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Abstract

Introduction: TANK-binding kinase 1 (TBK1) is a Ser/Thr kinase with a central role in
coordinating the cellular response to invading pathogens and regulating key inflammatory
signaling cascades. While intact TBK1 signaling is required for successful anti-viral signaling,
dysregulated TBK1 signaling has been linked to a variety of pathophysiologic conditions,
including cancer. Several lines of evidence support a role for TBK1 in cancer pathogenesis, but the
specific roles and regulation of TBK1 remain incompletely understood. A key challenge is the
diversity of cellular processes that are regulated by TBKZ1, including inflammation, cell cycle,
autophagy, energy homeostasis, and cell death. Nevertheless, evidence from pre-clinical cancer
models suggest that targeting TBK1 may be an effective strategy for anti-cancer therapy in specific
settings.

Areas covered: This review provides an overview of the roles and regulation of TBK1 with a
focus on cancer pathogenesis and drug targeting of TBK1 as an anti-cancer strategy. Relevant
literature was derived from a PubMed search encompassing studies from 1999 to 2020.

Expert Opinion: TBK1 is emerging as a potential target for anti-cancer therapy. Inhibition of
TBK1 alone may be insufficient to restrain the growth of most cancers, hence combination
strategies will likely be necessary. Improved understanding of tumor-intrinsic and tumor-extrinsic
TBK1 signaling will inform novel therapeutic strategies.
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Introduction

Tumor necrosis factor (TNF) receptor-associated factor (TRAF) family member-associated
NF-xB activator (TANK)-binding kinase 1 (TBKZ1), is a serine/threonine-protein kinase that
regulates innate immune responses by coordinating activation of key transcription factors
including interferon regulatory factor 3 (IRF3) and NF-xB pathways [1-4]. TBK1 is a
member of the 1B kinase (IKK) protein kinase family members that include canonical
IKKs such as IKK a, IKKg, and IKK  (NEMO) and the noncanonical IKK members such as
IKKe (/KBKE) and TBK1, with established roles coordinating innate immune response by
inducing type | interferon (IFN) and modulating NFxB signaling [2]. Recognition of
cytoplasmic nucleic acids by DNA/RNA sensors activates TBK1 leading to phosphorylation
and activation of interferon regulatory factor 3 and 7 (IRF3/7), key transcription factors
regulating expression of type | interferons (IFNs; IFN-a/B). Type | IFNs can induce the
expression of numerous antiviral genes called interferon-stimulated genes (ISGs) to build an
antiviral state and limit viral replication [1].

In addition to its well-established role in coordinating innate immune signaling, additional
roles for TBK1 have been described, including regulation of inflammation, autophagy;, cell
cycle, cell death, and metabolism. Dysregulated TBK1 signaling has been implicated in
several human disease states, although there has been an increasing interest in the role of
TBK1 in cancer pathogenesis [5-10]. Despite the growing interest in studying the role(s)
and regulation of TBK1 in cancer, the precise molecular mechanisms governing TBK1
signaling and its subsequent impact on cancer biology remain incompletely understood. In
this article, we will review the structure and function of TBKZ1, including its cellular roles,
mechanisms of regulation, role in cancer pathogenesis, and therapeutic targeting in cancer.
We searched pubmed.nchi.nim.nih.gov for the following search terms with various
combinations: TBK1, IKK, inhibitors, cancer, tumor microenvironment. We reviewed
relevant papers from 1999 to 2020.

2. TBK1: From gene to enzyme

The gene encoding human TBK1 (7BK1), also referred to as NF-xB-activating kinase
(NAK) or T2K, and is located at 12q14.1, contains 21 exons, giving rise to a 729 amino acid
(84 kDa) protein [11-13] (Fig. 1). TBK1 is constitutively expressed across all tissues,
whereas its homolog IKKe (/KBKE, also called IKK-i) is preferentially expressed in
immune cells and is induced during inflammation [14,15]. Additionally, higher TBK1
expression has been observed in fibroblasts, cells in the CNS (central nervous system), skin,
adipocytes, and cancer cells/tumors [5-7,16]. An alternatively spliced form of TBK1 (named
TBK1s) that lacks exons 3-6 has been described in human and mouse cells and is suggested
to inhibit pathways normally activated by full length TBK1 [17]. Additional splice variants
have been described in zebrafish (TBK1_tvl and TBK1_tv2) that also lack portion of the
kinase domain and the ubiquitin-like domain (see section 2.2) were shown to negatively
regulate TBK1-mediated innate immune signaling [18].

TBK1 is highly conserved in mammals, with the human TBK1 polypeptide sharing 99%
homology with its mouse ortholog [12]. TBK1 is composed of an N-terminal kinase domain
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(KD, residues 1-307) that houses its catalytic activity and three accessory/regulatory
elements, along with a ubiquitin-like domain (ULD, 310-385), the scaffold/dimerization
domain (SDD, 407-657), and a C-terminal domain (CTD, 657-729) involved in adaptor-
binding [19] (Fig.1). The KD of TBK1 is comprised of two lobes termed N-terminal and C-
terminal lobes, with the active site situated between these two lobes. The KD also contains
an activation loop (Leul164-Gly199) which includes Ser172 that can be phosphorylated and
induce TBK1 activation [20,21]. Phosphorylation of Ser172 results in a conformational
change of the activation loop. The activation loop retracts towards and interacts with its own
KD allowing substrate binding. Ser172 can be phosphorylated by upstream signaling or by
autophosphorylation from the dimerization kinase [21]. While TBK1 integrates responses
from a variety of extracellular and intracellular stimuli, the role of potential upstream
kinases remains unresolved [22]. The dimerization domain can form a homodimer or a
heterodimer with other IKKs [20]. As a result, there is transphosphorylation of Ser172 and
activation of the kinase [21]. Proteins phosphatases (e.g. SHP1/2, PP4, Cdc25a, PPM1A, and
PPM1B [23-27] limit TBK1 activity by removing the activating phosphorylation on Ser172.
Additional phosphorylation events have been described for TBK1 [2]. Most recently,
phosphorylation of TBK1 on Ser716 by protein kinase C 6 (PKC6) was demonstrated in
response to growth factor signaling [28]. Lysine 38 is a conserved residue within the kinase
domain (shared with IKKa, IKKp, and IKKe), and when mutated to methionine (K38M) or
alanine (K38A) rendering a kinase-deficient mutant of TBK1 that has been used in structural
and functional studies to assess the TBK1 activity [11,12,14,19].

K63-linked polyubiquitination of TBK1 on residues Lys30 and Lys401 is a posttranslational
modification that is essential for Ser172 phosphorylation, activation, and downstream
signaling [19]. Several TRAF family E3 ubiquitin ligases, including MIB1, MIB2 RNF128,
RNF144B, and RNF41/Nrdpl, have been shown to promote K63-polyubiquitination of
TBK1 [29-32]. Thus, CYLD (cylindromatosis deubiquitinase) and ubiquitin-specific
protease 2b (USP2b) have been shown to limit TBK1 activation by removing K63-linked
ubiquitin chains [33,34]. In contrast, K48-linked polyubiquitination promotes TBK1
degradation serving as a mechanism to limit TBK1 signaling, providing a negative feedback
loop on TBK1 activation [35-37]. Additional regulatory factors influencing TBK1
ubiquitination have been described [38], as well as SUMO-ylation on Lys694 which appears
to contribute to anti-viral signaling [39]. A recent study suggested that TBK1 itself can serve
as an E3-ligase and induce its own ubiquitination /n vitro [40], although the significance of
this finding is unknown and requires further exploration.

The ULD is a regulatory component of TBK1 and is involved in the control of kinase
activation, substrate presentation, and downstream signaling pathways [19]. Various adaptor
proteins can bind TBKZ1, regulating its localization, activation and participation in different
signaling pathways [41-43]. Three residues in TBK1, Leu316, 11353, and Val382, are
suspected to be involved in these protein-protein interactions, as well as, the hydrophobic
patch of the ubiquitin residues. For example, the adaptor proteins NAP1/AZI2, TANK, and
Sintbad/TBKBP1 can bind the adaptor motif of TBK1 in a mutually exclusive manner and
direct different subcellular localization downstream pathway [42]. NAP1/AZI2 and Sintbad/
TBKBP1 are localized diffusely throughout the cytoplasm, and their association leads
towards autophagy, whereas TANK is punctate in the perinuclear region, and its binding
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results in the induction of IFNa and IFNp [32,41]. Along with NAP1/AZ12, TANK, and
Sintbad/TBKBP1 [44], DDX3 can regulate type | IFN production by direct interaction with
TBK and IKKe [45]. A variety of other direct protein-protein interactions with TBK1 have
been described to influence TBK1 activity (positively or negatively), as well as, TBK1
localization, most of which have been characterized in the setting of anti-viral signaling and
type | IFN [2]. Some of the negative regulators appear to have a physiologic role in
completing a negative feedback loop to limit excess type I IFN signaling [46], or integrating
cellular stress response with anti-viral responses [47]. Specific substrates of TBK1 and
additional interactions are expertly reviewed elsewhere [2,48]. Below we will review
specific roles and regulation of TBK1 in the context of cellular processes implicated in
cancer pathogenesis and/or anti-cancer activity related to TBK1 inhibition.

3 - Cellular Roles of TBK1

3.1. Anti-viral and innate immune response.

TBK1 is a key signaling kinase in regulating the innate immune response to invading
pathogens, especially viruses [1]. Pattern recognition receptors (PRRS) recognize specific
components of invading pathogens to initiate the innate immune response (Figure 2) [49].
Following recognition of double stranded (ds)-RNA (v7a TLR3-TRIF), LPS (v/ia TLR4-
TRIF), viral RNA (viaRIG-1-MAVS), and dsDNA (v7a cGAS-STING) [50], TBK1
promotes activation of key transcription factors, namely IRF3/IRF7 [51] and NF-xB [16].
The mechanism of TBK1 activation in response to cytoplasmic dsSDNA has been extensively
characterized and involves generation of the cyclic dinucleotide 2”3’ -cGAMP, a second
messenger generated by cyclic GMP-AMP synthase (cGAS) [52,53]. Stimulator of
interferon genes (STING, TMEMZ173) is an ER-resident adaptor protein that lacks kinase
activity and oligomerizes following binding of cGAS-derived 2"3"-cGAMP [54], and then
serves as a platform for the recruitment and activation of TBK1 and IRF3 [50,55]. After
direct binding of STING to TBK1, TBK1 phosphorylates STING on Ser366, in a process
that appears to requires oligomerization of both proteins [55], and enhances binding to
TBK1 via STING’s C-terminal domain [54]. TBK1 (and IKKe) directly phosphorylate and
activate IRF3, promoting dimerization and translocation into the nucleus to increase
transcription of type | IFN [43,56]. Recent studies have suggested that activation of IRF3
signaling by TBK1 requires translocation of TBK1 to the Golgi in response to viral sensing
promotes transphosphorylation and activation [57]. The K30/K401-ubiquitinated and S172-
phosphorylated TBK1 localizes to the Golgi apparatus after the stimulation of RIG-I-like
receptors or TLR3. Relocalization of K38/K401-ubiquitinated TBK1 requires the ubiquitin-
binding protein optineurin (OPTN) following RLR or TLR3 stimulation. Golgi proximal
OPTN foci appear to regulate innate immune signaling and cytokine production via
interactions with TBK1 and the linear ubiquitin assembly complex (LUBAC) [58]. Of note,
these OPTN foci also contain ATG9A, a transmembrane protein involved in autophagy that
cycles between the Golgi and the endocytic pathway.

Viruses have evolved a variety of strategies to directly or indirectly inhibit the function of
TBK1 and its downstream target IRF3 to blunt the production of key anti-viral cytokines,
namely the type | interferons (IFNa/g) [1,59]. Bluetongue virus NS3 protein binds OPTN at
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the Golgi apparatus, neutralizing its activity and thereby decreasing TBK1 activation and
downstream signaling, and impairing TBK1 targeting to the Golgi apparatus [57]. Proteases
of foot-and-mouth disease virus (FMDV) and mouse hepatitis virus A59 (MHV-A59) inhibit
ubiquitination of TBK1 [3,4]. Others like herpes simplex viruses (HSV), hepatitis C virus
(HCV) , vaccinia virus (VACV), severe acute respiratory syndrome (SARS), coronavirus and
hantavirus suppress TBK1-containing complex formation and downstream signaling [60—
64], whereas Borna disease virus (BDV) P protein is phosphorylated by TBK1 potentially
acting as a decoy substrate [65].

Impaired type | interferon responses have been observed in patients with COVID-19 [66,67],
and recent studies have confirmed impaired activation of TBK1 and blunted IFNB
production following SARS-CoV-2 infection [68]. Evaluation of host protein interaction
networks for SARS-CoV-2 open reading frames (ORFS) identified an interaction between
non-structural protein 13 (nsp13) and TBK1 [69]. Interestingly, multiple SARS-CoV-1 viral
proteins (M protein, papain-like protease, helicase) are capable of disrupting TBK1-IRF3-
IFN type I signaling [62,70,71]. As a key signaling molecule in the crossroads of anti-viral
response and induction of inflammatory cytokines [72], disruption of TBK1 signaling may
be an important part of the pathophysiology of severe COVID-19 and efforts to restore type |
IFN signaling may prove useful [73,74]. Additionally, the role of host variations in TBK1
function may impact disease severity, as has been demonstrated in childhood herpes simplex
encephalitis (HSE) in which heterozygous mutations in TBK1 has been observed [75].

3.2. Autophagy.

Autophagy promotes clearance of damaged cellular proteins and organelles and is a key
source of energy and survival for cells under stress [76]. Autophagy is part of the cell
maintenance mechanism but is also involved in various pathological conditions, including
cancer [77]. TBK1-null cells exhibit basal dysregulation of autophagy, exhibiting increased
levels of the autophagic marker ubiquitin-like microtubule-associated protein light chain 3
(LC3) [10,78]. Stimulated autophagy in response to invading bacteria [79] or mycobacteria
[10] is also defective in TBK1-null cells. TBK1 has been shown to interact with several
autophagy receptors and adaptor proteins, including optineurin (OPTN) [79], p62
(SQSTM1) [10], NDP52, and TAX1BP1 [80]. OPTN is phosphorylated by TBK1 on Serl77
[79] leading to enhanced interaction of OPTN with the family of the ATG family (Atg8) that
are essential for autophagy. In response to bacterial lipopolysaccharide (LPS), TBK1
activates to autophagy pathway by interacting with optineurin (OPTN) to promote effective
bacterial clearance [59]. TBK1 has also been shown to sequester the autophagy/xenophagy
cargo receptor Ndp52 [80] and promote phosphorylation of p62/SQSTM1 on Ser403 upon
mitochondrial damage or bacterial attack to promote autophagy [81]. More recently, TBK1
was shown to phosphorylate syntaxin 17 (Stx17) on S202 to promote the formation of the
pre-autophagosomal structures [82].

TBK1 is also involved in mitophagy, a form of autophagy that targets damaged mitochondria
for degradation [83]. Removal of dysfunctional mitochondria involves the polyubiquitination
of damaged mitochondria and targeting for autophagosomal degradation [83]. PINK1 and
Parkin are established mediators of mitophagy, that promote the translocation and activation
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of TBK1 to damaged mitochondria. Following assembly of ubiquitin chains on
mitochondria, adapter proteins recruit and activate TBK1 in a complex containing NDP52,
OPTN, and SQSTM1 (p62) [84]. Upon mitochondrial damage or depolarization, TBK1 can
be recruited to the mitochondria by NDP52 to promote mitophagy [85]. Recently, TBK1 was
shown to promote activation of the PINK1-PARKIN pathway via phosphorylation of
RAB7A on Ser72 [86]. PINK1/Parkin-mediated activation of TBK1 at the mitochondria
during mitophagy was shown to induce a block in mitosis due to the sequestration of TBK1
from its physiological role at centrosomes [87]. It is also reported that Zika virus (ZIKV)
infection of neuro-epithelial stem cells and radial glial cells induces mitochondrial
translocation of TBK1 associated with loss of centrosomal localization [88].

In addition to these reports which show a role for TBK1 in the regulation of autophagy/
mitophagy, there is evidence to suggest that autophagy also regulates TBK1 as part of a
negative feedback loop. Yang and colleagues demonstrated that cells lacking ATG5
exhibited enhanced activation of TBK1 and increased production of inflammatory cytokines
following challenge with interleukin-1p [89]. Interestingly, turnover of upstream stimulators
of TBK1 activation such as STING are also subject to regulation by autophagy [90].
Following challenges with dSDNA, STING levels decrease in a matter of hours before
returning to baseline levels. Decrease in protein levels results from targeted degradation of
ubiquitinated STING in a p62-dependent manner. In TBK1- or IRF3-null cells, p62 is not
activated and STING levels remain constant. These findings suggest that these mechanisms
are normally subject to tight feedback regulation. Dysregulation of such feedback
mechanisms may underlie certain disease states, such as neurodegenerative diseases,
metabolic diseases, aging and cancer [91-93].

3.3. Cell cycle.

TBK1 is induced at mitosis and directly phosphorylates the mitotic kinase, Polo-like kinase
1 (PLK1) and its upstream regulator AKT [42]. In line with that, TBK1 activating
phosphorylation on pSerl72, was increased during mitosis, and loss of TBK1 blocked
mitotic-associated phosphorylation of PLK1. Other substrates of mitosis including CEP170
and NUMA, that colocalize with TBK1 in centrosomes [94]. TBK1 is necessary for CEP170
centrosomal localization and binding to the microtubule depolymerase Kif2b, as well as, for
NUMA binding to the microtubule motor dynein. Inhibition of TBK1 binding to CEP170
results in microtubule instability and defects in mitosis. Optineurin and the PINK1/Parkin
pathway regulate mitophagy via TBK1 in a cell-cycle dependent manner [87,95], providing
an intriguing connection between autophagy/mitophagy, the cell cycle, and innate immune
signaling. This biology may have implications for cancer cell growth, as recruitment of
TBK1 to the mitochondria (by PINK1/Parkin) results in a G2/M block due to loss of TBK1
at centrosomes and mitotic spindles. In A549 cancer cells, inhibition of TBK1 led to an
increase in tetraploid cells indicating a role for TBK1 in mitotic progression [94] and
suggesting that impaired TBK1 signaling in cancer cells may impact successful chromosome
segregation. The impact of TBK1 deletion or inhibition on accumulated chromosomal
alterations, both acutely and over time, as well as the upstream signals promoting TBK1
activation before entering mitosis, remain unclear and will require further investigation.
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3.4. Cell death.

TBK1 and IKKe are now known to restrict cell death in multiple settings [96], particularly
following challenge with TNFa [97]. Initial clues linking TBK1 to cell death came from
studies characterizing TBK1-knockout mice which die at day 13.5-14.5 owing to massive
hepatocyte cell death [13], a phenotype shared by mice lacking other key components of
TNF signaling, including p65/RelA, IKKp, and IKKy/NEMO [98]. TBK1 was initially
characterized as a component of a multi-protein signaling complex (along with TANK and
TRAF2) downstream of the TNF receptor (TNFR) [11] capable of activating NF-xB [11,12].
TBK1 is recruited to TNF receptor 1 (TNFR1) following TNFa stimulation [99], leading to
formation of a membrane-associated signaling complex (complex ) that contains several
adaptor proteins, kinases (e.g. RIPK1, TAK1), and ubiquitin E3 ligases (clAP1, clAP2,
LUBAC) [96]. TNF-induced apoptosis is restrained by activation of the 1xB kinase (IKK)
signaling complex and subsequent activation of NF-xB and upregulation of anti-apoptotic
and inflammatory signaling pathways [100,101]. Following LUBAC-mediated activation,
TBK1 phosphorylates RIPK1 in the TNFR1 signaling complex, thereby preventing RIPK1-
dependent cell death [97]. TNF/TNFR1-dependent embryonic lethality of Tbk1-null mice
[13,102,103], can also be blocked by inactivating mutations in RIPK1 [102]. Therefore, in
response to TNFa challenge, cells lacking TBK1 fail to phosphorylate RIPK1 and the
TNFR-associated signaling complex I is unable to assemble [96]. Instead, TNFR signaling
promotes formation secondary cell death signaling complex (complex 1), leading to caspase
8-dependent apoptosis or RIPK3-dependent necroptosis [104,105]. These findings suggest
that targeting TBK1 (and/or IKKe) sensitizes cells to undergo necroptosis, specifically
following exposure to TNFa. There are clear implications for TBK1-targeted therapeutic
development in cancer, but also to the pathophysiology of certain neurodegenerative
conditions. Heterozygous loss-of-function mutations in TBK1 have been described in
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [85,106,107], and
dysregulated TBK1 signaling may underlie promote neuroinflammation and cell death
[108]. The role of kinase-independent functions of TBK1 in modulating cell death signaling
remains poorly understood, although embryonic lethality of TBK1-null mice could be
rescued using a truncated allele (TBK14/2) which lacks kinase activity [12].

3.5. Metabolism.

Several studies have demonstrated a role for TBK1 in the regulation of cellular metabolism
and energy homeostasis in both normal and cancer cells. In normal adipocytes, expression
and activation of TBK1 is increased in mice fed with a high fat diet (HFD mice) [6,109].
Mice expressing a mutant version of TBK1, lacking enzymatic activity [109], and mice with
adipose-specific TBK1 deletion were resistant to HFD induced obesity [6]. TBK1 loss
promoted insulin resistance and glucose intolerance via increased NF-xB driven
inflammation.

Tumor cells maintain rapid growth by switching to glycolysis for a needed supply of energy.
In this process, glucose uptake is elevated in the cancer cells and this appears to be
controlled by increased expression of glucose transporters [110]. It was reported that upon
activation of RalA, downstream of RAS, TBK1 phosphorylates the exocyst protein Exo84,
which leads to translocation of the GLUT4 glucose transporter to the cell membrane [111].
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TBK1 also phosphorylates the insulin receptor (thereby blocking its activity) potentially
contributing to insulin-resistance [112]. Alterations in tumor cell glycolysis have also been
described following epidermal growth factor (EGF) stimulation of cancer cells [28].

The connection(s) between cellular metabolism and inflammation remains incompletely
understood, but recent insights into tunable supramolecular organizing centers (SMOCs)
may offer a potential explanation. SMOCs are the signaling organelles of the innate immune
system that consist of oligomeric protein complexes, including myddosomes (containing
MyD88), triffosomes (containing TRIF), and inflammasomes (containing NLRP4), which
induce transcription-dependent and -independent inflammatory responses [113]. MyD88-
TBK1 signaling in myddosomes was necessary to stimulate glycolysis in response to TLR4
activation with lipopolysaccharide (LPS), but not NF-xB activation.

Another connection between TBK1 and metabolism involves regulation of mammalian
target of rapamycin (mTOR), the master regulator of cell growth [114]. Several studies have
described context-dependent activation or inhibition of mTOR signaling by TBK1 [115-
117]. Recently, TBK1 was shown to restrict mTORCL1 activity by directly phosphorylating
Raptor on Ser877 [118]. TBK1 has also been shown to promote mTORC1 signaling via
phosphorylation of Aktl [119] and mTOR itself [115], suggesting complex and context-
dependent signaling. As mTOR signaling regulates inflammation, autophagy, and
metabolism, the role of TBK1 activating (and inhibiting) mTOR signaling may offer further
insights into the complex roles and regulation of TBK1 signaling.

4. TBK11 in cancer pathogenesis

TBK1 signaling has been implicated in several hallmarks of tumor progression, including
evading growth suppression, evading immune destruction, tumor-promoting inflammation,
inducing angiogenesis, genomic instability, resisting apoptosis, and reprogramming energy
metabolism [120]. The mechanisms by which TBK1 is activated in tumor cells are still not
fully understood, although there appears to be a clear role for tumor cell autonomous
mechanisms. In 2006, Chien and colleagues showed that TBK1 is activated downstream of
the RAS effector RalB in NSCLC (non-small cell lung carcinoma) to inhibit apoptotic
pathways, and demonstrated that TBK1 was necessary for RAS-induced oncogenic
transformation of mouse embryonic fibroblasts [121]. Subsequently, a synthetic lethality
screen found TBK1 essential for survival of KRAS mutant lung cancer cells, by NF-xB
activation that promotes anti-apoptotic signals [122]. Further study of TBK1 signaling in
KRAS mutant lung cancer has demonstrated a key role for autocrine cytokine signaling in
this pathway [123]. Recently, Zhu and colleagues confirmed activation of TBK1 downstream
by growth factor receptor signaling and identified a key role for TBKBP1 (SINTBAD) in
promoting mMTORC1 activation and subsequent tumorigenesis [28], confirming a role for
TBK1 in KRAS mutant NSCLC. Furthermore, TBK1 was shown to directly phosphorylate
the mitosis substrates CEP170 and NUMA independent of KRAS mutational status [42], as
well as directly localize to the centrosomes during mitosis [94].

TBK1 also promotes cancer cell growth via activation of AKT [116,119] which in turn
regulates mTORCL that controls metabolic processes and cell survival (see section 3.5)
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[124]. TBK1 regulation of mTOR seems to be a fine-tuning mechanism, or cell dependent,
as in prostate cancer TBK1 can promote cancer dormancy by mTORCL1 inhibition [125].
Consistent with these overall findings, TBK1 localizes with components of the mTORC1
complex [125]. As discussed above (section 3.5), the relationship between TBK1 and mTOR
signaling appears to be both complex and context dependent. TBK1 regulation of autophagy
in cancer is similarly complex, as blocking of autophagy, by Atg5 deletion in pancreatic
cancer, enhanced activation of TBK1 /n vivo, increased neutrophil and T-cell tumor
infiltration and caused PD-L1 upregulation, while blocking of TBK1 resulted in blocking of
autophagy [89]. This suggests a negative feedback mechanism between TBK1 and
autophagy, whereby active TBK1 promotes basal autophagy in PDA cells and is then
degraded in the autophagic process to limit over-activation of autophagy.

Cellular de-differentiation via epithelial-to-mesenchymal transition (EMT) appears to
influence sensitivity to TBK1 inhibition [126], and may account for some differences in
context-dependent TBK1 signaling. Loss of TBK1 disrupts KRAS-driven, AXL-mediated
EMT in pancreatic adenocarcinoma [127], and was similarly required for platelet-induced
EMT in breast cancer cells [128]. Pharmacologic inhibition of TBK1 was capable of
reversing EMT in prostate cancer cells [129], and EMT in response to radiation in lung
cancer cells [130]. De-differentiated melanoma cells were shown to be inherently more
resistant to MAPK pathway inhibition, but more sensitive to TBK1 inhibition, and was
associated with a de-differentiation and activation of Akt and YAP signaling [131].
Interestingly, this TBK1i-sensitive/MAPK-resistant cell state could be recapitulated by
inhibition of the H3K27 histone methyl transferase, EZH2 [132]. NSCLC cells with a
mesenchymal gene signature exhibited increased sensitivity to TBK1 inhibition, which was
correlated with activation of Akt and mTORC1 (mechanistic target of rapamycin complex 1)
[116]. However, loss of TBK1 has been shown to promote EMT in estrogen receptor-
positive breast cancer cells [133], suggesting a more complex connection between TBK1
and EMT.

Recently, Hu and colleagues described a novel relationship between TBK1 and VHL [134].
The von Hippel-Lindau (VHL) gene product, is a ubiquitin E3 ligase with established tumor
suppressor function that is absent in clear cell renal cell carcinoma (ccRCC), resulting in
accumulation of hypoxia inducible factor a (HIFa) and induction of hypoxia-induced gene
programs which promote angiogenesis and glycolysis [135]. Under hypoxic conditions,
TBK1 (and not IKKe), was shown to be hyperactivated (increased pSer172) leading to
phosphorylation of p62/SQSTML1 on Ser366 and increases its stability thereby promoting
cancer cell growth [134]. Hydroxylation of proline 48 (see Fig. 1) on TBK1 by EGLN1
promoted binding of VHL and PP1MB, thereby enhancing TBK1 dephosphorylation
[134,136]. These findings suggest synthetic lethal relationship and identify another role for
TBK1 in cancer, independent from its role regulating innate immune responses.

5. TBK1 in the tumor immune microenvironment

Tumor cells co-opt normal stromal cells to escape detection by the immune system and to
facilitate tumor growth [120]. Secreted cytokines, onco-metabolites, and recruitment of
immune suppressive cell types all contribute to an immune suppressive tumor immune
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microenvironment (TIME) [137]. Cancer cells have the ability to activate different immune
checkpoint pathways that harbor immunosuppressive functions [138-140]. Given its ability
to influence secretion of cytokines and chemokines, tumor cell autonomous TBK1 signaling
can also regulate cancer progression by regulating the tumor microenvironment (TME)
[123,141], including endothelial cell proliferation and angiogenesis [142,143]. Interestingly,
the function of TBK1 in the TIME may extend beyond cancer cells (Figure 3). Dendritic
cell-specific deletion of 7bkI causes T cell activation and autoimmune symptoms, as well
as, enhances antitumor immunity in animal models of melanoma and thymoma [144],
suggesting a role for TBK1 in restraining tumor immune attack. TBKZ1 is required for PRR
signaling in macrophages and loss of TBK1 results in impaired inflammatory signaling with
reduced elaboration of inflammatory cytokines, including TNFa, IL-6, IFNf, and CXCL10
(IP-10) [145]. TBK1 deletion has been shown to influence T cell function in murine models
of neuroinflammation [146], and /n vitro pharmacologic inhibition of TBK1/IKKe enhanced
production of T cell cytokines, IL-2 and IFNy [147].

However, questions remain about the impact of targeting TBK1 in immune cells versus
tumor cells. Activating the STING-TBKZ1 pathway using STING agonists appears to
effectively reduce tumor growth alone or in combination with cancer immunotherapy [148].
Using transplantable mouse tumor models, there is evidence that cGAS and STING are
required for effective generation of CD8 T cells, presumably by enhancing dendritic cell
(DC) priming via enhanced cross-presentation of tumor-associated antigens [149,150]. Thus,
disrupting TBK1 early in tumorigenesis might inhibit CD8 T cell priming similar to the
phenotype observed in STING-null mice. However, a tumor cell autonomous role for cGAS-
STING signaling has been demonstrated, including a role for ‘self” DNA derived from
chromosomal instability (CIN) promoting metastasis [151]. Another recent study found that
IF116 (Interferon-inducible 16) activates STING-TBK1 pathway, which leads to increased
PD-L1 expression and immunosuppressive TME [152]. Further study is needed to clarify the
impact of STING agonism versus TBK1 inhibition with particular attention cell type specific
signaling (e.g. tumor versus immune).

6. Therapeutic targeting of TBK1 in cancer

As TBK1 has emerged as a druggable target for multiple illnesses, several inhibitors
(TBK1i) have been developed (see Table 1) [153]. TBK1i were shown to be effective in
restricting tumor growth in various cancers [116,154-158], inhibiting metastatic potential
[129,158], as well as, improve response to immunotherapy in mice and patient-derived 3D
tumor spheroids [147]. In breast cancer, TBK1 was shown to phosphorylate estrogen
receptor a. (ERa) on Ser-305 thereby promoting resistance of the cells to tamoxifen [159].
Moreover, TBK1 expression in breast cancer correlated with poor response to tamoxifen. In
a murine breast cancer model, a TBK1/IKKe inhibitor combined with chemotherapy
(docetaxel) reduced metastasis and improved survival owing to reduced cancer cell growth
and impaired migration [158]. TBK1/IKKe inhibition was also effective in a murine model
of Her2-mutant breast cancer and demonstrated cooperativity with the lapatinib [160]. In
addition, both glioblastoma and lung cancer, IKKe inhibition increased the response to
chemotherapy, suggesting that IKKs inhibition can serve as a combined therapy with
chemotherapy as well [161].
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Most of the established TBK1 inhibitors are potent with in vitro IC50 in the mid-low nM
range, and EC50 in the low UM to high nM range [153]. Unfortunately, many of these
inhibitors are not selective, and are cross reactive with multiple kinases with high potency
[78]. It is worth noting that all TBK1 inhibitors to date also effectively inhibit IKKe. While
IKKe (/KBKE) is regulated transcriptionally and exhibits distinct tissue expression,
predominately in immune cells, compensatory upregulation of IKKe in response to TBK1
silencing has been observed in some cell lines [162], and serves as a reminder that genetic
confirmation is necessary to establish the specificity of small molecule inhibitors. While
there appears to be some degree of redundancy between TBK1 and IKKe in several settings
[97,163], additional studies have demonstrated a clear role for IKKe and not TBK1 in cancer
cell growth [164,165]. Possible explanations for non-overlapping roles of TBK1 and IKKe
include potential differences in upstream regulators, such as RALA/B Kras-mutant in
pancreatic cancer [165] and VAL status in renal cell carcinoma which affected TBK1 but
not IKKe [134]. In addition, selectivity of specific downstream targets (e.g. p62, in RCC
[134]). The roles of IKKe in cancer are reviewed elsewhere in greater detail [161]. Due to
the lack of specificity of small molecules other approaches were taken to develop TBK1
specific inhibitors, such as PROTACSs (proteolysis targeting chimeras), which are small
molecules that binds the target protein and an E3 ligase and promoting the target protein for
ubiquitination mediated degradation. This type of inhibitor is highly specific towards TBK1
versus IKKe and can be used for application when only TBK1 has to targeted [166].

Genetic, epigenetic, and/or environmental factors have been shown to influence tumor-
intrinsic sensitivity to TBK1 loss. Initial studies suggested certain RAS-mutant cancers
exhibited a specific vulnerability to TBK1 inhibition [122,123,167]. David Barbie’s lab
studied addition of other drugs (e.g. MEK inhibitors) to enhance response to TBK1
inhibition [123], but epigenetic, tumor-intrinsic resistance mechanisms limited these
combinations as well. Triple therapy with TBK1 inhibition, trametinib (MEKi), and a BET
inhibitor (JQ1) was required to overcome resistance to TBK1i +/- MEKi [141]. Altered
transcriptional cell state appears to influence intrinsic activity of the STING-TBK1-IRF3
pathway in KRAS-mutant NSCLC cell lines based on co-mutations in 7P53 versus STK11
(LKB1). Kitajima and colleagues demonstrated that cells with loss-of-function mutations in
LBK1 undergo epigenetic silencing of TMEM173 (encoding STING) resulting in impaired
sensing of cytoplasmic dsDNA [168]. Given the poor response to cancer immunotherapy
with PD-1 blockade observed in patients with KRas/LKB1 mutant (“KL) NSCLC [169], it
has been suggested that mechanisms to restore STING expression may enhanced response to
immunotherapy in these patients.

Several initial studies demonstrated modest single-agent activity of TBK1/IKKe inhibitors,
prompting combination studies often with MEK inhibitors [123,141,167]. In clinical trials
momelotinib (MMB, CYT387), a multi-targeted inhibitor of JAK/TBK1/IKKe, was tested in
combination with either chemotherapy or trametinib (MEKi) for metastatic KRAS mutant
NSCLC and PDAC (NCT02258607, NCT02244489, NCT02101021). Results of the Phase
1B trial assessing MMB + trametinib in KRAS-mutant NSCLC were disappointing, with no
patients showing an objective response [170]. MMB with chemotherapy in pancreatic cancer
was well tolerated with 28% partial response rate although given the lack of survival benefit

Expert Opin Ther Targets. Author manuscript; available in PMC 2021 November 01.


https://clinicaltrials.gov/ct2/show/NCT02258607
https://clinicaltrials.gov/ct2/show/NCT02244489
https://clinicaltrials.gov/ct2/show/NCT02101021

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 12

over chemotherapy alone, there was insufficient evidence to support further evaluation of
this regimen as a first-line treatment in patients with PDAC [171].

7. Conclusions

TBK1 is a multi-functional Ser/Thr kinase with well-established roles in regulating the
innate immune responses in response to invading pathogens [1], with additional roles in
autophagy/mitophagy/xenophagy, cellular metabolism, cell cycle, and cell death signaling
[2,9,48]. TBK1 signaling is subject to multiple layers of regulation, including post-
translational modifications, dynamic protein-protein interactions, and alterations in
subcellular localization. Such complexity is required for a single enzyme to exhibit such
influence in so many different biological processes, and likely underlies the context-
dependent impact of TBK1 deletion/inhibition [116,131]. Improved understanding of the
roles and regulation of TBK1 has begun to reveal novel insights and connections [87,172],
although the precise signaling pathway(s) relevant to cancer pathogenesis are incompletely
understood.

8. Expert opinion

Over the last decade, TBK1 has emerged as a potential therapeutic target in cancer based on
genetic and pharmacologic loss-of-function studies [5,78]. Despite promising pre-clinical
data in certain cancers and cancer sub-types, early phase clinical trials of TBK1 inhibitors +/
- chemotherapeutic agents or small molecules (e.g. MEK inhibitors) were not promising.
Possible explanations for the poor clinical performance include issues with the chosen drug
itself (e.g. potency, specificity), the patient population in which the drug was evaluated, lack
of predictive biomarkers, the combination therapy strategy, and lack of appropriate pre-
clinical models that recapitulate key features of the TME to perform drug sensitivity testing.

There are several TBK1 inhibitors that have been described in the literature (Table 1),
although only amlexanox is FDA-approved (aphthous ulcers) and only momelotinib has
undergone early phase clinical testing for cancer. Amlexanox has been shown to improve
glucose control in patients with diabetes and was generally well tolerated [173], but has not
been evaluated in patients with malignancy. Newer more selective TBK1 inhibitors, as well
as TBK1 PROTAGCS, are still in pre-clinical development, and currently there are no clinical
trials evaluating TBKZ1 inhibitors that are enrolling patients (clinicaltrials.gov), with the
exception of momelotinib which remains under investigation in myelofibrosis largely due its
activity as a JAK inhibitor. Several drug companies have developed molecules that inhibit
TBK1 in the low nM range [153], a handful of which have been published [131,147]. Key to
the future of TBK1-directed therapy in cancer will be improved understanding of the cellular
roles and molecular mechanisms governing TBK1 activity, as well as improved
understanding of the inter- and intra-patient heterogeneity of TBK1 signaling.

Even with the development of a highly selective and potent TBK1 inhibitor, the right drug
must be used in the appropriate therapeutic context. Precision medicine broadly refers to
approaches to match the “right drug(s) with the right patient,” although this has largely been
synonymous with genomic approaches to identify druggable driver mutations. Despite great
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success with this approach, FDA-approved drugs are available for a small subset of cancer
patients based on “targetable” mutations identified from next-generation DNA sequencing
[174], and there is an unmet need for new and complementary approaches to evaluate novel
therapies and therapeutic combinations. Initial studies suggested genomic features (e.g. RAS
mutations) indicated sensitivity to TBK1 inhibition, although more recent evaluation of
larger numbers of cell lines suggests that transcriptional cell state may better predict
sensitivity to TBK1 inhibition than specific genomic features. Michael White’s group
performed pharmacogenomic analyses of melanoma [131] and NSCLC [116] cell lines and
identified a gradient of sensitivity to TBK1 inhibition. The TBKZ1i-sensitive transcriptional
cell state in both studies is more mesenchymal and de-differentiated, suggesting a
connection between transcriptional cell state and innate immune signaling. Single-cell RNA-
sequencing has offered unprecedented insights into the evolution of cancer cell programs
and tumor cell states that can be therapeutically targeted [175,176], and may prove useful
identifying specific cell states that are uniquely sensitive to TBK1 inhibition. The
development of adaptive resistance to cancer therapies gives rise to distinct transcriptional
cell states [175,177] that also may exhibit unique response profiles to TBK1-directed
therapies. Recent studies also suggest development of adaptive mutability in response to
targeted cancer therapies [178], which should also be considered with respect to TBK1-
directed therapeutic strategies. Deep characterization and understanding of the molecular
adaptations underlying response (and resistance) to TBK1-directed therapies are also
expected to improve our understanding of the complex roles and regulation of TBK1 in
cancer.

While TBK1 inhibition has shown some activity as a monotherapy, most pre-clinical studies
have evaluated TBK1 inhibitors in combination with other anti-cancer agents. Given the
clinical success of cancer immunotherapy with immune checkpoint blockade, there has been
early interest in improving the response to PD-1 blockade by TBK1i [147], as TBK1 has
been shown to promote immune suppression in murine cancer models [28]. As it expressed
both in tumor and immune tissues further studies are required to confirm tumor-intrinsic and
extrinsic roles of TBK1 signaling. A particularly intriguing observation arising from several
studies is that cancer cells sensitive to TBK1 inhibition exhibit activation of innate immune
signaling pathways [116,131]. Whether TBKZ1 inhibition in such a setting would enhance
response to cancer immunotherapy is unknown but is a subject of active investigation. As
several CRISPR screens have nominated TBK1 as a promising candidate to sensitize tumor
cells to immune attack [179-181], the tumor-intrinsic role of TBK1 may be particularly
relevant. Inhibiting TBK1 may also prime anti-tumor immune responses
[144,145,147,179,181], suggesting that targeting TBK1 in the TME may have greater
efficacy than tumor-specific targeting. As there is a growing interest in developing strategies
to normalize the TME [182], targeting TBK1 signaling may prove particularly effective in
combination in certain tumor types depending on tumor cell transcriptional state, innate
immune signaling, as well as immune contexture.

In the coming years, we anticipate TBK1 will re-emerge as a therapeutic target in cancer,
especially as part of combination strategies directed at the TME. More selective small
molecule inhibitors and PROTACs targeting TBK1 will provide the appropriate tools for
further pre-clinical and clinical development. Further research is needed to facilitate
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development of rational TBK1-directed therapeutic strategies as well as predictive
biomarkers to determine which patients are most likely to respond to treatment. One of the
greatest challenges facing the development of TBK1-directed cancer therapeutics is the use
of appropriate pre-clinical model systems that faithfully recapitulate key features of the
TME. Newer patient-derived tumor model systems (e.g. organoids, organotypic tumor
spheroids) [147,183] may enable testing of combination strategies prior to first-in-human
clinical trials. Such personalized cancer models may not only facilitate pre-clinical
evaluation using clinically relevant patient-derived tumor models, but may also serve as a
functional precision medicine tools to guide patient selection as part of early phase clinical
testing [184-187].
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Article Highlights

TBK1 is a multi-functional serine/threonine kinase with well-established roles
in regulating the innate immune responses in response to invading pathogens

Regulation of TBK1 signaling involves post-translational modifications,
dynamic protein-protein interactions, and alterations in subcellular
localization

Role of TBK1 in cancer include governing innate immune signaling,
inflammation, autophagy, cellular metabolism, cell cycle, and cell death
signaling

Tumor-intrinsic and tumor-extrinsic roles of TBK1 in cancer have been

described

TBK1 has emerged as a potential therapeutic target in cancer based on genetic
and pharmacologic loss-of-function studies.

The next generation of TBK1-directed cancer therapies will focus on the
tumor microenvironment and will likely be evaluated in combination with
cancer immunotherapy and/or molecular targeted therapy.
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Fig. 1. TBK1 protein structure and post-translational modifications.
TBK1 is a 729 amino acids in length and is comprised of four domains: the kinase domain

(a.a. 1-307), the ubiquitin-like domain (a.a. 310-385), the scaffold/dimerization domain (a.a.
407-657), and the C-terminal domain (a.a. 657-729) [2,19,48]. The kinase domain contains
the activation loop (Leul64-Gly199), including Ser172. Key post-translational modifications
required for enzyme function [19] are indicated (*). Additional residues subject to post-
translational modification are indicated in gray and are described and reviewed elsewhere
[2]. Hydrophobic residues (Leu 316, lle 353, and Val 382) within the ULD have been
implicated in protein-protein interactions.
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Fig. 2. TBK1 and Innate Immune Signaling.
In response to invading pathogens, (1) Cytosolic DNA (e.g. viral dsRNA) is recognized by

cyclic GMP-AMP synthase (cGAS) which converts ATP and GTP to the second messenger,
cyclic GMP- AMP (cGAMP). cGAMP activates STING (TMEM173) promoting
recruitment of TBK1. STING promotes activation of TBK1 and subsequent phosphorylation
and dimerization of IRF3. Translocation of IRF3 to the nucleus promotes transcription of
type I inteferons (IFNa/B). (2) In response to a viral infection, cytosolic SSRNA or dsSRNA
are recognized by RIG-I like receptors (RLRs) and Toll-like receptor 3 (TLR3). Signals
from retinoic acid-inducible gene | (RIG-I, DDX58) and melanoma differentiation-
associated protein 5 (MDAS, IFIH1) are transduced through mitochondrial antiviral
signaling protein (MAVS; a.k.a. IPS1, VISA, CARDIF) to activation IRF3 and NF-xB
signaling through TBK1 and TRAF proteins [204]. Translocation of K38/K401-
polyubiquitinated and pSer172 phosphorylated TBK1 to the Golgi apparatus following RLR
or TLR3 stimulation requires the ubiquitin-binding protein optineurin (OPTN) to promote
IRF3/IFN type I signaling [57]. (3) In response to LPS, Toll-like receptor 4 (TLR4) is
regulated by two supramolecular organizing complexes (SMOCSs), the myddosome
(containing MyD88) and the triffosome (containing Trif) [113]. This pathway can active
IRF3 and NF-xB signaling, as well as promote metabolic changes (e.g. regulation of
glycolysis). (4) TBK1 (and IKKe) limit cell death following tumor necrosis factor a (TNFa.)
treatment by promoting the phosphorylation of RIPK1 [97]. This requires NEMO (IKK-y),
the linear-ubiquitin chain assembly complex (LUBAC), and the known TBK1/IKKe
interacting proteins NAP1 and TANK. TANK-dependent TBK1 signaling has been shown to
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promote NF-xB activation [11], although the precise role of TBK1 in regulation NF-xB
signaling remains unclear.
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Fig. 3. Targeting TBK1 in the Tumor Microenvironment.
Tumor intrinsic TBK1 signaling in the setting of innate immune response, inflammation, and

oncogenesis have been described. Subsequent roles for TBK1 have been established for
innate immune signaling (e.g. IRF3/IFN type 1), autophagy/mitophagy, cell cycle, cell
growth/metabolism, and cell death, with some evidence of crosstalk between these
pathways. Tumor extrinsic TBK1 signaling has been suggested with potential roles for
dendritic cells, cytotoxic T lymphocytes, and macrophages.
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Table 1 —
Small Molecules and PROTACSs Targeting TBK1.
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Select references indicating cancer-related and non-cancer related studies, data on cross reactivity against
other kinases, and IC50 (inhibitors) or DC50 (for proteolysis targeting chimeras).

carcinoma [134]

TBK1i Non-cancer related Cancer-related Cross reactivity 1C50 / DC50
Amlexanox Inflammatory breast cancer [158], colorectal | TBK1/IKKe 0.85uM
diseases, obesity, cancer [157], prostate cancer Binds also to some S100 4.7uM
asthma, allergies [129,190], glioblastoma proteins and alters cell 1-300 pg/ml for cell culture
[188,189] [156], leukemia signaling and cytoskelston assays
organization [191,192] [193]
BX795 Herpes Simplex Lung cancer [116], bladder TBK1/IKKe 1inM
infections [194] cancer [155], melanoma PDK1 1nM
[131,167], squamous cell Aurora B, 1.3nM
carcinoma [154] ERK 8 2nM
And more Working concentrations 100
[22] nM - 10 uM
MRT67307 rheumatoid arthritis T cell Leukemia [195] TBK1/IKKe 19 nM
ULK1/2 [196] 160 nM
SIK [197] 40nM
1-20 uM for cell culture
assays
CYT387 Myelofibrosis [199] Lymphoma [200]; AML JAK1 11nM
(Momelotinib) [162]; PDAC [171]; JAK2 18nM
[198] NSCLC [123,170], TBK1/IKKe 58 nM /42 nM
Cmpd1 N/A Colon cancer (mouse model) TBK1/IKKe 1nM (TBK1) /5.6 nM
[147]; Renal cell carcinoma (less potent against (IKKe)
[134] JAK1/2/3) [147]
GSK8612 N/A N/A TBK1 [201] N/A
Compound Il Autoimmune melanoma [131] TBK1/IKKe N/A
diseases [202,203] [203]
Compound 3i N/A KRAS mutant lung cancer Selective for TBK1 DC50 =12 nM
[166]
UNC6587 N/A VHL-mutant renal cell Selective for TBK1 N/A
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