interferon regulatory factor 5.
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N-terminal region. The TRAF domain mediates oligomerization
of TRAF proteins as well as their association with upstream recep-
tors or adaptors and downstream effector proteins (1). The RING
domain is best known for its function to mediate protein ubiquit-
ination in a large family of E3 ubiquitinase ligases (3). TRAF6is a
well-characterized E3 ligase that specifically conjugates lysine (K)
63-linked polyubiquitin chains (4). Several other TRAF proteins,
TRAF2, TRAF3, and TRAF5, have also been shown to possess
K63-specific E3 functions, although the physiological function
of their E3 activity is less well defined (1, 2, 5).

Originally identified as signaling adaptors of TNFR2 (6), the
TRAF molecules are now known to mediate signal transduc-
tion from a large variety of immune receptors, including TNFR
superfamily members and other cytokine receptors, pattern-
recognition receptors (PRRs), and antigen receptors (1, 2). Among
the major downstream pathways regulated by TRAFs are those
leading to activation of the nuclear factor kB (NF-xB) and
mitogen-activated protein kinases (MAPKs), which are in turn
important for induction of genes associated with innate immu-
nity, inflammation, and cell survival (7, 8). In addition to these
classical functions, novel functions of TRAFs have also been
discovered in recent studies. In particular, some TRAF proteins,
including TRAF2 and TRAF3, function as negative regulators in
some signaling pathways involved in the survival of B cells and
inflammatory responses of innate immune cells (9). This review
will focus on the role of TRAFs in the regulation of NF-xB and
MAPK signaling pathways.

NF-xB AND MAPK PATHWAYS
NF-xB Pathways

Nuclear factor kB is a family of inducible transcription factors
that regulate multiple biological processes, including immune
and inflammatory responses, cell growth and survival, and
oncogenesis (8, 10, 11). Mammalian NF-xB family includes five
structurally related members, RelA, RelB, c-Rel, NF-kB1 p50, and
NF-xB2 p52, which bind to a conserved DNA element (kB) as
various homo- and hetero-dimers in the promoter or enhancer
regions of target genes (10). NF-kBs are normally sequestered
in the cytoplasm as inactive complexes bound by a family of
inhibitory proteins, inhibitory kBs (IkBs), which includes IxBa,
IxBp, and several other structurally related proteins character-
ized by the presence of an ankyrin-repeat domain mediating
binding and inhibition of NF-«Bs (10). NF-kB1 and NF-kB2 are
produced as precursor proteins, p105 and p100, both of which
contain an IkB-like C-terminal portion and function as IxB-like
molecules (12, 13). These precursor proteins can be processed
by the proteasome, which involves selective degradation of the
IxB-like C-terminal portion, thereby producing mature NF-kB
p50 and p52, respectively, and disrupting their IkB-like function.
During its translation, about half amount of p105 is constitutively
processed for p50 production, whereas the remaining p105
functions as an IkB to regulate nuclear translocation of different
NEF-kB members, including p50, RelA, and c-Rel (13-16). In con-
trast to the processing of p105, the processing of p100 is tightly
controlled and occurs in a signal-inducible manner (17).

Two major signaling pathways, the canonical and noncanoni-
cal pathways, mediate activation of the NF-xB members (18).
The canonical pathway is based on signal-induced degradation
of IkBs, particularly IxBa, which triggers nuclear translocation
of p50-containing NF-kB complexes, particularly p50/RelA and
p50/c-Rel heterodimers. This pathway relies on activation of a
trimeric IkB kinase (IKK) complex, composed of two catalytic
subunits, IKKa and IKK, and a regulatory subunit, NF-«B essen-
tial modulator (NEMO) (also called IKKy). Activation of IKK is
typically mediated by transforming growth factor beta-activated
kinase 1 (TAK1), a MAPK kinase kinase (MAP3K) that responds
to various immune receptor signals and relies on ubiquitination
for its catalytic activation and signaling function (19, 20). TAK1
deficiency severely attenuates, although does not completely
block, IL-1- and TNFa-induced NF-xB activation (21). Another
MAP3K, MEKK3, is also involved in NF-kB activation by differ-
ent inducers, such as TNFoa and IL-1 (22-27). A characteristic of
the canonical NF-«B signaling pathway is its rapid and transient
kinetics, which is important for preventing deregulated NF-«xB
functions. The canonical NF-kB pathway plays an important
role in regulating diverse immune functions, including innate
immunity and inflammation, lymphocyte activation and differ-
entiation, as well as immune tolerance (8, 28).

The noncanonical NF-kB pathway is based on the processing
of the NF-kB2 precursor protein p100, which is triggered through
site-specific phosphorylation in its C-terminal serine residues
(17). This pathway is independent of TAKI and the trimeric
IKK complex but requires NF-kB-inducing kinase (NIK) and
its downstream kinase IKKa (17, 18, 29). Unlike the canonical
NEF-kB pathway, which responds to signals from a large variety of
immune receptors, the noncanonical NF-kB pathway selectively
responds to a subset of TNFR superfamily members, including
CD40, BAFF receptor, lymphotoxin f receptor (LTBR), RANK,
TNFR2, TWEAK, CD27, etc. (30, 31). A hallmark of the non-
canonical NF-«B signaling is its slow kinetics and dependence
on protein synthesis (31). This is largely due to the involvement
of an unusual mechanism of NIK regulation. Under normal
conditions, NIK steady level is extremely low due to its constitu-
tive degradation via the ubiquitin/proteasome pathway, which
prevents induction of pl00 processing (32). Signal-stimulated
noncanonical NF-kB signaling involves stabilization of the de
novo synthesized NIK, thereby allowing the accumulated NIK
to activate IKKa and induce p100 processing. The noncanonical
NEF-kB pathway is best known for its role in regulating lymphoid
organ development, B cell maturation, and osteoclast differen-
tiation. However, recent studies have uncovered additional func-
tions of this pathway and linked this pathway with autoimmune
and inflammatory diseases (18).

MAPK Pathways

Mitogen-activated protein kinases form a large family of serine/
threonine kinases that respond to diverse extracellular and intra-
cellular stimuli and mediate multiple biological processes, such
as cell growth and differentiation, immune and inflammatory
responses, and oncogenesis (7, 33). The mammalian MAPK fam-
ily includes three subfamilies: the extracellular signal-regulated
kinases (ERKs), the c-Jun N-terminal kinases (JNKs), and the
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p38 MAPKSs (7, 33). Signal transduction of the MAPKSs share a
common mechanism, in which an MAPK is phosphorylated and
activated by an MAPK kinase (MKK), and the MKK is in turn
phosphorylated and activated by an MAP3K. Different MAPKs
are regulated by distinct MKKs: MKK1 and MKK2 (also called
MEKI1 and MEK2) for ERK1 and ERK2, MKK4 and MKK7
for JNKs, and MKK3 and MKK6 for p38. The MAP3Ks for the
MAPK signaling cascades vary among different stimulating recep-
tors. In the immune system, MAPK signaling cascades have been
extensively studied in innate immune cells stimulated via the
PRRs, particularly the toll-like receptors (TLRs), where MAPKs
mediate induction of various proinflammatory cytokines and
chemokines required for host defense and inflammation (7).

In the TLR pathway, TAK1 is a primary MAP3K mediating
activation of the JNK and p38 signaling cascades, whereas Tpl2 is
the MAP3K mediating activation of the ERK1/2 cascade (34). The
TLR-stimulated MAPK signaling involves an interesting crosstalk
with the IKK/NF-kB pathway. The NF-kB1 precursor protein p105
forms a stable complex with the MAP3K Tpl2, in which p105 both
stabilizes Tpl2 and prevents its phosphorylation of downstream
kinases, MKK1/2 (35-39). Upon activation by the TLR signal,
IKK phosphorylates p105 to induce its ubiquitin-dependent
degradation, which allows the liberated Tpl2 to phosphorylate
MKK1/2, leading to activation of ERK1/2. This signaling event
is transient, since activated Tpl2 is rapidly degraded due to its
instability when dissociated from p105. Therefore, in the TLR
pathway, TAK1 functions as a master kinase mediating activa-
tion of not only the JNK and p38 MAPK cascades but also the
IKK-Tpl2-ERK signaling axis.

TRAF6 AS A MEDIATOR OF NF-kB AND
MAPK ACTIVATION

IKK/MAPK Activation

TRAFG6 is a prototype of RING domain-containing E3 ubiquitin
ligase that functions together with a dimeric E2, composed of
Ubcl3 and UevlA, specifically catalyzing the synthesis of K63-
linked polyubiquitin chains (4, 19). Accumulating studies have
demonstrated a crucial role for TRAF6 in mediating signaling
from various TNFRs as well as other immune receptors, such as
the IL-1 receptor (IL-1R), IL-17R, TLRs, RIG-I-like receptors,
TGFpR, and antigen receptors (20, 40-44). The C-terminal TRAF
domain of TRAF6 interacts with a conserved sequence motif,
Pro-X-Glu-X-X-(aromatic/acidic residue), present in specific
members of the TNFR superfamily, including CD40 and receptor
activator of nuclear factor kappa-B (45). Through this molecular
interaction, TRAF6 is recruited to the TNFRs in response to
ligand stimulation, which is essential for triggering TRAF6
activation and signal transduction. The TRAF6-binding motifs
are also present in signaling adaptors of other immune receptors,
such as the IL-1R-associated kinases (IRAKs) of the IL-1R and
TLR pathways, the mitochondrial antiviral signaling protein of
the RIG-I pathway, and Act1 of the IL-17R pathway (41, 44, 46).

The signaling mechanism of TRAF6 has been extensively stud-
ied in the TLR and IL-1R pathways (Figure 1). TLRs transduce
signals via common adaptors, MyD88 and TRIF (47). With the

exception of TLR3, which signal via TRIF, all TLRs, as well as
IL-1R, rely on MyD88 for signal transduction, although TLR4
signals through both MyD88 and TRIF. Upon ligand binding,
MyD88-dependent TLRs recruit IRAKs (including IRAKI,
IRAK2, and IRAK4) via the adaptor MyD88 to trigger the forma-
tion of a receptor-associated signaling complex that also contains
TRAF6 (Figure 1). Once activated in the MyD88 signaling
complex, TRAF6 functions as an E3 ubiquitin ligase that conju-
gates K63-linked ubiquitin chains onto itself as well as to other
proteins, such as IRAK1 and the IKK regulatory subunit, NEMO
(19, 20). Precisely how TRAF6 mediates activation of downstream
pathways is incompletely understood. It is generally thought that
self-ubiquitinated TRAF6 recruits the downstream kinases TAK1
and IKK to assemble a signaling complex that facilitates TAK1
and IKK activation. In support of this model, both TAK1 and IKK
contain regulatory subunits that bind K63-linked polyubiquitin
chains (48-50). The TAK1 complex contains two regulatory
subunits, TAB 1 and TAB 2 (or TAB 3), and TAB 2 and TAB
3 both contain an Npl4 Zinc Finger type of ubiquitin-binding
domain that specifically binds K63-linked polyubiquitin chains
(48, 51). The regulatory subunit of IKK, NEMO, also contains
a ubiquitin-binding domain, called CC2-LZ (coiled-coil2-lucine
zipper) or UBAN (ubiquitin binding in ABIN and NEMO pro-
teins), capable of binding K63 ubiquitin chains (49, 50, 52-54). In
further support of this model, mutation of an autoubiquitination
site, K124, of TRAF6 attenuates its function in mediating TAK1/
IKK activation (55). However, a subsequent study suggests that
the E3 ligase activity of TRAF6, although required for TAK1
activation, is dispensable for TRAF6 association with the TAK1
complex (56). Moreover, this study also suggests that TRAF6
autoubiquitination is dispensable for activation of TAKI and its
downstream NF-kB and MAPK pathways by IL-1 and RANKL,
whereas TRAF6-mediated NEMO ubiquitination contributes to
the activation of IKK and NF-kB (56). Since unconjugated ubiq-
uitin chains are able to activate TAK1 (57), it is also likely that
both conjugated and unconjugated K63 ubiquitin chains within
the TRAF6/TAK1 complex contribute to TAKI activation.
Although the E3 ubiquitin ligase activity of TRAF6 is generally
believed to be essential for its signaling function, there are con-
troversies. A recent study employing both cell line reconstitution
and knockin mouse approaches demonstrates that inactivation of
the E3 ligase activity of TRAF6 only partially inhibits its function
in mediating activation of NF-kB and MAPK signaling stimu-
lated by IL-1, TLRs, and RANKL (58). It seems that the Pellino
family of E3 ligases, particularly Pellinol and Pellino2, could
compensate the E3 function of TRAF6 to mediate K63 ubiquitin
chain conjugation for TAK1 activation (58). Since complete dele-
tion of TRAF6 abolishes MyD88-dependent activation of NF-«kB
and MAPK signaling, these findings suggest that in addition to
serving as an E3 ligase, TRAF6 may also function an adaptor.

TRAF6 Regulation

Given the crucial role of TRAF6 in mediating activation of NF-«xB
and MAPK pathways and inflammation, it is not surprising that
the function of TRAF6 is subject to tight control by various regu-
lators (Figure 1). An early study suggests that IL-1-stimulated
TRAF6 polyubiquitination, an indicator of TRAF6 activation,
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FIGURE 1 | The function and regulation of tumor necrosis factor receptor-associated factor (TRAF)6 in MyD88 signaling pathway. Upon stimulation with IL-1 or
toll-like receptor (TLR) ligands, MyD88 recruits IL-1R-associated kinases (IRAKSs) (including IRAK1, IRAK2, and IRAK4) and TRAF6 to assemble a MyD88 signaling
complex. Once activated in the MyD88 complex, TRAF6 functions as an E3 ubiquitin ligase that catalyzes the synthesis of K63-linked polyubiquitin chains
conjugated to itself or NF-kB essential modulator (NEMO) or existing as free ubiquitin chains. The self-ubiquitinated TRAF6 recruits the ubiquitin-dependent kinase
transforming growth factor beta-activated kinase 1 (TAK1) and its downstream kinase kB kinase (IKK) to assemble a signaling complex that facilitates TAK1 and
IKK activation. This process requires the TAK1 regulatory subunit TAB 2 (or TAB 3) and the IKK regulatory subunit NEMO, both have ubiquitin-binding functions.
Activated TAK1 mediates activation of IKK and mitogen-activated protein kinases (MAPKSs), which further activate nuclear factor kB (NF-kB) (RelA- and c-Rel-
containing complexes) and AP1. TRAF6 mediated NEMO ubiquitination also contributes to the activation of IKK and NF-kB. Several DUBs have been shown to
negatively regulate TRAF6 function through deconjugation of its K63 polyubiquitin chains.

TLRs .

Free Ub chains

occurs transiently suggesting its regulation by deubiquitination
(59). Several DUBs have been implicated in the regulation of
TRAF6 activation through deconjugation of its K63 polyubiquitin
chains; these include CYLD, A20, Otud7b (also called Cezanne),
USP2a, USP4, USP20, and myb-like SWIRM and MPN domain
1 (60-66). Another DUB, YODI1 (also called Otud2), inhibits
TRAF6 ubiquitination and signaling function via a non-catalytic
mechanism that involves binding to the C-terminal TRAF domain
of TRAF6 and, thereby, preventing TRAF6 interaction with an
activating adaptor protein, p62 (also called Sequestosome-1)
(67). Itis unclear why there are so many DUBs involved in TRAF6
regulation, but it is likely that they function in different cell types
and/or distinct receptor pathways. It is also important to note
that the role of some TRAF6-regulating DUBs in regulating TLR
signaling and innate immunity is yet to be demonstrated using
in vivo approaches.

TRAF6 regulation also involves various other factors. A mem-
ber of the NOD-like receptors (NLR) family, NLRC3, has been
shown to inhibit signaling from MyD88-dependent TLRs (68).
NLRCS3 interacts with and inhibits K63 ubiquitination of TRAF6,

thereby negatively regulating TLR-stimulated NF-kB activation.
Interestingly, NLRC3-mediated TRAF6 regulation does not
influence MAPK signaling pathways (68), indicating a different
role for K63 ubiquitination of TRAF6 in regulating NF-«kB and
MAPK pathways. The molecular mechanism by which NLRC3
inhibits K63 ubiquitination and signaling function of TRAF6 is
undefined. A putative E2 molecule, Ube2o binds to TRAF6 and
inhibits TRAF6 K63 ubiquitination and activation of NF-kB in
the IL-1p and LPS pathways (69). This function of Ube2o is
independent of its ubiquitin-conjugating domain and appears
to act through disruption of TRAF6 binding to MyD88. TRAF6
is also regulated by a protein kinase, MST4, which phosphoryl-
ates TRAF6 at two threonine residues (T463 and T486) in the
C-terminal TRAF domain and inhibits the oligomerization and
autoubiquitination activity of TRAF6 (70). MST4 knockdown
promotes TLR signaling and cytokine induction in cell culture
and sensitizes mice to septic shock induction (70). In contrast
to the negative role of MST4 in TRAF6 regulation, another
kinase, RSK2, positively regulates TRAF6 function and LPS- and
IL-1p-stimulated activation of MAPKs and NF-kB (71). RSK2
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FIGURE 2 | Tumor necrosis factor receptor-associated factor (TRAF)2 and TRAF5 in tumor necrosis factor receptor (TNFR)1 signaling. TNFa binding to TNFR1
triggers the assembly of a TNFR1-associated signaling complex, complex |, which is composed of TNF receptor-associated death domain (TRADD), receptor-
interacting protein kinase 1 (RIP1), TRAF2 or TRAF5 (TRAF2/5), and the E3 ubiquitin ligases clAP1 and clAP2 (clAPs). Upon activation, clAPs conjugate K63-

linked ubiquitin chains to RIP1, which facilitates recruitment and activation of the kinase transforming growth factor beta-activated kinase 1 (TAK1) as well as the
recruitment of the linear ubiquitin ligase complex LUBAC. LUBAC conjugates linear ubiquitin chains to RIP1 and, thereby, facilitates the requirement of kB kinase
(IKK) via the linear ubiquitin-binding function of NF-kB essential modulator (NEMO). Subsequent ubiquitination of NEMO by LUBAC, along with TAK1-mediated IKKp
phosphorylation, results in IKK activation. The activated IKK and TAK1 mediate activation of nuclear factor kB (NF-«xB) and mitogen-activated protein kinase (MAPK)/
AP1 signaling pathways that promote cell survival. TRAF2 also participates in the subsequent formation of a cytoplasmic complex, complex lla, which mediates
apoptosis induction. When caspase-8 is inhibited, TNFR1 signaling also leads to formation of complex llb, leading to necroptosis. DUBs, including OTULIN and
CYLD, negatively regulate signaling functions of LUBAC by cleaving linear ubiquitin chains. SPATA2, as a high-affinity binding partner of CYLD and LUBAC,

RIP1, TRAF2
e
TRADD

Complex lla @

.

Complex llb

Apoptosis Necroptosis

phosphorylates TRAF6 at three N-terminal serines (S46, S47, and
$48), thereby promoting the K63 ubiquitination and signaling
function of TRAF6 (71). Future studies should examine whether
these negative (T463 and T486) and positive (546, S47, and S48)
phosphorylation sites are phosphorylated in vivo along with TLR
stimulation.

TRAF2 IN TNFR SIGNALING

TRAF2 has been extensively studied as a mediator of TNFR1
signaling and known to be crucial for TNFa-stimulated NF-xB
and MAPK pathways. TRAF2 is essential for TNFa-induced acti-
vation JNK, although it is functionally redundant with TRAFS5 in
the activation of NF-«xB (72, 73). TRAF2 does not directly bind
TNFR1, but it can be recruited to TNFR1 via the adaptor protein
TNF receptor-associated death domain (TRADD) (74, 75). The
cytoplasmic tail of TNFRI1 contains a death domain that medi-
ates interaction with the death domain of TRADD, and TRADD
binds to TRAF2 via the N-terminal region of TRADD and the
C-terminal TRAF domain of TRAF2 (74, 76). TNFR1 signaling

involves sequential formation of two different complexes, com-
plex I and complex II, which mediate cell survival and cell
death, respectively (77) (Figure 2). Complex I is associated with
TNFR1 and composed of TRADD, TRAF2 and its close homolog
TRAFS5, receptor-interacting protein kinase 1 (RIP1), and the E3
ubiquitin ligases cIAP1 and cIAP2 (77). In response to TNFR1
stimulation, cIAP1 and cIAP2 conjugates K63-linked ubiquitin
chains to RIP1, which facilitates the recruitment and activation
of TAK1 and IKK kinase complexes leading to activation of
NF-xB and induction of survival genes (49, 78-80). Following
the initial signaling, complex I dissociates from TNFR1 leading to
formation of the cytoplasmic complex Ila, composed of TRAF2,
RIP1, TRADD, FADD, and procaspase-8. This second complex
triggers activation of Caspase-8 and apoptosis, which serves as
a checkpoint mechanism mediating cell death when complex
I-mediated NF-kB activation fails (77). TNFR1 also induces a
complex (complex IIb), composed of RIP1, RIP3, and MLKL,
which mediates cell death via necroptosis (81).

Like TRAF6, TRAF2 contains an N-terminal RING domain
and has been implicated as a K63-specific E3 ubiquitin ligase
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(82). However, the RING domain structure of TRAF2 differs sig-
nificantly from that of TRAF6, and TRAF2 does not interact with
Ubcl3andseveral other E25(83). A subsequentstudy suggests that
the E3 ligase function of TRAF2 requires a cofactor, sphingosine-
1-phosphate (S1P), which binds to the RING domain of TRAF2
and stimulates TRAF2-mediated K63 ubiquitination of RIP1
(84). TRAF2 also interacts with sphingosine kinase 1 (SphK1),
one of the isoenzymes catalyzing the generation of S1P, and
siRNA-mediated SphK1 silencing attenuates TNFa-stimulated
RIP1 ubiquitination and NF-kB activation (84, 85). Whether
TRAF2 functions as an adaptor or an E3 ligase in the TNFR1
pathway is still in debate. While TRAF2 has been implicated as
an E3 that mediates TNFa-induced RIP1 ubiquitination and
NF-xB activation (84, 86), other studies suggest that the RING
domain of TRAF2 is dispensable for its function in mediating
TNFa-induced canonical NF-kB signaling (87). It is generally
believed that the TRAF2-recruited cIAPs function as E3 ligases
of RIP1 in the TNFR1 complex I (Figure 2). The cIAP-binding
motif, but not RING domain, of TRAF2 is essential for TNFR1-
stimulated RIP1 ubiquitination and canonical NF-«kB activation
(87). cIAP1 and cIAP2 directly ubiquitinate RIP1 in vitro and
are required for TNFa-induced RIP1 ubiquitination and NF-kB
activation in vivo (78-80).

TRAF2 is functionally redundant with TRAF5 in mediating
TNFa-stimulated NF-kB activation. Mouse embryonic fibro-
blasts (MEFs) deficient in either TRAF2 or TRAF5 are fully
functional in TNFa-stimulated NF-«B activation, whereas MEFs
lacking both TRAF members are severely attenuated, although
not completely defective, in the NF-kB activation (73). These
findings confirm the important role of TRAF2 and TRAF5 in
TNFa-stimulated NF-xB signaling and also suggest the involve-
ment of additional mechanisms. The role of cIAPs is cell-type
specific. shRNA-mediated knockdown of cIAP1 in skeletal
myoblasts largely blocked TNFa-stimulated NF-xB signaling,
whereas simultaneous knockdown or knockout of cIAP1 and
cIAP2 is required for blocking NF-kB activation in MEFs (79, 88).

Recent studies suggest that the signaling function of TNFR1
complex I also involves another E3 ubiquitin ligase, LUBAC,
which specifically conjugates linear ubiquitin chains (89, 90).
LUBAC is a complex composed of three subunits: SHARPIN,
HOIL-1L, and HOIP. In response to TNFR1 stimulation, LUBAC
is recruited to the TNFR1 complex I via binding to K63 ubiquitin
chains conjugated to RIP1 by the cIAPs (89) (Figure 2). Within
the TNFR1 complex, LUBAC mediates linear ubiquitination of
several components of the TNFR1 complex 1, including RIP1
and the IKK regulatory subunit NEMO (91, 92). The LUBAC-
catalyzed synthesis of linear ubiquitin chains plays an important
role in recruitment and activation of IKK. Unlike TAB 2 and
TAB 3, which specifically binds to K63 ubiquitin chains, NEMO
preferentially binds to linear ubiquitin chains via its ubiquitin-
binding domain, UBAN (53, 93-95). The K63 ubiquitin- and
linear ubiquitin-conjugated RIP1 molecules recruit TAK1 and
IKK complexes, respectively, thereby facilitating IKK activation
by TAK1 (Figure 2). Linear ubiquitination of NEMO may directly
contribute to IKK activation. It has been proposed that linear
ubiquitin chain-conjugated NEMO can be bound by another
NEMO molecule, which promotes IKK dimerization and catalytic

activation (96). It has also been suggested that NEMO binding
to linear ubiquitin chains may cause a conformational change in
IKK, thereby facilitating IKKp phosphorylation by TAK1 (97).
The signaling function of LUBAC is negatively regulated by DUBs
capable of cleaving linear ubiquitin chains, including OTULIN
and CYLD (98-100). In addition, the DUB A20 is recruited to
the TNFR1 complex via binding to linear ubiquitin chains and
contributes to the inhibition of NF-«B activation possibly by
preventing NEMO recruitment (101, 102).

TRAF?2 is also a mediator of TNFR2 signaling. In fact, TRAF2,
along with TRAF1, was originally identified as signaling adap-
tors physically associated with TNFR2 (6). TRAF2 binds to the
cytoplasmic domain of TNFR2 and recruits E3 ubiquitin ligases
cIAP1 and cIAP2 to the TNFR2 signaling complex, which is
important for TNFR2-stimulated NF-kB activation (103, 104).
The cytoplasmic tail of TNFR2 contains sequence motifs that are
directly bound by TRAF2 (6, 105, 106). TRAF2 also mediates
activation of NF-kB and MAPK pathways triggered by other
TNER superfamily members, such as CD40, 0X40, 4-1BB, LTfR,
and GITR (107-111).

TRAF CONTROL OF NONCANONICAL
NF-xB PATHWAY

While TRAF proteins are generally known as signaling adaptors
that mediate activation of NF-kB and MAPK pathways, it is now
clear that TRAF2 and TRAF3 are pivotal negative regulators of
the noncanonical NF-kB pathway (18). An initial study identified
TRAF3 as a protein physically interacting with the noncanonical
NIK and mediating ubiquitin-dependent NIK degradation (32).
TRAF3 knockdown causes NIK stabilization and induction of
p100 processing, and signal-induced noncanonical NF-kB acti-
vation is associated with TRAF3 degradation and concomitant
accumulation of NIK, suggesting that the TRAF3-mediated
NIK degradation is a central mechanism of noncanonical NF-«xB
regulation (32). This finding is corroborated by subsequent
studies using TRAF3 knockout mice demonstrating that TRAF3
deficiency causes NIK accumulation and noncanonical NF-kB
activation (112-114). Domain mapping analyses revealed an
N-terminal motif of NIK, ISITAQA (amino acids 78-84), which
is required for NIK-TRAF3 interaction. A NIK mutant harboring
deletion of this motif, named NIKA78-84 or NIKATS3, is stable
due to impaired interaction with TRAF3 (32). Transgenic expres-
sion of this NIK mutant in B cells causes maximal noncanonical
NF-kB activation and B cell survival independently of BAFE,
resulting in drastic B cell hyperplasia (115).

Unlike TRAF3, TRAF2 does not bind the N-terminal region of
NIK and only weakly interacts with NIK via a C-terminal region
(32, 116). Interestingly, however, TRAF2 deficiency also causes
noncanonical NF-xB activation (114, 117). Moreover, the E3
ubiquitin ligases cIAP1 and cIAP2 were later on found to mediate
NIK ubiquitination and degradation (118, 119). Biochemical and
genetic evidence suggests that TRAF2, TRAF3, and the cIAPs
function together as an E3 ubiquitin ligase complex mediating
NIK ubiquitination (120, 121). It has been proposed that within
this complex, TRAF2 and TRAF3 bind cIAPs and NIK, respec-
tively, and recruit NIK to the E3 ligases cIAPs via TRAF2-TRAF3
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dimerization (31, 120, 121). These findings provide mechanistic
insight into the functions of small molecule IAP antagonists in
cancer treatment. Recent studies suggest that the IAP antagonists
not only induce cancer cell death but also promote antitumor
immunity and synergize with immune checkpoint inhibitors
in mouse models of cancer immunotherapy (122-125). The
immunostimulatory action of IAP antagonists is likely due to
activation of the NIK-dependent noncanonical NF-kB activation.
In addition, the IAP antagonists may also activate innate immune
cells in tumor microenvironment. As will be discussed in the
following section, disruption of the TRAF-cIAP E3 complex in
macrophages promotes production of M1 type of proinflamma-
tory cytokines that facilitate recruitment of antitumor effector
T cells to the tumor microenvironment (126).

Precisely how the TRAF-cIAP complex is assembled and
regulates NIK stability is incompletely understood. More
recent studies suggest that another TRAF member, TRAFI,
may also be involved in cIAP E3 complex function and NIK
regulation (110, 127). TRAF1 and TRAF2 forms a heterotrimer,
TRAF1:(TRAF2)2, which binds cIAP2 more strongly than TRAF2
(127). Since TRAF1 is induced by various cellular stimuli, it may
function as a modifier of the TRAF-cIAP complex under certain
conditions. In support of this idea, TRAF1 appears to play a role
in restraining TCR-stimulated noncanonical NF-kB activation
(110). TRAF1 deletion allows murine CD8 T cells to respond to
TCR stimulation, in the absence of 4-1BB costimulation, for the
activation of noncanonical NF-kB (110). However, the role of
TRAFI1 in NF-«B signaling is controversial, since another study
suggests that TRAF1 directly binds NIK and stabilizes NIK by
interfering with NIK association with the TRAF2-cIAP2 complex
under overexpression conditions (128). It is important to note,
though, the TRAF1-NIK binding is substantially weaker than the
TRAF3-NIK interaction (32), and additional studies are required
to examine the physiological role of TRAF1 in noncanonical
NEF-kB regulation.

ANTI-INFLAMMATORY FUNCTION OF
TRAF2 AND TRAF3

Anti-Inflammatory Function

Compared to TRAF6, much less is known about the function of
TRAF2 and TRAF3 in regulating TLR signaling. Nevertheless,
recent studies suggest a role for both TRAF2 and TRAF3 in nega-
tively regulating TLR-stimulated expression of proinflammatory
cytokines (9). TRAF3 deficiency promotes proinflammatory
cytokine induction, while inhibits type I interferon induction,
in macrophages (129, 130). The anti-inflammatory function of
TRAF3 has been demonstrated using myeloid cell-conditional
TRAF3 knockout (TRAF3-MKO) mice (126, 131). Myeloid cell-
specific deletion of TRAF3 does not affect macrophage differen-
tiation, but renders mice hypersensitive to colitis induction in the
dextran sodium sulfate (DSS) model (126). The TRAF3-MKO
mice also produce elevated levels of IgG3 and IgG2b antibody
isotypes in response to T-independent and T-dependent antigens,
respectively, likely due to aberrant production of proinflamma-
tory cytokines, such as IL-12 and IL-6 (131). Consistently, the

TRAF3 deficiency sensitizes macrophages to in vitro induction
of proinflammatory cytokines by the TLR4 and TLR3 ligands
LPS and polyIC (126, 131). At older ages (15-22 months), the
TRAF3-MKO mice spontaneously develop chronic inflammation
in multiple organs (131). Interestingly, some of these mice also
develop tumors originating from both myeloid cells (histiocytes)
and other cell types (including B cells and hepatocytes) that are
competent in TRAF3 expression (131). These findings suggest
that chronic inflammation in these mutant mice may contribute
to the tumorigenesis, although it is also possible that TRAF3 may
regulate a tumor-suppressive function of myeloid cells.

An unexpected finding is the anti-inflammatory function of
TRAF2 in the TLR signaling pathway (126). Like TRAF3, TRAF2
negatively regulate induction of proinflammatory cytokines by
the TLR ligands LPS and polyIC as well as by the cytokine IL-1p,
and the myeloid cell-conditional TRAF2 knockout (TRAF2-
MKO) mice are hypersensitive to colitis induction in the DSS
model (126). The protective role of TRAF2 in colon inflamma-
tion has also been revealed using TRAF2 germline knockout
mice, which spontaneously develop colitis (132). In addition
to its anti-inflammatory role in myeloid cells, TRAF2 appears
to inhibit inflammation through protecting intestinal epithelial
cells from TNF-induced apoptosis (9, 132). A potential role for
TRAF2 and TRAF3 in regulating human inflammatory bowel
disease (IBD) is indicated by the finding that the expression level
of these TRAF members is upregulated in the colonic tissue of
IBD patients (133-135). However, whether the upregulation of
TRAF2 and TRAF3 serves as a feedback mechanism to suppress
inflammation in the human patients is unclear.

Signaling Mechanism

The finding that both TRAF2 and TRAF3 negatively regulate
proinflammatory cytokine induction by TLRs raises the question
of whether these TRAF members have a common mechanism
of action. TRAF3 has been shown to play a role in regulating
receptor-proximal signaling in the MyD88 pathway (136)
(Figure 3). In response to TLR stimulation, both TRAF6 and
TRAF3 are recruited to the MyD88 signaling complex, in
which TRAF3 appears to prevent the relocation of the TRAF6
complex from the membrane to the cytoplasm, a signaling step
required for activation of the downstream MAPK pathways
(136). Interestingly, TLR signaling induces TRAF3 degradation,
which is important for optimal activation of MAPKs (136).
TRAF3 degradation appears to involve TRAF6-mediated K63
ubiquitination and activation of the E3 ubiquitin ligases cIAP1
and cIAP2, which in turn conjugate K48-linked ubiquitin chains
to TRAF3 and cause ubiquitin-dependent TRAF3 degradation in
the proteasome (136) (Figure 3). TRAF3 degradation also occurs
in microglia, resident macrophages of the central nervous system
(CNS) (137). In microglia, TRAF3 undergoes degradation and
resynthesis along with induction of experimental autoimmune
encephalomyelitis (EAE), an animal model of the neuroinflam-
matory disease multiple sclerosis (137). The TRAF3 degradation
also requires the E3 ubiquitin ligase Pelil, which is abundantly
expressed in microglia. Pelil deficiency blocks TRAF3 degrada-
tion and causes its accumulation, which contributes to attenuated
induction of proinflammatory cytokines and chemokines in
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Proinflammatory Cytokines

FIGURE 3 | Anti-inflammatory function of tumor necrosis factor receptor-associated factor (TRAF)2 and TRAF3 in toll-like receptor (TLR) signaling pathway. In
responds to TLR stimulation, TRAF6 is recruited to the MyD88 signaling complex. Upon activation, the TRAF6 complex relocates from the plasma membrane to the
cytoplasm, a signaling step required for activation of the downstream nuclear factor kB and mitogen-activated protein kinase (MAPK) pathways. TRAF3 negatively
regulates TLR-stimulated proinflammatory cytokine induction via two potential mechanisms. The first is to target the MyD88-TRAF6 complex and prevents the
relocation of TRAF6 to the cytoplasm, and the second is to function together TRAF2 and clAPs to mediate ubiquitin-dependent degradation of two major
proinflammatory transcription factors, c-Rel and interferon regulatory factor 5 (IRF5). TLR signaling temporarily overrides the negative signaling function of TRAF3 by
inducing TRAF3 proteolysis. In this process, TRAF6 activates clAPs (clAP1 and clAP2) through K63 ubiquitination, which in turn function as E3 ubiquitin ligases to
mediate K48-linked ubiquitination and proteolysis of TRAFS3. In microglia, Peli1 appears to cooperate with TRAF6 or function downstream of TRAF6 to mediate clAP

activation.

microglia and ameliorated EAE pathogenesis (137). Pelil appears
to cooperate with TRAF6 or function downstream of TRAF6 to
mediate cIAP activation, since Pelil deficiency inhibits TRAF6-
mediated induction of cIAP ubiquitination (137) (Figure 3). The
role of TRAF3 in suppressing CNS inflammation also involves
negative regulation of IL-17R signaling (138). TRAF3 binds to
IL-17R and interferes with the formation of the IL-17R-Actl-
TRAF6 signaling complex and IL-17-stimulated activation of
NF-kB and MAPK pathways. Nuclear Dbf2-related kinase 1
inhibits the binding of TRAF3 to IL-17R and, thereby, promotes
IL-17R signaling and inflammation (139).

The role of TRAF2 and TRAF3 in MAPK regulation may be
cell type specific, since bone marrow-derived macrophages and
peritoneal macrophages derived from TRAF2-MKO and TRAF3-
MKO mice do not display hyper-activation of MAPKs upon
LPS stimulation (126, 131). Another potential mechanism that
underlies the anti-inflammatory function of TRAF2 and TRAF3
is suppression of noncanonical NF-kB activation. As discussed
in above sections, TRAF2 and TRAF3 are both essential compo-
nents of the TRAF-cIAP E3 ubiquitin ligase that mediates NIK

degradation in noncanonical NF-kB pathway (31). Deficiency
in either TRAF2 or TRAF3 in macrophages causes constitutive
activation of noncanonical NF-kB, as shown by NIK accumula-
tion and p100 processing (126, 131). However, the noncanonical
NF-«B activation does not seem to play an important role, since
deletion of NIK in the TRAF2-deficiency macrophages fails to
prevent LPS-stimulated hyper-expression of proinflammatory
cytokine genes, except a partial inhibition of II23a induction
(126). It appears that TRAF2 and TRAF3 negatively regulate two
transcription factors, c-Rel and interferon regulatory factor 5
(IRF5), which belong to the NF-«B and IRF families, respectively
(126). IRF5 is activated by TRAF6 in the MyD88 signaling path-
way, whereas c-Rel is activated by IKK through phosphorylation-
dependent degradation of the NF-kB inhibitor IxkBa (10, 18).
Both c-Rel and IRF5 are crucial mediators of TLR-stimulated
proinflammatory cytokine expression (140-145). TRAF2 and
TRAF3 control the steady level expression of these transcrip-
tion factors posttranslationally, which involves a ubiquitin- and
proteasome-dependent mechanism (Figure 3). In wild-type mac-
rophages, c-Rel and IRF5 undergo constitutive degradation, and
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this process is requires TRAF2 and TRAF3, since deletion of
either TRAF2 or TRAF3 causes stabilization and accumulation
of c-Rel and IRF5 (126). The constitutive degradation of c-Rel
and IRF5 also involves cIAPs, since incubation of macrophages
with a small molecule IAP antagonist results in accumulation of
c-Rel and IRF5. These findings suggest the possibility that the
TRAF-cIAP E3 ubiquitin ligase mediates degradation of c-Rel
and IRF5 in addition to NIK (Figure 3).

Emerging evidence suggests that the anti-inflammatory func-
tion of TRAF-cIAP complex in macrophages plays an important
role in regulating antitumor immunity. Myeloid cell-specific deletion
of TRAF2 promotes the generation of M1 type of macrophages
in tumor microenvironment, which promotes recruitment of
CD4 and CDS8 effector T cells and enhances antitumor immunity
(126). Consistently, as discussed in the above section, IAP antago-
nists promote antitumor immunity and synergize with immune
checkpoint inhibitors in mouse models of cancer immunother-
apy (122-125). These immunostimulatory effects of IAP antago-
nists likely involve activation of both the NIK-dependent NF-kB
pathway and the activation of M1 type macrophages.

CONCLUDING REMARKS

Tumor necrosis factor receptor-associated factor proteins, par-
ticularly TRAF6 and TRAF2, have been established as pivotal
mediators of NF-kB and MAPK pathways. In addition, recent
studies have identified TRAF2 and TRAF3 as negative regulators
of the noncanonical NF-xB pathway and proinflammatory TLR
signaling pathways. Accumulating studies have also revealed
potential molecular mechanisms that regulate the fate and
signaling functions of TRAFs. These research progresses provide
novel insights into the mechanism underlying the signaling func-
tion of TRAFs and shed light on the molecular basis of human
diseases associated with TRAF-dependent signaling pathways.
These scientific advances have also suggested new opportuni-
ties for designing therapeutic approaches in the treatment of

REFERENCES

1. Ha H, Han D, Choi Y. TRAF-mediated TNFR-family signaling. Curr Protoc
Immunol (2009) Chapter 11:Unit 11.19D. doi:10.1002/0471142735.im1109ds87

2. Xie P. TRAF molecules in cell signaling and in human diseases. ] Mol Signal
(2013) 8(1):7. doi:10.1186/1750-2187-8-7

3. Deshaies RJ, Joazeiro CA. RING domain E3 ubiquitin ligases. Annu Rev
Biochem (2009) 78:399-434. doi:10.1146/annurev.biochem.78.101807.093809

4. Deng L, Wang C, Spencer E, Yang L, Braun A, You J, et al. Activation of
the IkB kinase complex by TRAF6 requires a dimeric ubiquitin-conjugating
enzyme complex and a unique polyubiquitin chain. Cell (2000) 103:351-61.
doi:10.1016/S0092-8674(00)00126-4

5. Hacker H, Tseng PH, Karin M. Expanding TRAF function: TRAF3 as a tri-
faced immune regulator. Nat Rev Immunol (2011) 11(7):457-68. doi:10.1038/
nri2998

6. Rothe M, Wong SC, Henzel W], Goeddel DV. A novel family of putative
signal transducers associated with the cytoplasmic domain of the 75 kDa
tumor necrosis factor receptor. Cell (1994) 78:681-92. doi:10.1016/0092-
8674(94)90532-0

7. Arthur JS, Ley SC. Mitogen-activated protein kinases in innate immunity.
Nat Rev Immunol (2013) 13(9):679-92. d0i:10.1038/nri3495

8. Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation.
Signal Transduct Target Ther (2017) 2:17023. doi:10.1038/sigtrans.2017.23

inflammatory diseases and cancer. For example, the IAP antago-
nists, which induce degradation of cIAPs and, thereby, disruption
of the TRAF-cIAP E3 complex, have been tested in animal models
of cancer immunotherapy and obtained promising results.

The recent progresses also raise a number of questions to be
addressed in future studies. For example, the molecular mecha-
nism by which TRAF6 mediates activation of NF-kB and MAPK
pathways is incompletely understood. Although the E3 ligase
activity of TRAF6 is important, controversies exist regarding how
TRAF6 exerts the ubiquitin-dependent mechanism for activating
the NF-xB and MAPK pathways. The signaling mechanism of
TRAF?2 is also elusive. In particular, whether the E3 ligase activ-
ity TRAF2 is required for TNFa-induced NF-kB activation is in
debate. Furthermore, our current knowledge is largely based on
cell line studies, and it will be important to have a mouse model
for studying the role of ubiquitination in TRAF2 function under
physiological conditions. Another important question is about
the negative roles of TRAFs in regulating signaling. It is important
to further define the mechanism by which TRAF2 and TRAF3
function together with cIAPs to mediate ubiquitin-dependent
protein degradation and characterize the target proteins of this
ubiquitin ligase complex. Finally, how TRAF proteins are regu-
lated in different receptor pathways represents another important
area for future research.

AUTHOR CONTRIBUTIONS

Both authors have made significant contributions to this review.

FUNDING

Research is supported by grants from the US National Institutes
of Health (AI057555, AI064639, GM84459, and AI104519) for
S-CS and by grants from the National Natural Science Foundation
of China (No. 31301143) and the Hebei Youth Top-notch Talent
Support Program for J-HS.

9. Yang XD, Sun SC. Targeting signaling factors for degradation, an emerging
mechanism for TRAF functions. Immunol Rev (2015) 266(1):56-71.
doi:10.1111/imr.12311

10. Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell (2008)
132:344-62. doi:10.1016/j.cell.2008.01.020

11. Vallabhapurapu S, Karin M. Regulation and function of NF-kappaB tran-
scription factors in the immune system. Annu Rev Immunol (2009) 27:
693-733. doi:10.1146/annurev.immunol.021908.132641

12. Beinke S, Ley SC. Functions of NF-kappaB1 and NF-kappaB2 in immune
cell biology. Biochem J (2004) 382:393-409. doi:10.1042/BJ20040544

13. Sun SC, Ley SC. New insights into NF-kappaB regulation and function.
Trends Immunol (2008) 29:469-78. doi:10.1016/j.it.2008.07.003

14. Lin L, DeMartino GN, Greene WC. Cotranslational biogenesis of NF-
kappaB p50 by the 26S proteasome. Cell (1998) 92:819-28. doi:10.1016/
$0092-8674(00)81409-9

15. Sriskantharajah S, Belich MP, Papoutsopoulou S, Janzen ], Tybulewicz V,
Seddon B, et al. Proteolysis of NF-kappaBl pl05 is essential for T cell
antigen receptor-induced proliferation. Nat Immunol (2009) 10(1):38-47.
doi:10.1038/ni.1685

16. Yang HT, Papoutsopoulou S, Belich M, Brender C, Janzen J, Gantke T, et al.
Coordinate regulation of TPL-2 and NF-kappaB signaling in macrophages
by NF-kappaBl p105. Mol Cell Biol (2012) 32(17):3438-51. doi:10.1128/
MCB.00564-12

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1849


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/0471142735.im1109ds87
https://doi.org/10.1186/1750-2187-8-7
https://doi.org/10.1146/annurev.biochem.78.101807.093809
https://doi.org/10.1016/S0092-8674(00)00126-4
https://doi.org/10.1038/nri2998
https://doi.org/10.1038/nri2998
https://doi.org/10.1016/0092-
8674(94)90532-0
https://doi.org/10.1016/0092-
8674(94)90532-0
https://doi.org/10.1038/nri3495
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1111/imr.12311
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1146/annurev.immunol.021908.132641
https://doi.org/10.1042/BJ20040544
https://doi.org/10.1016/j.it.2008.07.003
https://doi.org/10.1016/S0092-8674(00)81409-9
https://doi.org/10.1016/S0092-8674(00)81409-9
https://doi.org/10.1038/ni.1685
https://doi.org/10.1128/MCB.00564-12
https://doi.org/10.1128/MCB.00564-12

Shiand Sun

TRAF Signaling

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Xiao G, Harhaj EW, Sun SC. NF-kappaB-inducing kinase regulates the
processing of NF-kappaB2 p100. Mol Cell (2001) 7:401-9. doi:10.1016/
§1097-2765(01)00187-3

Sun SC. The non-canonical NF-kappaB pathway in immunity and inflam-
mation. Nat Rev Immunol (2017) 17(9):545-58. doi:10.1038/nri.2017.52

Liu S, Chen ZJ. Expanding role of ubiquitination in NF-kB signaling. Cell
Res (2011) 21:6-21. doi:10.1038/cr.2010.170

Hu H, Sun SC. Ubiquitin signaling in immune responses. Cell Res (2016)
26(4):457-83. doi:10.1038/cr.2016.40

Sato S, Sanjo H, Takeda K, Ninomiya-Tsuji J, Yamamoto M, Kawai T, et al.
Essential function for the kinase TAK1 in innate and adaptive immune
responses. Nat Immunol (2005) 6:1987-1095. doi:10.1038/ni1255

Yang ], Lin Y, Guo Z, Cheng J, Huang J, Deng L, et al. The essential role
of MEKK3 in TNF-induced NF-kappaB activation. Nat Immunol (2001)
2:620-4. doi:10.1038/89769

Huang Q, Yang J, Lin Y, Walker C, Cheng J, Liu ZG, et al. Differential regu-
lation of interleukin 1 receptor and toll-like receptor signaling by MEKK3.
Nat Immunol (2004) 5(1):98-103. doi:10.1038/ni1014

Blonska M, Shambharkar PB, Kobayashi M, Zhang D, Sakurai H, Su B, et al.
TAK1 is recruited to the tumor necrosis factor-alpha (TNF-alpha) receptor
1 complex in a receptor-interacting protein (RIP)-dependent manner and
cooperates with MEKK3 leading to NF-kappaB activation. ] Biol Chem
(2005) 280(52):43056-63. doi:10.1074/jbc.M507807200

Qin J, Yao J, Cui G, Xiao H, Kim TW, Fraczek J, et al. TLR8-mediated
NF-kappaB and JNK activation are TAKI-independent and MEKK3-
dependent. ] Biol Chem (2006) 281(30):21013-21. doi:10.1074/jbc.
M512908200

Yao J, Kim TW, Qin J, Jiang Z, Qian Y, Xiao H, et al. Interleukin-1 (IL-1)-
induced TAK1-dependent versus MEKK3-dependent NFkappaB activation
pathways bifurcate at IL-1 receptor-associated kinase modification. J Biol
Chem (2007) 282(9):6075-89. doi:10.1074/jbc.M609039200

Yamazaki K, Gohda J, Kanayama A, Miyamoto Y, Sakurai H, Yamamoto M,
et al. Two mechanistically and temporally distinct NF-kappaB activation
pathways in IL-1 signaling. Sci Signal (2009) 2(93):ra66. doi:10.1126/scisignal.
2000387

Sun SC, Chang JH, Jin J. Regulation of nuclear factor-kappaB in auto-
immunity. Trends Immunol (2013) 34(6):282-9. doi:10.1016/}.it.2013.01.004
Senftleben U, Cao Y, Xiao G, Kraehn G, Greten E, Chen Y, et al. Activation
of IKKa of a second, evolutionary conserved, NF-kB signaling pathway.
Science (2001) 293:1495-9. doi:10.1126/science.1062677

Hayden MS, Ghosh S. NF-kappaB, the first quarter-century: remarkable
progress and outstanding questions. Genes Dev (2012) 26(3):203-34.
doi:10.1101/gad.183434.111

Sun SC. The noncanonical NF-kappaB pathway. Immunol Rev (2012) 246(1):
125-40. doi:10.1111/j.1600-065X.2011.01088.x

Liao G, Zhang M, Harhaj EW, Sun SC. Regulation of the NF-kappaB-
inducing kinase by tumor necrosis factor receptor-associated factor
3-induced degradation. J Biol Chem (2004) 279(25):26243-50. doi:10.1074/
jbc.M403286200

Dong C, Davis R], Flavell RA. MAP kinases in the immune response. Annu Rev
Immunol (2002) 20:55-72. doi:10.1146/annurev.immunol.20.091301.131133
Gantke T, Sriskantharajah S, Ley SC. Regulation and function of TPL-2,
an IkappaB kinase-regulated MAP kinase kinase kinase. Cell Res (2011)
21(1):131-45. doi:10.1038/cr.2010.173

Beinke S, Deka ], Lang V, Belich MP, Walker PA, Howell S, et al. NF-kappaB1
p105 negatively regulates TPL-2 MEK kinase activity. Mol Cell Biol (2003)
23(14):4739-52. doi:10.1128/MCB.23.14.4739-4752.2003

Waterfield M, Zhang M, Norman LP, Sun SC. NF-kappaB1/p105 regulates
lipopolysaccharide-stimulated MAP kinase signaling by governing the
stability and function of the Tpl2 kinase. Mol Cell (2003) 11:685-94.
doi:10.1016/S1097-2765(03)00070-4

Beinke S, Robinson MJ, Hugunin M, Ley SC. Lipopolysaccharide activation
of the TPL-2/MEK/extracellular signal-regulated kinase mitogen-activated
protein kinase cascade is regulated by IkappaB kinase-induced proteol-
ysis of NF-kappaB1 p105. Mol Cell Biol (2004) 24:9658-67. doi:10.1128/
MCB.24.21.9658-9667.2004

Waterfield M, Wei ], Reiley W, Zhang MY, Sun S-C. IKKb is an essential
component of the Tpl2 signaling pathway. Mol Cell Biol (2004) 24:6040-8.
doi:10.1128/MCB.24.13.6040-6048.2004

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Babu GR, Jin W, Norman L, Waterfield M, Chang M, Wu X, et al. Phos-
phorylation of NF-kappaB1/p105 by oncoprotein kinase Tpl2: implications
for a novel mechanism of Tpl2 regulation. Biochim Biophys Acta (2006)
1763:174-81. doi:10.1016/j.bbamcr.2005.12.010

Schwandner R, Yamaguchi K, Cao Z. Requirement of tumor necrosis factor
receptor-associated factor (TRAF)6 in interleukin 17 signal transduction.
J Exp Med (2000) 191(7):1233-40. doi:10.1084/jem.191.7.1233

Wu H, Arron JR. TRAF6, a molecular bridge spanning adaptive immunity,
innate immunity and osteoimmunology. Bioessays (2003) 25(11):1096-105.
doi:10.1002/bies.10352

Lee MS, Kim Y]J. Signaling pathways downstream of pattern-recognition
receptors and their cross talk. Annu Rev Biochem (2007) 76:447-80.
doi:10.1146/annurev.biochem.76.060605.122847

Sorrentino A, Thakur N, Grimsby S, Marcusson A, von Bulow V, Schuster N,
et al. The type I TGF-beta receptor engages TRAF6 to activate TAK1 in a
receptor kinase-independent manner. Nat Cell Biol (2008) 10:1199-207.
doi:10.1038/ncb1780

Gu C, Wu L, Li X. IL-17 family: cytokines, receptors and signaling. Cytokine
(2013) 64(2):477-85. d0i:10.1016/j.cyt0.2013.07.022

Ye H, Arron JR, Lamothe B, Cirilli M, Kobayashi T, Shevde NK, et al. Distinct
molecular mechanism for initiating TRAF6 signalling. Nature (2002)
418(6896):443-7. doi:10.1038/nature00888

Liu S, Chen J, Cai X, Wu J, Chen X, Wu YT, et al. MAVS recruits multiple
ubiquitin E3 ligases to activate antiviral signaling cascades. Elife (2013)
2:e00785. doi:10.7554/eLife.00785

Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on toll-like receptors. Nat Immunol (2010) 11:373-84.
doi:10.1038/ni.1863

Kanayama A, Seth RB, Sun L, Ea CK, Hong M, Shaito A, etal. TAB 2 and TAB
3 activate the NF-kappaB pathway through binding to polyubiquitin chains.
Mol Cell (2004) 15:535-48. doi:10.1016/j.molcel.2004.08.008

Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ. Activation of IKK by TNFalpha
requires site-specific ubiquitination of RIP1 and polyubiquitin binding by
NEMO. Mol Cell (2006) 22:245-57. doi:10.1016/j.molcel.2006.03.026

Wu CJ, Conze DB, Li T, Srinivasula SM, Ashwell JD. Sensing of Lys 63-linked
polyubiquitination by NEMO is a key event in NF-kappaB activation.
Nat Cell Biol (2006) 8:398-406. doi:10.1038/ncb1384

Kulathu Y, Akutsu M, Bremm A, Hofmann K, Komander D. Two-sided
ubiquitin binding explains specificity of the TAB 2 NZF domain. Nat Struct
Mol Biol (2009) 16(12):1328-30. doi:10.1038/nsmb.1731

Wagner S, Carpentier I, Rogov V, Kreike M, Ikeda F, Wu C]J, et al. Ubiquitin
binding mediates the NF-kB inhibitory potential of ABINs. Oncogene (2008)
27:3739-45. doi:10.1038/sj.onc.1211042

Lo YC, Lin SC, Rospigliosi CC, Conze DB, Wu CJ, Ashwell JD, et al.
Structural basis for recognition of diubiquitins by NEMO. Mol Cell (2009)
33(5):602-15. doi:10.1016/j.molcel.2009.01.012

Yoshikawa A, Sato Y, Yamashita M, Mimura H, Yamagata A, Fukai S. Crystal
structure of the NEMO ubiquitin-binding domain in complex with Lys
63-linked di-ubiquitin. FEBS Lett (2009) 583(20):3317-22. doi:10.1016/j.
febslet.2009.09.028

Lamothe B, Besse A, Campos AD, Webster WK, Wu H, Darnay BG. Site-
specific Lys-63-linked tumor necrosis factor receptor-associated factor 6
auto-ubiquitination is a critical determinant of I kappa B kinase activation.
J Biol Chem (2007) 282:4102-12. doi:10.1074/jbc.M609503200

Walsh MC, Kim GK, Maurizio PL, Molnar EE, Choi Y. TRAF6
autoubiquitination-independent activation of the NFkappaB and MAPK
pathways in response to IL-1 and RANKL. PLoS One (2008) 3:e4064.
doi:10.1371/journal.pone.0004064

Xia ZP, Sun L, Chen X, Pineda G, Jiang X, Adhikari A, et al. Direct activation
of protein kinases by unanchored polyubiquitin chains. Nature (2009)
461(7260):114-9. doi:10.1038/nature08247

Strickson S, Emmerich CH, Goh ETH, Zhang J, Kelsall IR, Macartney T, et al.
Roles of the TRAF6 and pellino E3 ligases in MyD88 and RANKL signaling.
Proc Natl Acad Sci U S A (2017) 114(17):E3481-9. doi:10.1073/pnas. 1702367114
Jensen LE, Whitehead AS. Ubiquitin activated tumor necrosis factor recep-
tor associated factor-6 (TRAF6) is recycled via deubiquitination. FEBS
Lett (2003) 553(1-2):190-4. doi:10.1016/S0014-5793(03)00998-0

Sun SC. Deubiquitylation and regulation of the immune response. Nat Rev
Immunol (2008) 8:501-11. doi:10.1038/nri2337

Frontiers in Immunology | www.frontiersin.org

10

August 2018 | Volume 9 | Article 1849


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S1097-2765(01)00187-3
https://doi.org/10.1016/S1097-2765(01)00187-3
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1038/cr.2010.170
https://doi.org/10.1038/cr.2016.40
https://doi.org/10.1038/ni1255
https://doi.org/10.1038/89769
https://doi.org/10.1038/ni1014
https://doi.org/10.1074/jbc.M507807200
https://doi.org/10.1074/jbc.M512908200
https://doi.org/10.1074/jbc.M512908200
https://doi.org/10.1074/jbc.M609039200
https://doi.org/10.1126/scisignal.
2000387
https://doi.org/10.1126/scisignal.
2000387
https://doi.org/10.1016/j.it.2013.01.004
https://doi.org/10.1126/science.1062677
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.1111/j.1600-065X.2011.01088.x
https://doi.org/10.1074/jbc.M403286200
https://doi.org/10.1074/jbc.M403286200
https://doi.org/10.1146/annurev.immunol.20.091301.131133
https://doi.org/10.1038/cr.2010.173
https://doi.org/10.1128/MCB.23.14.4739-4752.2003
https://doi.org/10.1016/S1097-2765(03)00070-4
https://doi.org/10.1128/MCB.24.21.9658-9667.2004
https://doi.org/10.1128/MCB.24.21.9658-9667.2004
https://doi.org/10.1128/MCB.24.13.6040-6048.2004
https://doi.org/10.1016/j.bbamcr.2005.12.010
https://doi.org/10.1084/jem.191.7.1233
https://doi.org/10.1002/bies.10352
https://doi.org/10.1146/annurev.biochem.76.060605.122847
https://doi.org/10.1038/ncb1780
https://doi.org/10.1016/j.cyto.2013.07.022
https://doi.org/10.1038/nature00888
https://doi.org/10.7554/eLife.00785
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.molcel.2004.08.008
https://doi.org/10.1016/j.molcel.2006.03.026
https://doi.org/10.1038/ncb1384
https://doi.org/10.1038/nsmb.1731
https://doi.org/10.1038/sj.onc.1211042
https://doi.org/10.1016/j.molcel.2009.01.012
https://doi.org/10.1016/j.febslet.2009.09.028
https://doi.org/10.1016/j.febslet.2009.09.028
https://doi.org/10.1074/jbc.M609503200
https://doi.org/10.1371/journal.pone.0004064
https://doi.org/10.1038/nature08247
https://doi.org/10.1073/pnas.1702367114
https://doi.org/10.1016/S0014-5793(03)00998-0
https://doi.org/10.1038/nri2337

Shiand Sun

TRAF Signaling

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Yasunaga J, Lin FC, Lu X, Jeang KT. Ubiquitin-specific peptidase 20
targets TRAF6 and human T cell leukemia virus type 1 tax to negatively
regulate NF-kappaB signaling. J Virol (2011) 85(13):6212-9. doi:10.1128/
JVI1.00079-11

Xiao N, Li H, Luo ], Wang R, Chen H, Chen J, et al. Ubiquitin-specific pro-
tease 4 (USP4) targets TRAF2 and TRAF6 for deubiquitination and inhibits
TNFalpha-induced cancer cell migration. Biochem ] (2012) 441(3):979-86.
doi:10.1042/BJ20111358

He X, Li Y, Li C, Liu L], Zhang XD, Liu Y, et al. USP2a negatively regulates
IL-1beta- and virus-induced NF-kappaB activation by deubiquitinating
TRAF6. ] Mol Cell Biol (2013) 5(1):39-47. doi:10.1093/jmcb/mjs024

Luong le A, Fragiadaki M, Smith J, Boyle J, Lutz ], Dean JL, et al. Cezanne
regulates inflammatory responses to hypoxia in endothelial cells by targeting
TRAF6 for deubiquitination. Circ Res (2013) 112(12):1583-91. doi:10.1161/
CIRCRESAHA.111.300119

Panda S, Nilsson JA, Gekara NO. Deubiquitinase MYSM1 regulates innate
immunity through inactivation of TRAF3 and TRAF6 complexes. Immunity
(2015) 43(4):647-59. doi:10.1016/j.immuni.2015.09.010

Zhou F, Zhang X, van Dam H, Ten Dijke P, Huang H, Zhang L. Ubiquitin-
specific protease 4 mitigates toll-like/interleukin-1 receptor signaling and
regulates innate immune activation. J Biol Chem (2012) 287(14):11002-10.
doi:10.1074/jbc.M111.328187

Schimmack G, Schorpp K, Kutzner K, Gehring T, Brenke JK, Hadian K,
et al. YOD1/TRAF6 association balances p62-dependent IL-1 signaling to
NEF-kappaB. Elife (2017) 6:€22416. doi:10.7554/eLife.22416

Schneider M, Zimmermann AG, Roberts RA, Zhang L, Swanson KV, Wen H,
et al. The innate immune sensor NLRC3 attenuates toll-like receptor signal-
ing via modification of the signaling adaptor TRAF6 and transcription factor
NE-kappaB. Nat Immunol (2012) 13(9):823-31. d0i:10.1038/ni.2378

Zhang X, Zhang ], Zhang L, van Dam H, ten Dijke P. UBE20 negatively
regulates TRAF6-mediated NF-kappaB activation by inhibiting TRAF6
polyubiquitination. Cell Res (2013) 23(3):366-77. d0i:10.1038/cr.2013.21
Jiao S, Zhang Z, Li C, Huang M, Shi Z, Wang Y, et al. The kinase MST4 limits
inflammatory responses through direct phosphorylation of the adaptor
TRAF6. Nat Immunol (2015) 16(3):246-57. doi:10.1038/ni.3097

Yao K, Lee SY, Peng C, Lim DY, Yamamoto H, Ryu J, et al. RSK2 is required
for TRAF6 phosphorylation-mediated colon inflammation. Oncogene
(2018) 37(26):3501-13. d0i:10.1038/s41388-018-0167-6

Yeh WC, Shahinian A, Speiser D, Kraunus J, Billia F, Wakeham A, et al.
Early lethality, functional NF-kappaB activation, and increased sensitivity to
TNF-induced cell death in TRAF2-deficient mice. Immunity (1997) 7:
715-25. doi:10.1016/S1074-7613(00)80391-X

Tada K, Okazaki T, Sakon S, Kobarai T, Kurosawa K, Yamaoka S, et al. Critical
roles of TRAF2 and TRAFS5 in tumor necrosis factor-induced NF-kappa
B activation and protection from cell death. J Biol Chem (2001) 276(39):
36530-4. doi:10.1074/jbc.M104837200

Hsu H, Shu HB, Pan MG, Goeddel DV. TRADD-TRAF2 and TRADD-
FADD interactions define two distinct TNF receptor 1 signal transduction
pathways. Cell (1996) 84:299-308. doi:10.1016/S0092-8674(00)80984-8

Shu HB, Takeuchi M, Goeddel DV. The tumor necrosis factor receptor
2 signal transducers TRAF2 and c-IAP1 are components of the tumor
necrosis factor receptor 1 signaling complex. Proc Natl Acad Sci U S A (1996)
93(24):13973-8. doi:10.1073/pnas.93.24.13973

Hsu H, Xiong ], Goeddel DV. The TNF receptor l-associated protein
TRADD signals cell death and NF-kappa B activation. Cell (1995) 81(4):
495-504. doi:10.1016/0092-8674(95)90070-5

Micheau O, Tschopp J. Induction of TNF receptor [-mediated apoptosis
via two sequential signaling complexes. Cell (2003) 114(2):181-90.
doi:10.1016/S0092-8674(03)00521-X

Bertrand MJ, Milutinovic S, Dickson KM, Ho WC, Boudreault A, Durkin J,
et al. cIAP1 and cIAP2 facilitate cancer cell survival by functioning as E3
ligases that promote RIP1 ubiquitination. Mol Cell (2008) 30:689-700.
doi:10.1016/j.molcel.2008.05.014

Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, Enwere E, et al.
Both cIAPI and cIAP2 regulate TNFalpha-mediated NF-kappaB activation.
Proc Natl Acad Sci U S A (2008) 105:11778-83. doi:10.1073/pnas.0711122105
Xu M, Skaug B, Zeng W, Chen ZJ. A ubiquitin replacement strategy in
human cells reveals distinct mechanisms of IKK activation by TNFalpha and
IL-1beta. Mol Cell (2009) 36(2):302-14. doi:10.1016/j.molcel.2009.10.002

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Shan B, Pan H, Najafov A, Yuan J. Necroptosis in development and diseases.
Genes Dev (2018) 32(5-6):327-40. doi:10.1101/gad.312561.118

Shi CS, Kehrl JH. TNF-induced GCKR and SAPK activation depends
upon the E2/E3 complex Ubcl3-UevlA/TRAF2. ] Biol Chem (2003) 278:
15429-34. doi:10.1074/jbc.M211796200

Yin Q, Lamothe B, Darnay BG, Wu H. Structural basis for the lack of E2
interaction in the RING domain of TRAF2. Biochemistry (2009) 48(44):
10558-67. doi:10.1021/bi901462e

Alvarez SE, Harikumar KB, Hait NC, Allegood J, Strub GM, Kim EY, et al.
Sphingosine-1-phosphate is a missing cofactor for the E3 ubiquitin ligase
TRAF2. Nature (2010) 465(7301):1084-8. d0i:10.1038/nature09128

Xia P, Wang L, Moretti PA, Albanese N, Chai E, Pitson SM, et al. Sphingosine
kinase interacts with TRAF2 and dissects tumor necrosis factor-alpha sig-
naling. J Biol Chem (2002) 277(10):7996-8003. doi:10.1074/jbc.M 111423200
Lee TH, Shank J, Cusson N, Kelliher MA. The kinase activity of Rip1 is not
required for tumor necrosis factor-alpha-induced IkappaB kinase or p38
MAP kinase activation or for the ubiquitination of Ripl by Traf2. J Biol
Chem (2004) 279(32):33185-91. doi:10.1074/jbc.M404206200

Vince JE, Pantaki D, Feltham R, Mace PD, Cordier SM, Schmukle AC, et al.
TRAF2 must bind to cellular inhibitors of apoptosis for tumor necrosis factor
(TNF) to efficiently activate NF-{kappa}B and to prevent TNF-induced
apoptosis. ] Biol Chem (2009) 284(51):35906-15. doi:10.1074/jbc.M109.
072256

Varfolomeev E, Goncharov T, Fedorova AV, Dynek JN, Zobel K, Deshayes K,
et al. c-IAP1 and c-IAP2 are critical mediators of tumor necrosis factor
alpha (TNFalpha)-induced NF-kappaB activation. ] Biol Chem (2008) 283:
24295-9. doi:10.1074/jbc.C800128200

Sasaki K, Iwai K. Roles of linear ubiquitinylation, a crucial regulator of
NF-kappaB and cell death, in the immune system. Immunol Rev (2015)
266(1):175-89. d0i:10.1111/imr.12308

Hrdinka M, Gyrd-Hansen M. The Met1-linked ubiquitin machinery: emerg-
ing themes of (De)regulation. Mol Cell (2017) 68(2):265-80. doi:10.1016/
j.molcel.2017.09.001

Haas TL, Emmerich CH, Gerlach B, Schmukle AC, Cordier SM, Rieser E,
et al. Recruitment of the linear ubiquitin chain assembly complex stabilizes
the TNF-R1 signaling complex and is required for TNF-mediated gene
induction. Mol Cell (2009) 36(5):831-44. doi:10.1016/j.molcel.2009.10.013
Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, et al. Involve-
ment of linear polyubiquitylation of NEMO in NF-kappaB activation. Nat
Cell Biol (2009) 11:123-32. d0i:10.1038/ncb1821

Rahighi S, Tkeda F, Kawasaki M, Akutsu M, Suzuki N, Kato R, et al. Specific
recognition of linear ubiquitin chains by NEMO is important for NF-kappaB
activation. Cell (2009) 136(6):1098-109. doi:10.1016/j.cell.2009.03.007
Kensche T, Tokunaga F, Ikeda F, Goto E, Iwai K, Dikic I. Analysis of nuclear
factor-kappaB (NF-kappaB) essential modulator (NEMO) binding to linear
and lysine-linked ubiquitin chains and its role in the activation of NF-kappaB.
J Biol Chem (2012) 287(28):23626-34. doi:10.1074/jbc.M112.347195
Hauenstein AV, Xu G, Kabaleeswaran V, Wu H. Evidence for M1-linked
polyubiquitin-mediated conformational change in NEMO. ] Mol Biol
(2017) 429(24):3793-800. doi:10.1016/j.jmb.2017.10.026

Fujita H, Rahighi S, Akita M, Kato R, Sasaki Y, Wakatsuki S, et al. Mechanism
underlying IkappaB kinase activation mediated by the linear ubiquitin
chain assembly complex. Mol Cell Biol (2014) 34(7):1322-35. doi:10.1128/
MCB.01538-13

Zhang J, Clark K, Lawrence T, Peggie MW, Cohen P. An unexpected twist
to the activation of IKKbeta: TAK1 primes IKKbeta for activation by auto-
phosphorylation. Biochem J (2014) 461(3):531-7. doi:10.1042/BJ20140444
Fiil BK, Damgaard RB, Wagner SA, Keusekotten K, Fritsch M, Bekker-
Jensen S, et al. OTULIN restricts Metl-linked ubiquitination to control
innate immune signaling. Mol Cell (2013) 50(6):818-30. doi:10.1016/j.
molcel.2013.06.004

Keusekotten K, Elliott PR, Glockner L, Fiil BK, Damgaard RB, Kulathu Y,
et al. OTULIN antagonizes LUBAC signaling by specifically hydrolyzing
Metl-linked polyubiquitin. Cell (2013) 153(6):1312-26. doi:10.1016/j.cell.
2013.05.014

Takiuchi T, Nakagawa T, Tamiya H, Fujita H, Sasaki Y, Saeki Y, et al. Sup-
pression of LUBAC-mediated linear ubiquitination by a specific interaction
between LUBAC and the deubiquitinases CYLD and OTULIN. Genes Cells
(2014) 19(3):254-72. doi:10.1111/gtc.12128

Frontiers in Immunology | www.frontiersin.org

11

August 2018 | Volume 9 | Article 1849


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/JVI.00079-11
https://doi.org/10.1128/JVI.00079-11
https://doi.org/10.1042/BJ20111358
https://doi.org/10.1093/jmcb/mjs024
https://doi.org/10.1161/CIRCRESAHA.111.300119
https://doi.org/10.1161/CIRCRESAHA.111.300119
https://doi.org/10.1016/j.immuni.2015.09.010
https://doi.org/10.1074/jbc.M111.328187
https://doi.org/10.7554/eLife.22416
https://doi.org/10.1038/ni.2378
https://doi.org/10.1038/cr.2013.21
https://doi.org/10.1038/ni.3097
https://doi.org/10.1038/s41388-018-0167-6
https://doi.org/10.1016/S1074-7613(00)80391-X
https://doi.org/10.1074/jbc.M104837200
https://doi.org/10.1016/S0092-8674(00)80984-8
https://doi.org/10.1073/pnas.93.24.13973
https://doi.org/10.1016/0092-8674(95)90070-5
https://doi.org/10.1016/S0092-8674(03)00521-X
https://doi.org/10.1016/j.molcel.2008.05.014
https://doi.org/10.1073/pnas.0711122105
https://doi.org/10.1016/j.molcel.2009.10.002
https://doi.org/10.1101/gad.312561.118
https://doi.org/10.1074/jbc.M211796200
https://doi.org/10.1021/bi901462e
https://doi.org/10.1038/nature09128
https://doi.org/10.1074/jbc.M111423200
https://doi.org/10.1074/jbc.M404206200
https://doi.org/10.1074/jbc.M109.
072256
https://doi.org/10.1074/jbc.M109.
072256
https://doi.org/10.1074/jbc.C800128200
https://doi.org/10.1111/imr.12308
https://doi.org/10.1016/
j.molcel.2017.09.001
https://doi.org/10.1016/
j.molcel.2017.09.001
https://doi.org/10.1016/j.molcel.2009.10.013
https://doi.org/10.1038/ncb1821
https://doi.org/10.1016/j.cell.2009.03.007
https://doi.org/10.1074/jbc.M112.347195
https://doi.org/10.1016/j.jmb.2017.10.026
https://doi.org/10.1128/MCB.01538-13
https://doi.org/10.1128/MCB.01538-13
https://doi.org/10.1042/BJ20140444
https://doi.org/10.1016/j.molcel.2013.06.004
https://doi.org/10.1016/j.molcel.2013.06.004
https://doi.org/10.1016/j.cell.
2013.05.014
https://doi.org/10.1016/j.cell.
2013.05.014
https://doi.org/10.1111/gtc.12128

Shiand Sun

TRAF Signaling

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Tokunaga F Nishimasu H, Ishitani R, Goto E, Noguchi T, Mio K, et al.
Specific recognition of linear polyubiquitin by A20 zinc finger 7 is involved
in NF-kappaB regulation. EMBO ] (2012) 31(19):3856-70. doi:10.1038/
emboj.2012.241

Verhelst K, Carpentier I, Kreike M, Meloni L, Verstrepen L, Kensche T, et al.
A20 inhibits LUBAC-mediated NF-kappaB activation by binding linear
polyubiquitin chains via its zinc finger 7. EMBO ] (2012) 31(19):3845-55.
doi:10.1038/emboj.2012.240

Rothe M, Pan M-G, Henzel W], Ayres TM, Goeddel DV. The TNFR2-
TRAF signaling complex contains two novel proteins related to baculoviral
inhibitor of apoptosis proteins. Cell (1995) 83:1243-52. doi:10.1016/0092-
8674(95)90149-3

Rothe M, Sarma V, Dixit VM, Goeddel DV. TRAF2-mediated activation
of NF-kB by TNF receptor 2 and CD40. Science (1995) 269:1424-7.
doi:10.1126/science.7544915

Boucher LM, Marengere LE, Lu Y, Thukral S, Mak TW. Binding sites of
cytoplasmic effectors TRAFI, 2, and 3 on CD30 and other members of the
TNF receptor superfamily. Biochem Biophys Res Commun (1997) 233(3):
592-600. doi:10.1006/bbrc.1997.6509

Park YC, Burkitt V, Villa AR, Tong L, Wu H. Structural basis for self-
association and receptor recognition of human TRAF2. Nature (1999)
398(6727):533-8. doi:10.1038/19110

Aggarwal BB. Signalling pathways of the TNF superfamily: a double-edged
sword. Nat Rev Immunol (2003) 3(9):745-56. doi:10.1038/nril184

Kim YS, Nedospasov SA, Liu ZG. TRAF2 plays a key, nonredundant role
in LIGHT-lymphotoxin beta receptor signaling. Mol Biol Cell (2005) 25:
2130-7. doi:10.1128/MCB.25.6.2130-2137.2005

Watts TH. Tnf/Tnfr family members in costimulation of T cell responses.
Annu Rev Immunol (2005) 23:23-68. doi:10.1146/annurev.immunol.23.
021704.115839

McPherson AJ, Snell LM, Mak TW, Watts TH. Opposing roles for TRAF1
in the alternative versus classical NF-kappaB pathway in T cells. ] Biol Chem
(2012) 287(27):23010-9. doi:10.1074/jbc.M112.350538

Ward-Kavanagh LK, Lin WW, Sedy JR, Ware CE. The TNF receptor super-
family in co-stimulating and co-inhibitory responses. Immunity (2016)
44(5):1005-19. doi:10.1016/j.immuni.2016.04.019

He JQ, Zarnegar B, Oganesyan G, Saha SK, Yamazaki S, Doyle SE, et al.
Rescue of TRAF3-null mice by pl00 NF-kappa B deficiency. ] Exp Med
(2006) 203:2413-8. d0i:10.1084/jem.20061166

Xie P, Stunz LL, Larison KD, Yang B, Bishop GA. Tumor necrosis factor
receptor-associated factor 3 is a critical regulator of B cell homeostasis in
secondary lymphoid organs. Immunity (2007) 27:253-67. doi:10.1016/j.
immuni.2007.07.012

Gardam S, Sierro E, Basten A, Mackay F, Brink R. TRAF2 and TRAF3 signal
adapters act cooperatively to control the maturation and survival signals
delivered to B cells by the BAFF receptor. Immunity (2008) 28:391-401.
doi:10.1016/j.immuni.2008.01.009

Sasaki Y, Calado DP, Derudder E, Zhang B, Shimizu Y, Mackay F, et al. NIK
overexpression amplifies, whereas ablation of its TRAF3-binding domain
replaces BAFF:BAFF-R-mediated survival signals in B cells. Proc Natl Acad
Sci US A (2008) 105:10883-8. doi:10.1073/pnas.0805186105

Malinin NL, Boldin MP, Kovalenko AV, Wallach D. MAP3K-related kinase
involved in NF-kB induction by TNE CD95 and IL-1. Nature (1997)
385:540-4.

Grech AP, Amesbury M, Chan T, Gardam S, Basten A, Brink R. TRAF2 dif-
ferentially regulates the canonical and noncanonical pathways of NF-kappaB
activation in mature B cells. Immunity (2004) 21:629-42. doi:10.1016/j.
immuni.2004.09.011

Varfolomeev E, Blankenship JW, Wayson SM, Fedorova AV, Kayagaki N,
Garg P, et al. IAP antagonists induce autoubiquitination of c-IAPs, NF-
kappaB activation, and TNFalpha-dependent apoptosis. Cell (2007) 131:
669-81. doi:10.1016/j.cell.2007.10.030

Vince JE, Wong WW, Khan N, Feltham R, Chau D, Ahmed AU, et al. IAP
antagonists target cIAP1 to induce TNFalpha-dependent apoptosis. Cell
(2007) 131:682-93. doi:10.1016/j.cell.2007.10.037

Vallabhapurapu S, Matsuzawa A, Zhang W, Tseng PH, Keats JJ, Wang H,
et al. Nonredundant and complementary functions of TRAF2 and TRAF3
in a ubiquitination cascade that activates NIK-dependent alternative NF-
kappaB signaling. Nat Immunol (2008) 9:1364-70. doi:10.1038/ni.1678

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Zarnegar BJ, Wang Y, Mahoney DJ, Dempsey PW, Cheung HH, He J, et al.
Noncanonical NF-kappaB activation requires coordinated assembly of a
regulatory complex of the adaptors cIAP1, cIAP2, TRAF2 and TRAF3 and
the kinase NIK. Nat Immunol (2008) 9:1371-8. doi:10.1038/ni.1676
Dougan M, Dougan §, Slisz J, Firestone B, Vanneman M, Draganov D, et al.
IAP inhibitors enhance co-stimulation to promote tumor immunity. ] Exp
Med (2010) 207(10):2195-206. doi:10.1084/jem.20101123

Chesi M, Mirza NN, Garbitt VM, Sharik ME, Dueck AC, Asmann YW, et al.
IAP antagonists induce anti-tumor immunity in multiple myeloma. Nat
Med (2016) 22(12):1411-20. d0i:10.1038/nm.4229

Beug ST, Beauregard CE, Healy C, Sanda T, St-Jean M, Chabot J, et al. Smac
mimetics synergize with immune checkpoint inhibitors to promote tumour
immunity against glioblastoma. Nat Commun (2017) 8:14278. doi:10.1038/
ncomms14278

Dougan SK, Dougan M. Regulation of innate and adaptive antitumor immu-
nity by IAP antagonists. Immunotherapy (2018) 10:787-96. doi:10.2217/
imt-2017-0185

Jin J, Xiao Y, Hu H, Zou Q, Li Y, Gao Y, et al. Proinflammatory TLR
signalling is regulated by a TRAF2-dependent proteolysis mechanism in
macrophages. Nat Commun (2015) 6:5930. doi:10.1038/ncomms6930
Zheng C, Kabaleeswaran V, Wang Y, Cheng G, Wu H. Crystal structures
of the TRAF2: cIAP2 and the TRAF1: TRAF2: cIAP2 complexes: affinity,
specificity, and regulation. Mol Cell (2010) 38:101-13. doi:10.1016/j.molcel.
2010.03.009

Choudhary S, Kalita M, Fang L, Patel KV, Tian B, Zhao Y, et al. Inducible
tumor necrosis factor (TNF) receptor-associated factor-1 expression couples
the canonical to the non-canonical NF-kappaB pathway in TNF stimulation.
J Biol Chem (2013) 288(20):14612-23. doi:10.1074/jbc.M113.464081
Hiacker H, Redecke V, Blagoev B, Kratchmarova I, Hsu LC, Wang GG,
et al. Specificity in toll-like receptor signalling through distinct effector
functions of TRAF3 and TRAF6. Nature (2006) 439:204-7. doi:10.1038/
nature04369

Oganesyan G, Saha SK, Guo B, He JQ, Shahangian A, Zarnegar B, et al.
Critical role of TRAF3 in the toll-like receptor-dependent and -independent
antiviral response. Nature (2006) 439:208-11. doi:10.1038/nature04374
Lalani AL Moore CR, Luo C, Kreider BZ, Liu Y, Morse HC III, et al. Myeloid
cell TRAF3 regulates immune responses and inhibits inflammation and
tumor development in mice. ] Immunol (2015) 194(1):334-48. doi:10.4049/
jimmunol.1401548

Piao JH, Hasegawa M, Heissig B, Hattori K, Takeda K, Iwakura Y, et al. Tumor
necrosis factor receptor-associated factor (TRAF) 2 controls homeostasis of
the colon to prevent spontaneous development of murine inflammatory
bowel disease. ] Biol Chem (2011) 286(20):17879-11788. doi:10.1074/jbc.
M111.221853

Qiao YQ, Shen ], Gu Y, Tong JL, Xu XT, Huang ML, et al. Gene expression
of tumor necrosis factor receptor associated-factor (TRAF)-1 and TRAF-2
in inflammatory bowel disease. J Dig Dis (2013) 14(5):244-50. doi:10.1111/
1751-2980.12044

Shen J, Qiao Y, Ran Z, Wang T, Xu ], Feng J. Intestinal protein expression
profile identifies inflammatory bowel disease and predicts relapse. Int ] Clin
Exp Pathol (2013) 6(5):917-25.

Shen J, Qiao YQ, Ran ZH, Wang TR. Up-regulation and pre-activation of
TRAF3 and TRAF5 in inflammatory bowel disease. Int ] Med Sci (2013)
10(2):156-63. doi:10.7150/ijms.5457

Tseng PH, Matsuzawa A, Zhang W, Mino T, Vignali DA, Karin M. Different
modes of ubiquitination of the adaptor TRAF3 selectively activate the expres-
sion of type I interferons and proinflammatory cytokines. Nat Immunol
(2010) 11(1):70-5. doi:10.1038/ni.1819

Xiao Y, Jin J, Chang M, Chang JH, Hu H, Zhou X, et al. Pelil promotes
microglia-mediated CNS inflammation by regulating TRAF3 degradation.
Nat Med (2013) 19(5):595-602. doi:10.1038/nm.3111

Zhu S, Pan W, Shi P, Gao H, Zhao E Song X, et al. Modulation of experimental
autoimmune encephalomyelitis through TRAF3-mediated suppression
of interleukin 17 receptor signaling. J Exp Med (2010) 207(12):2647-62.
doi:10.1084/jem.20100703

Ma C, Lin W, Liu Z, Tang W, Gautam R, Li H, et al. NDR1 protein kinase
promotes IL-17- and TNF-alpha-mediated inflammation by competi-
tively binding TRAF3. EMBO Rep (2017) 18(4):586-602. doi:10.15252/
embr.201642140

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1849


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/emboj.2012.241
https://doi.org/10.1038/emboj.2012.241
https://doi.org/10.1038/emboj.2012.240
https://doi.org/10.1016/0092-
8674(95)90149-3
https://doi.org/10.1016/0092-
8674(95)90149-3
https://doi.org/10.1126/science.7544915
https://doi.org/10.1006/bbrc.1997.6509
https://doi.org/10.1038/19110
https://doi.org/10.1038/nri1184
https://doi.org/10.1128/MCB.25.6.2130-2137.2005
https://doi.org/10.1146/annurev.immunol.23.
021704.115839
https://doi.org/10.1146/annurev.immunol.23.
021704.115839
https://doi.org/10.1074/jbc.M112.350538
https://doi.org/10.1016/j.immuni.2016.04.019
https://doi.org/10.1084/jem.20061166
https://doi.org/10.1016/j.immuni.2007.07.012
https://doi.org/10.1016/j.immuni.2007.07.012
https://doi.org/10.1016/j.immuni.2008.01.009
https://doi.org/10.1073/pnas.0805186105
https://doi.org/10.1016/j.immuni.2004.09.011
https://doi.org/10.1016/j.immuni.2004.09.011
https://doi.org/10.1016/j.cell.2007.10.030
https://doi.org/10.1016/j.cell.2007.10.037
https://doi.org/10.1038/ni.1678
https://doi.org/10.1038/ni.1676
https://doi.org/10.1084/jem.20101123
https://doi.org/10.1038/nm.4229
https://doi.org/10.1038/ncomms14278
https://doi.org/10.1038/ncomms14278
https://doi.org/10.2217/imt-2017-0185
https://doi.org/10.2217/imt-2017-0185
https://doi.org/10.1038/ncomms6930
https://doi.org/10.1016/j.molcel.
2010.03.009
https://doi.org/10.1016/j.molcel.
2010.03.009
https://doi.org/10.1074/jbc.M113.464081
https://doi.org/10.1038/
nature04369
https://doi.org/10.1038/
nature04369
https://doi.org/10.1038/nature04374
https://doi.org/10.4049/jimmunol.1401548
https://doi.org/10.4049/jimmunol.1401548
https://doi.org/10.1074/jbc.M111.221853
https://doi.org/10.1074/jbc.M111.221853
https://doi.org/10.1111/
1751-2980.12044
https://doi.org/10.1111/
1751-2980.12044
https://doi.org/10.7150/ijms.5457
https://doi.org/10.1038/ni.1819
https://doi.org/10.1038/nm.3111
https://doi.org/10.1084/jem.20100703
https://doi.org/10.15252/embr.201642140
https://doi.org/10.15252/embr.201642140

Shiand Sun

TRAF Signaling

140.

141.

142.

143.

144.

Sanjabi S, Hoffmann A, Liou HC, Baltimore D, Smale ST. Selective require-
ment for c-Rel during IL-12 P40 gene induction in macrophages. Proc Natl
Acad Sci U S A (2000) 97(23):12705-10. doi:10.1073/pnas.230436397
Grumont R, Hochrein H, O’Keeffe M, Gugasyan R, White C, Caminschi I,
et al. c-Rel regulates interleukin 12 p70 expression in CD8(+) dendritic
cells by specifically inducing p35 gene transcription. J Exp Med (2001)
194(8):1021-32. d0i:10.1084/jem.194.8.1021

Sanjabi S, Williams K]J, Saccani S, Zhou L, Hoffmann A, Ghosh G, et al.
A c-Rel subdomain responsible for enhanced DNA-binding affinity and
selective gene activation. Genes Dev (2005) 19(18):2138-51. doi:10.1101/
gad.1329805

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et al.
Integral role of IRF-5 in the gene induction programme activated by toll-
like receptors. Nature (2005) 434(7030):243-9. doi:10.1038/nature03308
Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal N, et al.
IRF5 promotes inflammatory macrophage polarization and TH1-TH17 res-
ponses. Nat Immunol (2011) 12(3):231-8. doi:10.1038/ni.1990

145. Eames HL, Corbin AL, Udalova IA. Interferon regulatory factor 5 in human
autoimmunity and murine models of autoimmune disease. Transl Res (2016)
167(1):167-82. doi:10.1016/j.trs1.2015.06.018

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewers HH and WZ and the handling Editor declared their shared
affiliation.

Copyright © 2018 Shi and Sun. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

13

August 2018 | Volume 9 | Article 1849


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.230436397
https://doi.org/10.1084/jem.194.8.1021
https://doi.org/10.1101/gad.1329805
https://doi.org/10.1101/gad.1329805
https://doi.org/10.1038/nature03308
https://doi.org/10.1038/ni.1990
https://doi.org/10.1016/j.trsl.2015.06.018
https://creativecommons.org/licenses/by/4.0/

	Tumor Necrosis Factor 
Receptor-Associated Factor Regulation of Nuclear Factor κB 
and Mitogen-Activated Protein Kinase Pathways
	Introduction
	NF-κB and MAPK Pathways
	NF-κB Pathways
	MAPK Pathways

	TRAF6 as a Mediator of NF-κB and MAPK Activation
	IKK/MAPK Activation
	TRAF6 Regulation

	TRAF2 in TNFR Signaling
	TRAF Control of Noncanonical NF-κB Pathway
	Anti-Inflammatory Function of TRAF2 and TRAF3
	Anti-Inflammatory Function
	Signaling Mechanism

	Concluding Remarks
	Author Contributions
	Funding
	References


