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The IkB kinases (IKKs) IKK-a and IKK-B, and the
IKK-related kinases TBK1 and IKK-¢, have essential roles
in innate immunity through signal-induced activation of
NF-kB, IRF3 and IRF7, respectively. Although the sig-
naling events within these pathways have been exten-
sively studied, the mechanisms of IKK and IKK-related
complex assembly and activation remain poorly defined.
Recent data provide insight into the requirement for
scaffold proteins in complex assembly; NF-«xB essential
modulator coordinates some IKK complexes, whereas
TANK, NF-kB-activating kinase-associated protein 1
(NAP1) or similar to NAP1 TBK1 adaptor (SINTBAD)
assemble TBK1 and IKK-c complexes. The different scaf-
fold proteins undergo similar post-translational modifi-
cations, including phosphorylation and non-degradative
polyubiquitylation. Moreover, increasing evidence
indicates that distinct scaffold proteins assemble IKK,
and potentially TBK1 and IKK-¢ subcomplexes, in a
stimulus-specific manner, which might be a mechanism
to achieve specificity.

Glossary

Caspase-recruitment domain (CARD): the CARD is found in some initiator
caspases, but also in some adaptor proteins, and mediates protein—protein
interactions.

Classical and alternative NF-kB-activating pathways: the classical pathway is
triggered by various stimuli, including proinflammatory cytokines and TLR
ligands, and leads to the activation of the IKK complex that includes IKK-a and
IKK-B and also the scaffold protein NEMO. This complex targets the inhibitory
IkBa protein for phosphorylation, which is followed by its degradation through
the proteasome pathway. NF-kB heterodimers (typically composed of p50 and
p65) subsequently move into the nucleus to drive the expression of
proinflammatory molecules and chemokines. The alternative pathway is
triggered by stimuli such as lymphotoxin-B and requires the kinase NIK in
addition to an IKK-a homodimer. NEMO is dispensable for this pathway to be
activated. The targeted inhibitory molecule is p100 instead of IkBa, and the NF-
kB heterodimers are typically composed of p52 and RelB. The target genes of
this pathway are required for adaptive immunity.

Conventional myeloid and plasmacytoid dendritic cells: dendritic cells (DCs)
take up antigens, are activated and migrate to lymphoid tissues in order to
present the antigenic peptides on the MHC molecules. They can be broadly
divided into plasmacytoid DCs (pDCs) and conventional myeloid DCs, based on
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the expression of a variety of cell surface markers and their responses to
pathogen molecules. pDCs are defined as a subset of cells, the appearance
under the microscope of which is similar to that of plasmablasts. These cells
are the main producers of type | IFNs in response to viral infections.

CpG DNAs: CpG DNAs are DNA oligodeoxynucleotide sequences that include a
cytosine-guanosine sequence and some flanking nucleotides. The CpG DNAs
induce innate immunity through binding to the TLR9 receptor.

Cytosolic NF-«B and IRF activating pathways: these pathways include the RIG-|
family (comprising MDA5 and RIG-I) and are triggered following infection with
RNA viruses and also the DAI-dependent pathway, which is activated when this
cytosolic receptor senses DNA from viruses or damaged cells.

E3 ligase: E3 ligases are defined as enzymes that facilitate the transfer of the
ubiquitin from the ubiquitin-conjugating enzyme (E2) to the e-amino group of a
lysine residue in a target protein.

Innate immunity: innate immunity is defined as the initial, rapidly induced
immune response of most multicellular organisms. This immunity relies on
receptors required for pathogen recognition and the recruitment and activation
of phagocytic cells.

Interferons (IFNs): IFNs are defined as cytokines that block viral replication and
infection of surrounding cells.

IFN-regulatory factors (IRFs): IRFs are a family of nine proteins (IRF1 to IRF9)
that share a well-conserved DNA-binding domain of ~120 amino acids at their
N-terminus. This domain is required to bind to the consensus DNA sequence
that is known as the ISRE. IRFs are involved in the development and function of
immune cells. IRF3 and IRF7 are activated through TBK1 and IKK-e-mediated
phosphorylation on their C-terminal domain.

IFN-stimulated response element (ISRE): ISRE is a DNA motif that is bound by
IRFs. The consensus sequence is GAAANNGAAAG/CT/C, where N denotes any
nucleotide.

Lipopolysaccharide (LPS): LPS is a component of the outer membrane of
Gram-negative bacteria and triggers NF-«B and IRF activation through binding
to the TLR4 receptor.

NF-«xB essential modulator (NEMO): NEMO is required to assemble IKK-a and
IKK-B into an IkBa-phosphorylating complex following stimulation by various
stimuli, including proinflammatory cytokines and molecular components of
pathogens.

Nuclear factor (NF)-«B: NF-«B is a structurally and evolutionarily conserved
family of transcription factors initially identified as proteins harboring a DNA-
binding activity for the enhancer of the immunoglobulin k light-chain in
activated B cells. These proteins are crucial for the production of proinflam-
matory cytokines, growth factors and enzymes required for the initiation and
resolution of the immune response. These proteins include RelA (also known
as p65), RelB, c-Rel and also p50 and p52 (which are generated from processed
precursors — namely, p105 and p100, respectively).

Pathogen-associated molecular patterns: a molecular pattern which is found in
microorganisms but not in host cells.

Scaffold protein: a scaffold protein is referred to as a molecule that functions as
a platform in order to promote the recruitment and assembly of complexes.
These proteins do not harbor any enzymatic activity but are nevertheless
essential for the activation of the enzymes to which they bind.

Toll-IL-1 receptor (TIR) domain: the TIR domain is defined as an amino acid
sequence of the cytoplasmic region that is highly conserved among members
of the TLR and IL-1 receptor superfamily.

Type | IFNs: a family of proteins that includes IFN-a and IFN-B.
Ubiquitylation: the post-translational modification of proteins by the attach-
ment of one or more 7kDa ubiquitin molecules to lysine residues of the
substrates. This modification triggers protein degradation (K48-linked poly-
ubiquitylation) or is required for cell signaling (K63-linked polyubiquitylation).
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The NF-kB- and IRF-activating signaling pathways in
innate immunity

The innate immune system (see Glossary) senses a
variety of pathogen-associated molecular patterns
(PAMPs), such as bacterial lipopeptides, viral and/or
bacterial nucleic acids, by means of specific receptors.
As a consequence, genes encoding the type I interferons
(IFNs) IFN-a and -B, proinflammatory cytokines [e.g.
tumor necrosis factor-a (TNF-a) and interleukin-1B
(IL-1B)] and chemokines [e.g. IL-8, monocyte chemoat-
tractant protein-1 (MCP-1)] are induced [1,2]. Signaling
pathways triggered by these viral or bacterial products
occur through the Toll-like receptor (TLR) [3-5] or the
cytosolic receptor pathway termed the retinoid-acid-indu-
cible gene I (RIG-I)-dependent pathway [1,6]. Both path-
ways rely on the coordinated activation of transcription
factors such as nuclear factor-xB (NF-kB) and IFN regu-
latory factors (IRF's) [7,8].

Both the NF-«kB and IRF families of transcription fac-
tors are simultaneously activated in response to viral or
bacterial infection but the target genes that are ultimately
induced through these signaling pathways are distinct.
Indeed, whereas the induction of proinflammatory cyto-
kines requires NF-kB, type I IFN gene induction mainly
relies on IRF activation [2,7,8].

NF-kB activation following viral or bacterial infections
involves the signal-induced phosphorylation and sub-
sequent degradative polyubiquitylation of the inhibitory
kBa protein (IkBa) through the canonical IkB kinase
(IKK)-dependent pathway [9,10]. This IKK complex con-
tains the catalytic subunits IKK-a and IKK-B and the
scaffold protein NF-kB essential modulator (NEMO; also
called IKK-y) [11-13]. Optimal NF-kB activity also
requires signal-induced phosphorylations of the NF-«B
protein p65 [14]. In contrast to NF-kB activation, which
relies on the degradation of a cytoplasmic inhibitory
protein and subsequent release of ‘free’ or ‘activated’ NF-
kB proteins, IRF3 and IRF7 activation in the cytoplasm
occurs directly through their C-terminal phosphorylation
by two kinases, namely TNF-receptor-associated factor
(TRAF) family member-associated NF-kB activator
(TANK)-binding kinase [TBK1; also referred to as NF-
kB-activating kinase (NAK) [15] or TNF-receptor-associ-
ated factor 2 (TRAF2)-interacting kinase (T2K) [16]] and
IKK-¢ (also referred to as IKK-i [17]) [18,19]. These modi-
fications promote IRF3 and IRF7 homodimerization and
their subsequent nuclear import (Figure 1).

Importantly, many, if not all, cytoplasmic kinases
require assembly by scaffold proteins to target and phos-
phorylate their substrates efficiently. Whereas NEMO
assembles some but not all IKK complexes [12,13], recent
reports provide strong experimental evidence for a role of
TANK [also called TRAF-interacting protein (I-TRAF)],
NAK-associated protein (NAP1) and similar to NAP1
TBK1 adaptor (SINTBAD) in the assembly of TBK1 and
IKK-¢ kinase complexes that phosphorylate IRF3 and
IRF7 and promote type I IFN gene induction [20-24].

Here, we describe the TBK1- and IKK-¢-dependent
signaling pathways and address the biological roles of their
scaffold proteins TANK, NAP1 and SINTBAD in the sig-
naling pathways required for establishment of innate
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immunity. We compare and contrast their modes of action
and discuss the unresolved issues in this field of research.

Which scaffold proteins assemble IKK-a and IKK-B?
The NF-kB-activating signaling pathways that are trig-
gered following stimulation by TLR ligands ultimately
converge upon the classical IKK complex that includes
IKK-a and IKK-B as catalytic subunits and the protein
NEMO [10]. This latter IKK subunit is viewed as a unique
and essential scaffold protein required for the assembly of
this kinase complex in these pathways [12,13,25]. Inter-
estingly, other stimuli, such as lymphotoxin-$, B cell-acti-
vating factor belonging to the TNF family (BAFF) and
CD40L, trigger the alternative pathway through an
IKK-a-dependent, but IKK-3- and NEMO-independent,
pathway [26-28]. This signaling cascade relies on NF-
kB-inducing kinase (NIK), the activation of which triggers
phosphorylation of the inhibitory protein p100 through an
IKK-a-dependent pathway [29-31]. This signaling path-
way presumably relies on a yet to be identified scaffold
protein that assembles a functional IKK-a homodimer.
Thus, specificity within the NF-kB-activating pathways
can be achieved through the use of signal-specific upstream
kinases — that is, transforming growth factor-g-activating
kinase (TAK1) or NIK for the classical or the alternative
pathways, respectively — which ultimately target different
IKK subcomplexes that have been assembled by distinct
scaffold proteins. Whether this paradigm applies only to
the NF-«kB-activating pathways remains unclear but
recent data indicate that this is not the case [21].

What are the TBK1- and IKK-s-dependent signaling
pathways?

Whereas the NF-kB-activating and NEMO-dependent
pathways were quickly revealed based on the characteriz-
ation of NEMO-deficient mice or cells [12,25], the signaling
pathways that specifically rely on TBK1 and IKK-¢
remained elusive for many years. TBK1 and IKK-¢ were
initially described as NF-kB-activating kinases, based on
the fact that mice deficient for tbk1/t2k died from massive
liver apoptosis in utero [16], similarly to the mice deficient
for p65, IKK-B or NEMO [25,32-35], and on the ability of
TBK1 to target IKK-B in vitro [15]. However, subsequent
studies disclosed a role for TBK1 as an IKK-activating
kinase [36,37]. Indeed, the phenotypical characterization
of tbk1-deficient cells undoubtedly highlighted a crucial
role for TBK1 in IFN gene induction [36,37] through a
signal-induced phosphorylation of IRF3 and IRF7 by this
IKK-related kinase [18,19]. These results defined both
TBK1 and IKK-¢ as IRF3 and IRF7 kinases that sense
viral and bacterial infections through multiple signaling
pathways.

Several stimuli that direct TBK1- and IKK-s-dependent
IRF3 and IRF7 phosphorylations have been identified.
These include lipopolysaccharide (LPS), a component of
the outer membrane of Gram-negative bacteria, and
double-stranded (ds) RNA, a product of many replicating
viruses, which trigger the TLR4- or the TLR3-dependent
signaling cascade, respectively [3] (Figure 1). Both path-
ways requires Toll-IL-1 receptor (TIR) domain-containing
adaptor inducing IFN-B (TRIF) [also called TIR-containing
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Figure 1. TLR3 and TLR4-dependent signaling pathways. TLR3-mediated pathways are triggered following dsRNA binding. TLR3 (green) is localized to the cell surface in
fibroblasts and to endosomes in conventional dendritic cells. The TIR domain-containing TRIF adaptor (turquoise) binds to the TLR3 TIR domain; this binding is required for
subsequent IRF3 (orange) and NF-«B activation. The IRF3-activating pathway also involves TRAF3 (light orange); this connects TRIF to the TBK1-IKK-¢ (TBK1: pink; IKK-¢:
red) heterodimer kinase complex, which is assembled by the scaffold protein NAP1 (gold). IRF3 is phosphorylated (P) within its C-terminal domain by TBK1-IKK-¢ and forms
a homodimer which translocates to the nucleus, binds to ISREs and induces the expression of IFN-dependent genes. The TLR3-dependent NF-«kB-activating pathway relies
on RIP1 (green) and also on the E3 ubiquitin ligase TRAF6 (light green), which exhibits a cell type-specific essential role in this signaling cascade. RIP1 and TRAF6 are
recruited to TRIF, and the signal-induced polyubiquitylated RIP1 is subsequently recruited to the TAB2-TAK1 (TAB2: light blue; TAK1: light green) signaling complex, a
crucial step for IKK activation (IKK-a: orange; IKK-8: blue). The IKK complex is assembled by NEMO (pink) and targets IkBa (orange) for phosphorylation and subsequent
degradative polyubiquitylation. The p50-p65 heterodimer (p50: yellow; p65: green) is then released from IkBa, moves into the nucleus and induces the expression of
various proinflammatory genes through binding to «B sites. Of note, optimal NF-«B activation also requires signal-induced p65 phosphorylation. LPS binding to the TLR4
receptor also triggers NF-kB and IRF activation through distinct adaptor proteins. NF-xB activation relies on the TIR domain-containing adaptors Mal (green) and Myd88
(light blue), whereas LPS-mediated IRF3 activation relies on TRAM (light blue) and TRIF. IRF3 activation also requires TRAF3, which binds to TANK (green), the scaffold
protein that assembles the TBK1-IKK-¢ heterodimer. LPS and IKK-mediated NF-«B activation occurs through the recruitment of Tollip (orange), Mal and Myd88 followed by
the binding of the kinase IRAK1 (light blue) to TLR4. IRAK1 is subsequently phosphorylated by IRAK4 (yellow). This event triggers the recruitment of TRAF6 to the receptor
complex and subsequent signal-induced association of these proteins with the TAB2-TAB3-TAK1 complex, a step required for IKK activation.

adapter molecule-1 (TICAM-1)] [38,39], one of the five TIR-
domain-containing adaptors identified so far [40]. TRAF3,
which connects TRIF to the TBK1 and IKK-¢ kinase com-
plexes for subsequent IRF3 phosphorylation, lies down-
stream of TRIF [41-44]. The TLR7, TLR8 and TLR9
receptors, which, in contrast to TLR4, are not localized
on the cell surface but rather in endosomal compartments,
sense viral nucleic acids in plasmacytoid dendritic cells
and also elicit IJFN gene induction through IRF7 phos-
phorylation [45]. However, TBK1 and IKK-¢ do not seem
to be required for these pathways [46]. Instead, IRF7
phosphorylation is IKK-a dependent [45,47].

IRF3 and IRF7 are not exclusively phosphorylated
through the TLR-dependent pathways. Indeed, establish-
ment of the innate immune response to viral pathogens
also relies on the so-called cytosolic RIG-I and melanoma
differentiation-associated gene 5 (Mda5)-dependent path-
way both in fibroblasts and in conventional dendritic cells
[6]. Both proteins harbor a DEx(D/H) box RNA helicase
domain that is required to sense dsRNA synthesized from
replicating virus entering the cytoplasm (e.g. the Sendai
virus, the Newcastle disease virus or the vesicular stoma-
titis virus [6]) (Figure 2). Because they also harbor two
caspase-recruitment domain (CARD)-like domains, they
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(orange box) that localizes this adaptor to the mitochondria. MAVS signals to TRAF3 (light orange), which triggers IRF3 phosphorylation through TBK1 and IKK-e-mediated
activations. Of note, MAVS can also signal to TRAF6 for the IKK-a-IKK-B-complex-mediated NF-«B activation but this pathway is not represented. TANK (green), NAP1 (gold)
and SINTBAD (light blue) are required for TBK1 and IKK-¢ assembly but it is currently unclear whether only one IKK-related kinase complex (illustrated as a heterodimer)
assembled by multiple scaffold proteins is involved or whether distinct subcomplexes assembled by only one scaffold protein (i.e. TANK, NAP1 or SINTBAB) are
simultaneously activated through this cytosolic pathway, as illustrated here. These adaptors might also be targeted for K63-linked polyubiquitylation but this hypothesis
awaits experimental validation. Intracellular DNA from damaged cells or from DNA viruses is sensed by DAI (depicted in light blue), a cytosolic DNA recognition receptor.
Activated DAI binds to TBK1 (represented as a homodimer) and triggers IRF3 phosphorylation. It is currently unknown whether TRAF3 is part of this signaling complex. The
adaptors for TBK1 homodimers remain to be elucidated.
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can transmit the signal through direct binding to mito-
chondrial antiviral signaling (MAVS) [48] [also called IFN-
B promoter stimulator 1 (IPS-1), virus-induced signaling
adaptor (VISA) and Cardif [49-51]), a CARD domain-con-
taining mitochondrial adaptor. This protein subsequently
triggers NF-«B activation through TRAF6 and the IKK-a—
B complex [50] or IRF3 and IRF7 activation through
TRAF3 and the TBK1 and IKK-¢ kinase complexes [48].
Intracellular dsDNA from microbes or damaged cells also
modulates the innate immune response by triggering
TBK1 and IKK-¢ activation [52] but the cytosolic receptor
required in this pathway is not RIG-I. Indeed, the intra-
cellular DNA sensor is DNA-dependent activator of IFN-
regulatory factors (DAI), which binds to, and is activated
by, DNA from various sources. DAI subsequently recruits
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TBK1, which triggers IRF3 phosphorylation and type I
IFN gene expression [53].

Which scaffold proteins assemble the IKK-related
kinases TBK1 and IKK-¢?

Similar to the IKKs, TBK1 and IKK-¢ require assembly by
a scaffold protein to target their substrates efficiently.
These scaffold proteins must constitutively interact with
the catalytic subunits of the complex, and three candi-
dates, TANK, NAP1 and SINTBAD, seem to fulfill this
function.

TANK
TANK was originally identified as a TRAF-
interacting protein that synergizes with TRAF2 to induce
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NF-kB-dependent reporter gene expression [54-56].
Later, its role in the NF-kB-activating pathways was
supported by its binding to NEMO [57]. However, the role
for TANKin the IKK-dependent NF-kB signaling cascades
remains controversial because TANK-depleted, knock-
down cells do not show any defect in TNF-a-or LPS-
mediated IKK activation [21,58]. Nevertheless, these
observations do not rule out the possibility that TANK
might connect upstream kinases such as TBK1 and IKK-¢,
thereby promoting IKK-independent phosphorylation of
the NF-kB proteins p65 [59,60], c-Rel [61] or p52 [62] in
response to as yet poorly characterized signals. TANK
constitutively binds to IKK-¢ [63] and TBK1 [64] through
its N-terminal domain; this interaction is probably essen-
tial for the positive regulation of signal transduction
by TANK because recent studies demonstrated that
TANK is involved in some TLR-dependent IRF-activating
pathways by promoting TBK1 and IKK-s-mediated phos-
phorylation of IRF3 and IRF7 [20,21].

NAP1

NAP1, a candidate scaffold protein that was initially
identified as a TBK1-interacting protein, shares several
structural features with TANK [65]. Early studies indi-
cated that NAP1 assembles TBK1 complexes for sub-
sequent p65 phosphorylation and therefore has a role in
the NF-kB-activating pathways [65]. Enhanced sensitivity
to apoptosis of the TNF-a-stimulated, NAP1-depleted
knockdown cells, which is typical for cells having defects
in the prosurvival NF-kB signaling cascade, further sup-
ported this hypothesis [65]. Similarly to TANK, NAP1
constitutively binds to TBK1 and is also required for
IRF3 phosphorylation through both the TLR3- and the
RIG-I-dependent pathways [22,23].

SINTBAD

SINTBAD is the most recently identified scaffold protein
that constitutively binds to TBK1 and IKK-¢ [24]. Inter-
estingly, this protein shares a conserved TBK1- and IKK-¢-
binding domain (TBD) with TANK and NAP1, and this
region is predicted to form an a-helix with the conserved
residues clustering on one side of it [24]. Owing to the
structural similarities between TANK, NAP1 and SINT-
BAD, it is expected that they perform similar functions in
TBK1 and IKK-¢ activation.

TANK-, NAP1- and SINTBAD-dependent signaling
pathways

In addition to TANK and NAP1 possibly regulating NF-«B
activation through p65-mediated phosphorylation, both
scaffold proteins are also required for IRF3 and IRF7
phosphorylation because they constitutively bind to
TBK1 and IKK-¢. Only recently have studies started to
explore TBK1- and IKKe-dependent pathways in which
TANK, NAP1 and SINTBAD are specifically required.
Interestingly, some specificity at the level of TBK1 and
IKK-¢ assembly might occur because NAP1 is essential for
the TLR-mediated IRF3 activation pathway [22], whereas
TANK seems to have a similar role for IRF3 phosphoryl-
ation through the TLR4 pathway in LPS-responsive cells
such as macrophages [21] (Figure 1). In agreement with
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this hypothesis, the early phase of dsSRNA-mediated IRF3
phosphorylation through the TLR3 receptor does not
require TANK [21]. Thus, these results indicate that
TANK functions as a scaffold protein that assembles some,
but not all, IRF3- and IRF7-phosphorylating TBK1 and
IKK-¢ complexes. In other words, this observation opens
the possibility that distinct scaffold proteins might be
required for TBK1 and IKK-¢ assembly in a pathway-
specific manner. The dispensable role of TBK1 and IKK-
¢ in the TLR7-, TLR8- and TLR9-dependent IRF7-activat-
ing pathways makes an involvement of TANK and NAP1 in
these cascades unlikely. Of note, however, IRF7 was also
identified as a TANK-interacting protein through yeast
two-hybrid analyses, and IRF7 can be phosphorylated by
TANK-containing immune complexes in macrophages
treated with unmethylated CpG DNA motifs, which are
TLRI ligands [21]. These data indicate that TANK might
also have a role in this IRF7-dependent signaling cascade
by connecting a yet to be identified kinase to this IRF
member. Alternatively, TANK might connect TBK1 and/or
IKK-¢ to IRF7 in a second wave of activation through the
TLR4, a hypothesis supported by the LPS-inducible
expression of TANK, IKK-¢ and IRF7 [17,66].

The signaling pathways that involve TANK, NAP1
and SINTBAD do not exclusively include the TLR-de-
pendent signaling pathways. Indeed, the cytosolic RIG-I-
dependent pathway, which triggers TBK1 and IKK-¢
activations, also requires these scaffold proteins
(Figure 2). TANK is known to be one candidate because
TANK-depleted knockdown cells infected with Sendai
virus exhibit defective IFN-B production [20]. Such a
model is further supported by the virus-inducible
TANK-MAVS association in fibroblasts [20]. Moreover,
NAP1 and SINTBAD depletion through RNA interfer-
ence also causes defects in Sendai virus-induced acti-
vation of an IFN-stimulated responsive elements (ISRE)-
containing reporter construct [24]. Thus, these results
indicate that TANK, NAP1 and SINTBAB are all
required for type I IFN induction through the cytosolic
receptor and IRF3-activating pathways.

Crosstalk between the NF-«xB and IRF pathways

Crosstalk is a common feature in signal transduction and
also seems to be relevant for the NF-«B- and IRF-activat-
ing pathways (Figure 3). This hypothesis is supported by
the physical association between TANK and NEMO
[57,67]. The consequence of this crosstalk remains unclear
but might underlie the molecular basis for the generation
of specific IRF3-p65 complexes which are required for the
proper expression of a subset of genes in LPS-stimulated
cells [68-70]. Additional evidence for crosstalk between
the two signaling pathways is provided by IKK-¢-mediated
phosphorylation of p65 in TNF-a-stimulated cells [71].
However, it still remains unclear whether the transcrip-
tional complexes involving both the IRF and NF-xB
proteins require a physical association between the IKK
and IKK-related scaffold proteins (e.g. between NEMO
and TANK) or whether such heterodimers are generated
following simultaneous, but independent, activation of the
pathways through the TLR- or RIG-I-dependent path-
ways. Of note, some signaling molecules are involved in
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Figure 3. Crosstalk between the NF-kB and IRF pathways. Both the NF-«xB- and IRF-dependent pathways share common signaling molecules which have crucial roles in the
crosstalk between these cascades. The first crosstalk involves the NF-kB-dependent transcriptional induction of several proteins (TANK, IKK-¢ and A20), which ultimately
interfere with the p65- or the IRF3-activating cascades (i). TNF-a triggers NF-kB activation through TRADD (blue) and the classical, NEMO-dependent pathway, which
involves IKK-B-mediated IkBa phosphorylation and subsequent degradation. The p50-p65 heterodimer translocates into the nucleus to drive the expression of multiple
genes, including TANK (green), IKK-¢ (pink) and A20 (yellow). A20 subsequently turns off NF-kB activation (red lines) by targeting RIP1 (light green) for a K48-linked
degradative polyubiquitylation step (i). A20 also negatively regulates the TLR3-mediated IRF3 activation cascade through direct binding to the TBK1 signaling complex.
TANK is also transcriptionally induced and participates in later phases of IRF3 activation following infection by RNA viruses through the TLR3-dependent pathway (ii). A
second crosstalk is established between IKK-¢ and p100 (yellow), an inhibitory molecule whose processing into p52 (light red) is triggered following stimulation with
lymphotoxin-B. This pathway, which requires TRAF2 (green) and TRAF5 (blue) and is negatively regulated by TRAF3, triggers NIK activation and IKK-a-mediated p100
phosphorylation. This IKK complex is assembled by a yet to be identified scaffold protein ('?’). p100 is subsequently processed into p52 and moves into the nucleus as a
heterodimer with the NF-«kB protein RelB (red). IKK-¢ expression is also induced in TNF-a-stimulated cells, and this kinase associates with p100 and p52 to enhance the
transactivation potential of specific p52-p65 heterodimers (iii). A third crosstalk occurs through direct interactions between scaffold proteins. For example, NEMO can be
part of an IRF3-phosphorylating, TANK-containing complex following viral infection and subsequent activation of the RIG-I-dependent pathway (iv). TANK also connects
IKK-¢ and TBK1 (not illustrated) to the IKK complex through binding to NEMO for subsequent p65 phosphorylation (v). Finally, a fourth crosstalk occurs in the nucleus,
where the NF-«B and IRF3 proteins can be part of common transcriptional complexes. Indeed, some IRF3-p65 complexes (vi) are specifically generated following signaling
through the TLR4- (not represented for clarity purposes) but not the TLR3-dependent pathway.

both pathways but differentially regulate them. For
example, the TNF-a-inducible A20 protein negatively

Why are scaffold proteins essential for NF-xB
and IRF activation?

regulates both NF-kB and IRF3-activating pathways by
promoting the K48-linked, degradative polyubiquityla-
tion of the receptor-interacting protein (RIP1) in TNF-a-
stimulated cells [72] or by preventing IRF3 dimerization
through direct binding to TBK1 and IKK-¢ in dsRNA-
stimulated or Newcastle virus-infected cells, respectively
[73]. By contrast, TRAF3 positively regulates both the
TLR- and RIG-I-dependent IRF-activating pathways
[42] but negatively regulates the alternative NF-«xB path-
way [74].
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Because early experimental evidence highlighted the
essential role of NEMO in NF-«kB activation [12], many
laboratories hypothesized that NEMO connects upstream
signaling molecules to the IKK complex. To address this
hypothesis experimentally, a search for NEMO-interacting
partners was conducted which led to the identification of
many signaling molecules linked to NF-«B activation [75].
These results supported the notion that NEMO functions
as a ‘platform’ recruiting upstream IKK-activating mol-
ecules [75]. The characterization of the post-translational
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modifications targeting NEMO provided further insight
into its function in NF-kB signaling [76]. NEMO is phos-
phorylated and also is subject to non-degradative polyubi-
quitylation. This post-translational modification involves
the internal lysine K63 of ubiquitin (i.e. K63-linked poly-
ubiquitylation) and, in contrast to the degradative K48-
linked polyubiquitylation, does not promote recognition by
the proteasome but rather triggers protein—protein inter-
actions that mediate signal transduction. Recent findings
demonstrate that the identity of both the E3 ubiquitin
ligase and the polyubiquitylated lysine residues are
stimulus specific, as recently summarized [75,76].
Although there is a general agreement on the signal-
induced NEMO polyubiquitylation, and even if this
modification might not only regulate IKK, but also mito-
gen-activated protein kinase activations in TLR- and
IL-1B-stimulated B cells [77], it is currently unclear if
ubiquitylation triggers NEMO oligomerization and/or the
recruitment of upstream signaling molecules harboring
ubiquitin-binding domains [75]. Interestingly, in addition
to being subject to non-degradative polyubiquitylation,
NEMO also binds to K63-linked polyubiquitin chains
through its NEMO ubiquitin-binding domain (NUB)
[78,79], indicating the existence of an interacting network
between polyubiquitin chains and a variety of ubiquitin-
binding domains found in multiple signaling molecules such
as TAB2 and TAB3 which are involved in IKK activation
[80,81]. Thus, the ability of NEMO to bind to polyubiquiti-
nated proteins and to be polyubiquitinated itself is the
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mechanism which underlies the essential role of this scaffold
protein for NF-«kB activation [75].

Because of structural similarities between TANK,
NAP1, SINTBAD and NEMO (Figure 4), the findings
related to NEMO post-translational modifications might
be relevant for the TBK1 and IKK-¢ scaffold proteins.
Although TANK has not been shown to bind to K63-poly-
ubiquitinated chains, it also is subject to phosphorylation
and non-degradative polyubiquitination in a stimulus-de-
pendent manner [21]. TBK1 and IKK-¢ phosphorylate
TANK in macrophages and also are required for LPS-
mediated TANK polyubiquitylation, independently of their
kinase activity. This observation indicates that TBK1 and
IKK-¢ function not only as IRF3 and IRF7 kinases, but also
as signaling molecules required to connect a yet to be
identified E3 ligase for the non-degradative polyubiquity-
lation of their own scaffold protein [21]. Whether this
modification of TANK is essential for LPS-mediated
IRF3 activation remains unclear [21]. TBK1 and IKK-¢
also harbor a ubiquitin-like domain (ULD), adjacent to
their N-terminal kinase domain and located upstream of
their C-terminal coil-coil domains [82]. The ULD does not
seem to bind to known ubiquitin-binding domains but is
nevertheless crucial for TBK1 and IKK-¢ substrate recog-
nition and kinase activity [82]. Therefore, these recent
studies strongly indicate that optimal TBK1- and IKK-¢-
mediated phosphorylation requires distinct functional
domains and highlight the importance of TANK non-
degradative polyubiquitination for subsequent IFN gene

Assembled kinase complexes
202 347
1 51 194 260 322 397 419
NEMO | cor  [mmcceive]z ] IKK-IKK-f
IKK Tax,RIP Poly-Ub CYLD
1 85 280 330 520 596
siNTBAD [ cc1 | ccz |ccs [TBD] CD] TBK1-IKK-¢
1 85 158 230 270 405
NaP1 [ cct | ccz | ccs |TE|mIIID TBK1-IKK-¢
J B
1 111 170 191 247 425
TANK o cc ™o | | 1:|] TBK1-IKK-¢
NEMO IKK< TRAF2/3 NEMO
S

Figure 4. Structural similarities between the IKK and IKK-related scaffold proteins. The murine NEMO, SINTBAD, NAP1 and the human TANK proteins are schematically
represented. The structural motifs are illustrated as boxes (CC, coil-coil; NUB, NEMO ubiquitin binding domain; LZ, leucine zipper). The domains involved in protein—
protein interactions are depicted as black bars and the interacting partners are listed below them. NEMO is represented in blue, whereas the IKK-related TBK1 and IKK-¢
scaffold proteins TANK, NAP1 and SINTBAD are represented in red and aligned based on their TBDs (depicted in green). The zinc finger motifs found in the C-terminal
region of NEMO, SINTBAD and TANK are depicted as hatched blue rectangles. The TANK residues phosphorylated by TBK1 and IKK-¢ (P) are located between amino acids
171 and 247, whereas those residues targeted by the TBK1- and IKK-s-dependent K63-linked polyubiquitination pathway (Ub) are located between amino acids 71 and 110.
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induction. It will be interesting to determine the extent to
which the ULD found in TBK1 and IKK-¢ is involved in the
recognition and/or the binding to TANK polyubiquitin
chains.

The RIG-I CARD domain also undergoes K63-linked
polyubiquitylation in response to viral infection [83].
TRIM25 is the RIG-I E3 ubiquitin ligase, and is crucial
for launching the proper cellular antiviral response.
Whether TRIM25 also targets other substrates, such as
TANK, for polyubiquitylation, remains unknown but it is
tempting to speculate that IRF3 and IRF7 activation
involves sequential K63-linked polyubiquitylation of
multiple scaffold proteins by potentially distinct E3 ligases.

Unresolved issues

Do TBK1 and IKK-¢ function as homo- and/or
heterodimers?

Whereas it is now well established that the activation of
several NF-«kB-activating IKK subcomplexes is triggered
by distinct stimuli exist in the cell, little information is
available on the existence of distinct IKK-related com-
plexes. Although this issue remains to be addressed exper-
imentally, key findings might help us to speculate on the
notion that TBK1 and IKK-¢ might, at least partially, exert
their biological roles as homodimers. First, the expression
levels of TBK1 and IKK-¢ are regulated differentially.
Indeed, TBK1 is widely expressed and its level of expres-
sion is not strongly regulated at the transcription level, in
contrast to IKK-¢, which is found in low levels unless
induced by various proinflammatory cytokines [17]. Thus,
these facts favor the hypothesis that TBK1 homodimers
exist, especially in some cell types or in circumstances
where IKK-¢ expression is not transcriptionally induced.
Moreover, and in contrast to TBK1-deficient cells, which
show strong defects in IFN induction, IKK-¢-deficient cells
induce IFN normally; this is another piece of evidence
indicating that TBK1 functions alone [36]. The existence
of functional IKK-¢ homodimers is supported by the fact
that this IKK-related kinase, but not TBK1, is recruited to
the mitochondria following viral infection [84] and also by
the more severe defects in IFN induction seen in TBK1 and
IKK-¢ double-knockout versus TBK1 knockout cells [36].

Do TANK, NAP1 or SINTBAD preferentially assemble
TBK1-TBK1, TBK1-IKK-¢ or IKK-e—IKK-¢ dimers?
Similarly to the NF-kB-activating signaling pathways, we
might expect TANK, NAP1 and SINTBAD to assemble
distinct TBK1 and IKK-¢ complexes in a signal-specific
manner. Still, it is currently unclear whether these scaffold
proteins function exclusively in distinct pathways or
whether they are also part of common cascades. Impor-
tantly, these proteins mainly form homo-oligomers besides
some NAP1-SINTBAD hetero-oligomers. No direct associ-
ation between TANK, NAP1 or SINTBAD was revealed
[24]. These observations open the possibility that distinct
scaffold proteins assemble some TBK1 and/or IKK-¢ sub-
complexes. Studies addressing the subcellular localization
of each scaffold protein will most likely help to resolve this
issue. It is currently unknown if NAP1 and SINTBAD are
targeted for non-degradative polyubiquitylation through a
TBK1- and IKK-¢-dependent pathway but it is tempting to
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speculate that this mechanism is not restricted to
LPS-mediated and TANK-dependent IRF3 activation. If
this is indeed the case, it would be of interest to define
whether a single E3 ligase targets each of them or whether
some specificity occurs at that level.

Are TANK, NAP1 and SINTBAD required for TBK1

and IKK-¢ oncogenic potential?

Recent studies extended the roles of TBK1 and IKK-¢ to
signaling in cancer and defined both proteins as oncogenic
kinases [85,86]. For IKK-¢, this oncogenic potential is the
result of an increased expression found in breast cancer
samples having the amplified 1932 locus that encompasses
the ikk-c gene [85]. Interestingly, enhanced IKK-¢ expres-
sion in those samples is correlated with c-Rel nuclear
localization [85]. It is currently unclear whether or not
overexpressed IKK-¢ targets other substrates aside from
IRF3 and IRF7, and the NF-kB proteins, and whether
TANK, NAP1 or SINTBAD are required in these path-
ways. Because it is likely that K63-linked polyubiquityla-
tion is required for proper NF-kB and IRF signaling,
deregulation of this modification might contribute to can-
cer development and/or progression.

Concluding remarks

Significant progress has recently been made regarding the
molecular mechanisms underlying NF-«B and IRF acti-
vation. Whereas the central roles of the IKK, TBK1 and
IKK-¢ kinase complexes are now well established, the
mechanism of their assembly is only now becoming clear.
Surprisingly, similarities between the two pathways have
emerged, such as the importance of signal-induced non-
degradative polyubiquitylation of the constituent scaffold
proteins. A thorough understanding of the physiological
relevance of these post-translational modifications awaits
the phenotypic characterization of mouse models in which
the residues targeted for polyubiquitylation are specifically
mutated (‘knock-in’ mice). Whereas such residues have
been identified for NEMO, the targeted residues in TANK
remain unknown. Future studies should tell us more on the
roles of these post-translational modifications for proper
signaling in innate immunity. It will also be interesting to
know whether such modifications are impaired in cancer,
especially in cases where TBK1 and IKK-¢ functions are
deregulated. Importantly, numerous solid and hematologi-
cal tumors have constitutive IKK activities [10]; some of
these tumors also have enhanced IKK-¢ activity. Thus,
targeting the IKKs by specific inhibitors might not be as
efficient as initially thought to prevent cancer development
and progression because these molecules will not target
the IKK-related kinases. Thus, dissecting the TBK1 and
IKK-¢-dependent pathways through the characterization
of their interacting partners, and also through the estab-
lishment and phenotypical characterization of mouse
models deficient for their scaffold proteins, will undoubt-
edly lead to the identification of key targets for therapeutic
purposes.
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