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Over the past four years, the field of the innate immune response has been highly influenced by the discovery of the 
IκB kinase (IKK)-related kinases, TANK Binding Kinase 1 (TBK1) and IKKi, which regulate the activity of interferon 
regulatory factor (IRF)-3/IRF-7 and NF-κB transcription factors. More recently, additional essential components of the 
signaling pathways that activate these IKK homologues have been discovered. These include the RNA helicases RIGi 
and MDA5, and the downstream mitochondrial effector known as CARDIF/MAVS/VISA/IPS-1. In addition to their 
essential functions in controlling the innate immune response, recent studies have highlighted a role of these kinases in 
cell proliferation and oncogenesis. The canonical IKKs are well recognized to be a bridge linking chronic inflammation 
to cancer. New findings now suggest that the IKK-related kinases TBK1 and IKKi also participate in signaling pathways 
that impact on cell transformation and tumor progression. This review will therefore summarize and discuss the role of 
TBK1 and IKKi in cellular transformation and oncogenesis by focusing on their regulation and substrate specificity.
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Introduction

The molecular links between chronic inflammation and 
cancer have only recently begun to emerge, despite the fact 
that Rudolf Virchow proposed such an association more 
than 100 years ago [1, 2]. Following exposure to pathogen-
associated molecular patterns (PAMPs), the innate immune 
response and the inflammation reaction that follows rely 
on evolutionarily conserved receptors termed pattern-rec-
ognition receptors (PRRs). Some of these receptors are 
located at the plasma membrane and include molecules 
such as the Toll-like receptors (TLR 1, 2, 4, 5, and 6) and 
scavenger receptors (CD36 and SR-A). Others occur in 
acidic endosomes (TLR 3, 7, 8, and 9), and still others can 
be found in the cytoplasm [PKR, the RIG-I-like helicases 
(RLHs) (RIGi and MDA5), the DNA-dependent activator 
of interferon (IFN) regulatory factors (IRFs) (DAI), and 

the nucleotide-binding oligomerization domain (NOD) 
receptors] [3, 4]. Engagement of these receptors signals 
the activation of several transcription factors that are inac-
tive in resting cells. One of the most important signaling 
cascades triggered by these receptors is the IκB kinase 
(IKK)α/β-NF-κB pathway leading to the induction of sev-
eral key molecules involved in the clearance of incoming 
pathogens. Notably, several of these key molecules, such 
as TNF-α, IL-6, or vascular endothelial growth factor 
(VEGF), are implicated in cell survival, cell proliferation 
and angiogenesis signaling pathways and, therefore, can 
influence cancer development [5-7]. Elegant gene target-
ing studies using mice with tissue-specific ablation of the 
IKKβ gene in epithelial cells, bone-marrow-derived mac-
rophages, and hepatocytes demonstrated a complex role of 
the IKKβ-NF-κB pathway in a variety of cancer models that 
are dependent on or independent of chronic inflammation 
[8, 9]. Moreover, study of IKKαAA knock-in mice, which 
express a catalytically inactive kinase mutant, revealed an 
important role for IKKα in metastatogenesis [10]. These 
important findings have recently been extensively reviewed 
[2, 5, 11, 12] and will not be discussed further here. This 
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review focuses on recent data suggesting that additional 
players that control the innate immune system may be 
involved in cancer development. 

The IKK-related kinases, partners in NF-κB signal-
ing

The importance of the IKK complex in the regulation 
of NF-κB has fueled intensive research efforts by several 
groups leading to the discovery of the IKK-related kinases 
(for good reviews, see [13, 14]). Using degenerate primers 
containing sequences common to IKKα and IKKβ, a por-
tion of NF-κB-activating kinase (NAK) was amplified by 
PCR [15]. This NAK, also called TANK Binding Kinase 
1 (TBK1), was shown to act as an IKK-activating kinase 
responsible for NF-κB activation in response to growth 
factors that stimulate PKCε. TBK1 was originally identi-
fied in a yeast two-hybrid screening using TANK as the bait 
[16]. At almost exactly the same time, another IKK-related 
kinase was also characterized and named IKKε/IKKi. Pe-
ters and colleagues [17] found IKKε in a database search 
for proteins similar to IKKα and IKKβ, whereas Akira’s 
group [18] isolated IKKi in a subtractive hybridization 
screen of a cDNA library from lipopolysaccharide (LPS)-
stimulated mouse macrophages. In contrast to IKKα, IKKβ, 
and TBK1, which are constitutively expressed in virtually 
all cell types, IKKi is predominantly expressed in specific 
tissues such as the pancreas, thymus, spleen, and peripheral 
blood leukocytes [18]. It is also expressed at very low level 
in specific cell lines [19-21]. Importantly, IKKi mRNA can 
be induced in response to exposure to LPS, viral infection, 
or a number of NF-κB-inducing cytokines [18, 20, 22, 23]. 
TBK1 and IKKi display 61% sequence identity, and overex-
pression of both kinases induces NF-κB activation [16-18]. 
However, in contrast to IKKβ, the enzymes TBK1 and IKKi 
phosphorylate only one (Serine 36) of the two phosphoac-
ceptor sites present in IκBα [15, 17, 18]. Why only one 
phosphorylation event occurs in the IκBα phosphodegron 
motif -DSGXXS- is unclear. Overexpression of IKKi is 
known to effectively drive IκBα degradation [24, 25], 
indicating that phosphorylation of Serine 36 may facilitate 
the phosphorylation of the protein on Serine 32, leading to 
its degradation. TANK phosphorylation by IKKi could also 
induce the release of TRAF2 followed by the subsequent 
activation of the IKK complex [26] (see Table 1).

Mouse embryonic fibroblasts (MEFs) deficient for IKKi 
or TBK1 show normal IκBα degradation and NF-κB DNA-
binding activity in response to classical NF-κB inducers 
including TNFα, IL-1β and LPS [22, 27]. However, the 
induction of well-characterized NF-κB target genes such 
as IL6, MCP1, COX2, and ICAM1 was abrogated in MEFs 
lacking either IKKi or TBK1. Phosphorylation of the 

p65/RelA subunit of NF-κB was proposed to explain the 
observed defects in the transactivation of specific NF-κB 
target genes [27]. It is worth noting that phosphorylation of 
p65/RelA at Serine 536 by IKKβ and IKKα was shown to 
be an essential modification required in the second phase 
of NF-κB activation. This plays a key role in determining 
both the strength and duration of the NF-κB-mediated 
transcriptional response [28, 29]. Interestingly, both IKKi 
and TBK1 also target p65/RelA at Serine 536, a process 
clearly involved in the induction of NF-κB-regulated 
genes [30, 31]. In stimulated T cells, IKKi was shown to 
enhance the activity of p65 following its phosphorylation 
at Serine 468 [32]. Animal models also revealed functional 
similarities between IKKβ and the IKK-related kinases. 
Notably, TBK1-deficient mice were phenotypically similar 
to NEMO/IKKγ-, IKKβ-, and p65-deficient mice, where 
embryonic lethality was observed at E14.5 due to liver 
degeneration and apoptosis [27]. Clearly, the IKK-related 
kinases are major molecular players in the modulation of 
inflammatory responses through their action on effectors 
of the NF-κB pathway.

The IKK-related kinases, key players in the induc-
tion of type I IFN

The field of the innate immune system was changed by 
the remarkable discovery that TBK1 and IKKi function as 
virus-activated kinases necessary for the establishment of 
an antiviral state [33, 34]. Both kinases phosphorylate the 
transcription factors IRF-3 and IRF-7 at key C-terminal resi-
dues [35-39]. IRF-3 and IRF-7 are important players in the 
induction of type I IFN following viral infection [3, 21, 40]. 
Whereas IRF-7 can be induced at the transcriptional level, 
IRF-3 is found latent in the cytoplasm. Upon phosphoryla-
tion of the C-terminal region by TBK1 or IKKi, IRF-3 and 
IRF-7 heterodimerize and translocate into the nucleus, where 
they induce several proinflammatory and antiviral genes 
such as type I IFN (see [3] for a good review). Another 
IRF family member, IRF-5, is also involved in type I IFN 
induction [41] and can also be phosphorylated by TBK1 
or IKKi [42-44]. However, how IRF-5 participates in the 
transcriptional regulation of type I IFN genes is not yet 
completely understood.

Since the discovery of TBK1 and IKKi, detailed char-
acterization of the signaling pathways involved in the 
activation of NF-κB and IRF-3 in response to pathogen 
infection has led to the identification of several positive 
scaffolding effectors regulating the phosphotransferase 
activities of TBK1 and IKKi. These effectors include 
FADD [45], TRADD [46], TRAF3 [47, 48], TANK [26, 
49-51], NAP1 [30, 52], HSP90 [53], and SINTBAD [54]. 
In addition, intracellular RNA sensors such as RIG-I [55] 
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and MDA-5 [56], which signal through the mitochondrial 
antiviral signaling adaptor MAVS (also known as Cardif, 
VISA, and IPS-1) [57-60], have been found to activate the 
IKK-related kinases in response to infection by RNA vi-
ruses. Cytosolic DNA sensors were also recently described. 
DAI, also known as DLM-1/ZBP1, is a DNA sensor that 
assembles with TBK1 and IRF-3 upon dsDNA treatment 
[61], whereas NALP3 and ASC recognize cytosolic micro-
bial and host DNA to induce an innate immune response 
independent of IRFs [62]. At the level of transcriptional 
regulation, GRIP1 was recently identified as a new cofac-
tor of the IRF-3 dimers [63]. Negative regulators including 
the SHP-2 phosphatase [64], SIKE [65], A20 [66], LGP-2 
[67], NLXR1 [68], and CYLD [69] were also added to 
the complex puzzle. Some of these important findings 
have been extensively reviewed elsewhere [3, 13, 70-72] 
and will not be discussed further here. More recently, the 
IKK-related kinases have been implicated in oncogenesis 
[24, 25, 73]. The following discussion will describe the 
potential oncogenic roles of the IKK-related kinases and 
their different substrates (Table 1).

The IKK-related kinases in oncogenesis

In addition to the proposed roles of the IKK-related 
kinases in controlling NF-κB and the IRF transcription 
factors, recent findings point towards a role for TBK1 and 
IKKi in Ras-induced oncogenic transformation (Figure 
1). TBK1 was identified as a RalB effector in the Ras-like 
(Ral)-guanine nucleotide exchange factor (GEF) pathway 
that is required for Ras-induced transformation. On the 
other hand, a functional screen identified IKKi as a kinase 
that acts downstream of the phosphatidylinositol 3-kinase 
(PI3K)-AKT pathway and cooperates with activated MEK 
to promote cellular transformation.

TBK1 and RalB signaling

The Ral GTPases RalA and RalB are two close relatives 
of the founding members of the Ras GTPase superfamily. 
The Ral proteins are involved in a variety of regulatory sys-
tems known to participate in oncogenic signaling cascades. 
Indeed, modulation of Ral GTPase activity influences 

Table 1 Substrates of the IKK-related kinases
  Targeted region Phosphorylation site Suggested function References
 IKK-related common substrate    
 RelA/p65 TAD Ser 536 Transactivation [31,85] 
 IκBα Phosphodegron Ser 36 ? [15,17,18] 
 TANK aa 192-247 ? Proper assembly of [49]
    signaling complexes
    TRAF2 dissociation [26] 
 c-Rel TAD ? Induces nuclear [84]
    translocation   
 IRF-3 C-Terminal Ser 396, Ser 402 Stability/Transactivation/ [35,37,38]
   Thr 404, Ser 405 Rearrangement of the
    autoinhibitory structure
   Ser 386 Activation [36] 
 IRF-7 C-Terminal Ser 477/479 Activation [38] 
 IRF-5 C-Terminal Ser 451/453/456/462 Activation [42] 
 xIAP ? ? Protein Turnover [118] 
 TBK1 specific substrate    
 Sec5 Ral Binding Domain  unknown ? [73] 
     IKKβ Activation loop Ser 177/181 Kinase Activation [15] 
 IKKi specific substrate    
 STAT1 C-Terminal Ser 708 ISGF3 stability [102] 
 RelA/p65 TAD Ser 468 Regulation of gene [32]
    expression
  p100/p52 N/A Not phosphorylated Transactivation via p65 [88] 
 DmIKKε substrate                          
 DIAP1 ? ? Protein Turnover [118] 



 Cell Research | Vol 18 No 9 | September 2008 

The IKK-related kinases
892
npg

the activation of Src, JNK, and p38 kinases; induction of 
phospholipase D activity; and the activation of NF-κB, 
Stat3, and transcription factors of the Forkhead family [74]. 
Moreover, Ral GEF-induced Ral activation was recently 
found to be necessary and sufficient for Ras transformation 
of a variety of human cell types [75-77]. Ral GTPases also 
control secretory events through the exocyst. The exocyst 
is a multisubunit complex whose core elements include 
Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84. 
It is involved in the intricate secretory vesicle sorting and 
delivery events required to establish and support function-
ally and architecturally discrete plasma membrane domains 
[74]. Sec5 and Exo84 are both direct effectors of Ral.

While studying the contribution of Ral GTPase effector 
proteins to Ral function in normal and tumorigenic epithe-
lial cells, Chien and colleagues [73] observed that RNAi-
mediated depletion of Sec5 induces apoptosis of a variety 
of tumor cell lines. To understand the molecular basis of 
this effect, they immunoisolated the exocyst complex from 
epithelial cells and identified TBK1 as a co-precipitating 
protein. They further showed that RalB activation promotes 
TBK1/Sec5 assembly and that TBK1 can phosphorylate 
Sec5 in vitro (see Figure 2A and Table 1). Silencing of 
TBK1 expression by RNAi was found to mimic depletion 
of RalB or Sec5 and induce tumor cell apoptosis. On the 
other hand, non-tumorigenic epithelial cells do not depend 

on TBK1 for survival [73]. The selective dependence 
of transformed cells on TBK1 was also reflected in the 
enzyme’s phosphotransferase activity, which was higher in 
transformed cells than in non-tumorigenic epithelial cells. 
Furthermore, studies using TBK1–/–  fibroblasts revealed 
that TBK1 expression was required for cells to tolerate 
transforming levels of oncogenic K-RasG12V. This study also 
established that RalB and Sec5 were required for activation 
of the host defense pathway. Whereas Ras activity was 
suppressed in non-transformed epithelial cells in response 
to TLR3 signaling stimulated by poly (I:C) treatment, Ral 
GTPases were activated and this activation correlated with 
the phosphorylation of IRF-3. Moreover, siRNA-mediated 
depletion of Sec5 severely impaired not only the nuclear 
accumulation of IRF-3, but also the induction of ISG56 
and IFNβ following Sendai virus (SeV) infection or poly 
(I:C) treatment. In summary, the RalB/TBK1 pathway is 
required for the survival of Ras-transformed cells and to 
activate the innate immune response in non-tumorigenic 

Figure 1 Pivotal contribution of the IKK-related kinases to onco-
genic Ras-induced tumorigenicity. Recent findings demonstrate a 
role of TBK1 and IKKi in Ras-induced oncogenic transformation. 
In the uncontrolled proliferation of transformed cells, IKKi has a 
role downstream of the PI3-kinase-AKT pathway whereas TBK1 
is most likely a RalB effector in the RalGEF pathway.

Figure 2 (A) TBK1 is part of the exocyst complex and is engaged 
by Sec5 from within that complex. The contribution of Sec5 to 
TBK1 activation occurs independently of exocyst integrity. Rather, 
the proposed model suggests that RalB-Sec5 complex formation 
reveals a cryptic TBK1 interaction domain that recruits TBK1 into a 
kinase activation complex. The molecular mechanisms responsible 
for TBK1-dependent tumor cell survival remain to be character-
ized but could involve, in part, the NF-κB pathway. (B) IKKi is an 
essential effector in AKT-transformed cells. The NF-κB pathway is 
implicated in the oncogenic potential of IKKi. How the PI3-kinase-
Akt pathway activates IKKi is presently unknown.
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cells (Figure 3). 
Another recent study also provides evidence for a role of 

TBK1 in tumorigenesis. Using a genome-wide phenotypic 
screen based on the overexpression of 250 000 cDNAs 
in HEK 293 cells combined with the transfer of culture 
supernatants onto HUVEC cells, Korherr and colleagues 
[78] identified TBK1 and TRIF as new regulators of vas-
cularization. Overexpression of TRIF and TBK1 in HEK 
293 cells resulted in the secretion of a complex mixture 
containing endothelial growth factors such as IL-8 and 
RANTES, as well as the anti-proliferative cytokine IFNβ. 
The secreted mixture showed significant proangiogenic 
properties on endothelial cells. In addition to HEK 293 
cells, the authors analyzed the proliferative response of 
endothelial cells to supernatants isolated from MCF-7, 

PC-3, and KB-3-1 cancer cells transiently transfected with 
the TBK1 gene. They confirmed that the autocrine effect 
produced by TBK1 overexpression is observed in various 
cancer cell lines. Interestingly, these cancer cell lines al-
ready show increased activity of TBK1 (see above). Their 
study also showed some unexpected findings: TBK1 was 
up-regulated under hypoxic conditions, as well as in solid 
breast and colon tumors. This is the first report demonstrat-
ing modulation of TBK1 at the protein level. 

Breast cancer and the NF-κB pathway: is IKKi the 
missing link?

Inflammatory breast cancer (IBC) is the most aggres-
sive form of locally advanced breast cancer with a high 

Figure 3 Transformed cells rely on the IKK-related kinases for cell proliferation and viability. Both the expression and the activity 
of IKKi and TBK1 can be increased in transformed tissues or cancer-derived cell lines. The IKK-related kinases depend on ef-
fectors of the NF-κB pathway, such as c-Rel and p65/RelA, in order to antagonize apoptotic signals that are normally activated 
when cells lose contact with the extracellular matrix or following genotoxic stimuli. Cyclin D1 induction diminishes the need of 
growth signal and allows G1-S transition. The role of phosphorylated Sec5 in TBK1-induced cancer cell survival remains to be 
elucidated. On the other hand, following exposure to PAMPs, targeted cells use the IKK-related kinases to induce a set of anti-
viral genes like type I IFN. IFNs are strong inducers of cell cycle arrest. However, several cancers exhibit specific mutations in 
components of the IFN signaling pathway and are therefore resistant to the growth-inhibitory effect of type I IFN.
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metastatic potential. At the molecular level, microarray and 
qPCR analysis have revealed an ‘NF-κB signature’ in IBC 
[79, 80]. Interestingly, the first piece of evidence implicat-
ing IKKi in tumor development was in breast cancer. IKKi 
was found to be constitutively expressed in two-thirds of the 
human breast cancer tissues analyzed, as well as in several 
human breast cancer cell lines [25]. Casein kinase 2 (CK2) 
was proposed to be involved in the increased expression 
of IKKi. Most importantly, the NF-κB pathway is thought 
to contribute to the uncontrolled cellular proliferation of 
IKKi-expressing cells, since overexpression of an inactive 
mutant of IKKi reduces the expression of the cyclin D1 
gene targeted by NF-κB (Figure 2B). It also reduces the 
ability of breast cancer cells to grow in soft agar and to 
form invasive colonies in Matrigel. 

Mutation of the Ras proteins or hyperactivation of down-
stream effector pathways, principally the mitogen-activated 
protein kinase (MAPK) and PI3K pathways, occurs in 
several epithelial cancers including breast cancers ([81] 
and Figure 1). An elegant functional genomic approach was 
used to identify protein kinases that have the potential to 
replace activated Akt and cooperate with a constitutively 
active MAPK pathway to drive tumorigenesis of immor-
talized human embryonic kidney epithelial cells [24]. In 
this study, IKKi was identified among four kinases with 
the transforming potential (Figure 2B). Interestingly, the 
authors found copy-number amplification of the 1q32 re-
gion, which includes the IKBKE locus, in 16.3% of breast 
cancer cell lines and in several primary human breast 
cancer specimens. No somatic mutation was found in the 
IKBKE gene, and no association was observed between 
the IKBKE copy-number gain and the estrogen receptor 
or Her2/neu status. IKBKE amplification correlated with 
overexpression of IKKi in several breast cancer cell lines 
such as MCF-7 and ZR-75-1. Silencing experiments with 
shRNAs confirmed that IKKi is required for the prolifera-
tion and survival of ZR-75-1 cells. Interestingly, knocking 
down the expression levels of both IKKi and TBK1 was 
required to diminish the viability of MCF-7 cells. This 
observation also supports a role for TBK1 in oncogenesis 
as discussed above. 

At the molecular level, the overexpression of IKKi 
observed in breast cancer cell lines resulted in increased 
expression of two NF-κB-regulated genes, MMP9 and 
BCL2, both of which were down-regulated when IKBKE 
expression was suppressed. Moreover, immunohistochemi-
cal studies in patient-derived breast cancer tissue samples 
revealed nuclear staining for c-Rel, a recently described 
substrate of IKKi (Table 1). This protein had previously 
been reported to accumulate in the nuclei of breast cancer 
cells [82] and to contribute to tumorigenesis of the mam-
mary gland in an MMTV-LTR-c-Rel transgenic mouse 

model [83]. IKKi modulates c-Rel activity through direct 
phosphorylation of the transactivation domain [84]. How-
ever, even though nuclear accumulation of c-Rel was ob-
served in HEK 293T cells, IKKi-induced phosphorylation 
was insufficient to significantly induce its transactivation 
potential. Thus, additional signaling cascades are likely to 
be required for full activation of c-Rel.

In addition to c-Rel and RelB [25], RelA/p65 was ob-
served to accumulate in the nuclei in primary human breast 
tumor specimens [82]. Furthermore, in many cancer cell 
lines, expression levels of IKKi correlate with p65 phos-
phorylation at Serine 536 [85]. However, Serine 536 is 
targeted by many other kinases, including IKKα/β, TBK1, 
and RSK1 [31, 86, 87]. Finally, IKKi also interacts with 
NF-κB2/p100 and p52 following TNFα stimulation [88]. 
Gel filtration experiments suggest that IKKi and p52 are 
components of a 600-kDa complex. This interaction, in a 
ternary complex with p65/RelA, promotes transcription 
of p52-dependent genes. Although the kinase activity of 
IKKi is essential for this process, p52 does not seem to be 
a direct target, again suggesting that p65/RelA may be the 
preferred substrate of the kinase.

Are other substrates of IKK-related kinases involved 
in tumorigenesis?

It is intriguing that while the activity of IKK-related 
kinases is linked to cancer cell survival (see above), these 
kinases act on transcription factors with tumor suppressor 
properties, namely IRF-3, -5, and -7 (Table 1 and Figure 
3). Activated by TBK1 or IKKi following viral or bacte-
rial infections, these transcription factors ultimately lead 
to pathogen clearance. This occurs through the induction 
of type I IFN and of several IFN-stimulated genes (ISGs) 
involved in cellular processes of host defense. These pro-
cesses include shutdown of protein translation, cell cycle 
withdrawal, apoptosis, and hematopoietic cell regulation 
such as dendritic cell (DC) activation. Notably, type I IFN 
signaling induces p53 accumulation [89]. Thus, at first 
glance, one can argue that the IKK-related kinases may also 
counteract tumor development through their effect on type 
I IFN synthesis. However, several cancers exhibit specific 
mutations in components of the IFN signaling pathway 
[90] and are therefore resistant to the growth-inhibitory 
effect of type I IFN. Since these cytokines are known to 
act by paracrine and autocrine mechanisms, transformed 
cells that rely on the IKK-related kinases for survival and 
proliferation are likely to be unresponsive to type I IFN, 
thus shifting the equilibrium toward tumor progression 
(Figure 3). On the other hand, IRF-3 is known to pos-
sess tumor suppressor activities that are unrelated to the 
protein’s effect on type I IFN synthesis, but are directly 
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linked to its effect on apoptosis. Studies have revealed 
that IRF-3 can transactivate a large number of genes, such 
as ISG56, TRAIL, and NOXA, which are known to lead to 
abrogation of protein synthesis or to induce apoptosis in 
a p53-independent manner [91-95]. IRF-3 also activates 
transcription of the gene encoding promyelocytic leukemia 
protein (PML), leading to p53-dependent growth inhibition 
of cancer cells [96, 97]. 

The role of IRF-7 in oncogenesis is still unclear. Accord-
ing to Zhang and colleagues, IRF-7 itself has oncogenic 
potential, as evidenced by its ability to induce tumor for-
mation in nude mice and to cause anchorage-independent 
growth in NIH 3T3 cells [98]. These authors suggested that 
IRF-7 may cooperate with the viral oncoprotein LMP-1 in 
EBV-immortalized B cells or CNS lymphoma cells in order 
to achieve cellular transformation. Conversely, a recent 
study pointed out the antitumor effector functions of IRF-
7. Adenoviral transduction of an active form of IRF-7 into 
macrophages was found to up-regulate genes such as TRAIL, 
IL15, IL12p35, ISG56, and CD80 and also down-regulate 
transcription of proangiogenic/metastatic genes such as 
VEGF and MMP2. Thus, IRF-7 increases the antitumor 
properties of primary macrophages while reducing their 
protumorigenic effects [99].

IRF-5 is also a candidate tumor suppressor gene that 
mediates cell cycle arrest and apoptosis (reviewed in [3]). 
In primary hematological malignancies such as acute lym-
phoblastic leukemia, chronic lymphocytic leukemia, and 
acute myeloid leukemia, IRF-5 expression is frequently 
down-regulated or absent [100]. Overexpression of IRF-5 
reduces colony formation of A549 lung cancer cells and 
HCT116 colorectal cancer cells [101], and inhibits growth 
of BJAB tumor cells in vivo [100]. 

STAT1, a novel substrate of IKKi

As key players in the IFN pathway, the signal transducers 
and activators of transcription (STAT) proteins contribute 
to the induction of numerous genes important for establish-
ing a formidable barrier against viral infection. Recently, 
Tenoever and colleagues [102] established a molecular 
link between IKKi and the formation of the IFN-stimulated 
gene factor 3 complex (ISGF3), composed of the STAT1-
STAT2 heterodimer and IRF-9. They showed that IKKi 
phosphorylates STAT1 following treatment with IFNβ. 
In vitro kinase assays combined with mass spectrometry 
identified Serine 708 as the phosphorylated residue. This 
post-translational modification allows formation of a more 
stable STAT1-STAT2 heterodimer, which is likely to be es-
sential for binding the ISRE sequence located in a subset 
of genes involved in antiviral immunity. Thus, IKKi may 
be involved in defining ISGF3 binding specificity. 

The STAT proteins have also been extensively studied 
for their role in oncogenesis. For instance, constitutive 
activation of STAT1, STAT3, and STAT5 has been ob-
served in different human primary tumors and cell lines 
derived from breast cancer, multiple myeloma, head and 
neck cancer, leukemia, lymphoma, and lung cancer [103, 
104]. However, unlike the clear involvement of STAT3 and 
STAT5 in oncogenesis, the role of STAT1 remains obscure 
and controversial. While STAT3 and STAT5 are clearly 
recognized as oncogenic transcription factors, the STAT1 
pathway has been predominantly associated with the inhibi-
tion of cell proliferation and tumor suppression [104, 105]. 
On one hand, STAT1 can promote tumor cell death through 
transcriptional regulation of genes encoding proteins such 
as death receptors and ligands, caspases, iNOS, Bcl-xL, 
and p21Cip1 (for good reviews see [103, 106, 107]). On the 
other hand, according to the recent findings of Yarilina and 
colleagues [108], STAT1 in myeloid cells could enhance 
tumor progression by accelerating inflammation during 
the early stages of inflammation-associated tumorigenesis. 
Indeed, TNFα, a well-known protumorigenic cytokine 
[6], can stimulate macrophages to produce low levels of 
IFNβ, which can in turn activate JAK-STAT signaling. 
Once activated, JAK-STAT signaling acts in synergy with 
other TNF-induced signals to maintain the expression of 
inflammatory cytokines. It also leads to increased expres-
sion of IKKi, IRF-7, and STAT1. Thus, STAT1 activation 
could play opposing roles in cancer development (Figure 
3). As mentioned above, IKKi expression is also increased 
in breast tumors and may therefore play a role in the con-
stitutive activation of STAT1 seen in breast tumor-derived 
cell lines [103, 104]. 

The roles of the IKK-related kinases in oncolytic-
based viral therapy

Tumor cells show deficient type I IFN signaling, a trait 
that can be exploited for oncolytic-based viral therapy [90]. 
For instance, VSV has been shown to exhibit powerful 
antitumor effects against metastatic breast adenocarcinoma 
[109-111]. The Ras-dependent MAPK pathway seems to 
be responsible for this down-regulation of IFN-induced 
antiviral response [112]. In this context, one can argue that 
increased levels of IKKi in breast cancer cells may promote 
the virus infection-mediated apoptosis. Indeed, VSV-medi-
ated apoptosis was shown to be dependent on IRF-5, which, 
in turn, is likely to be phosphorylated and activated by 
the IKK-related kinases following VSV infection [41-44, 
113]. It has also been reported that reovirus, another onco-
lytic virus, takes advantage of the Ras-dependent RalGEF 
pathway for its replication [114]. Knowing that reovirus 
activation of IRF-3 enhances cellular apoptosis [115], it is 
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tempting to speculate that the RalB-induced TBK1 activ-
ity in transformed cells may prove useful for developing 
anti-cancer therapies. 

Conclusion

There is now compelling evidence that the transcrip-
tion factor NF-κB plays a key role in cancer development 
and progression. Thus, the recent suggestion that the 
IKK-related kinases TBK1 and IKKi also regulate the 
proliferation and survival of cancer cells was not totally 
unexpected. However, these new findings will increase our 
understanding of the complex relationship between innate 
immune effectors and the signaling events that drive tumor 
formation. Some of the future questions that should be 
high on the priority list of investigators analyzing the role 
of these kinases in tumor development are the following. 
How is the kinase activity of TBK1 increased in cancer-
derived cell lines in the absence of any apparent increase in 
expression level? Is this related to distinct scaffold proteins 
that facilitate assembly of TBK1 and IKKi subcomplexes 
[116] or could it be more related to the decrease in the ex-
pression of the tumor suppressor CYLD [69]? What is the 
molecular basis of IKKi overexpression in breast tumors 
in the absence of amplification of the IKBKE locus, and is 
this related to increased NF-κB signaling? Are IRF-3 and 
IRF-7 activated in transformed cells that rely on TBK1 or 
IKKi for their proliferation and survival? If yes, then what 
is the role of the proapoptotic functions of these transcrip-
tion factors that are unrelated to the proteins’ effect on type 
I IFN synthesis? Since IKKi acts downstream of AKT in 
cancer-derived cell lines, is IKKi a direct substrate of AKT? 
Is TBK1 also subjected to this precise regulation? Are there 
other substrates for these kinases that could explain their 
effect on cellular proliferation? TBK1 and IKKi are new 
effectors implicated in tumor progression and may therefore 
represent new opportunities for drug development. Notably, 
the availability of compounds like SU6668, which targets 
TBK1 and other kinases, may help dissect the role of IKK-
related kinases in cancer [117]. 
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