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TANK-binding kinase 1 (TBK1) has emerged as a novel therapeutic
target for unspecified subset of lung cancers. TBK1 reportedly
mediates prosurvival signaling by activating NF-xB and AKT. How-
ever, we observed that TBK1 knockdown also decreased viability
of cells expressing constitutively active NF-xB and interferon reg-
ulatory factor 3. Basal phospho-AKT level was not reduced after
TBK1 knockdown in TBK1-sensitive lung cancer cells, implicating
that TBK1 mediates unknown survival mechanisms. To gain better
insight into TBK1 survival signaling, we searched for altered phos-
phoproteins using mass spectrometry following RNAi-mediated
TBK1 knockdown. In total, we identified 2,080 phosphoproteins
(4,621 peptides), of which 385 proteins (477 peptides) were affected
after TBK1 knockdown. A view of the altered network identified
a central role of Polo-like kinase 1 (PLK1) and known PLK1 targets.
We found that TBK1 directly phosphorylated PLK1 in vitro. TBK1
phosphorylation was induced at mitosis, and loss of TBK1 impaired
mitotic phosphorylation of PLK1 in TBK1-sensitive lung cancer cells.
Furthermore, lung cancer cell sensitivity to TBK1 was highly corre-
lated with sensitivity to pharmacological PLK inhibition. We addi-
tionally found that TBK1 knockdown decreased metadherin
phosphorylation at Ser-568. Metadherin was associated with poor
outcome in lung cancer, and loss of metadherin caused growth in-
hibition and apoptosis in TBK1-sensitive lung cancer cells. These
results collectively revealed TBK1 as a mitosis regulator through
activation of PLK1 and also suggested metadherin as a putative
TBK1 downstream effector involved in lung cancer cell survival.

non-canonical IkB kinase | stable isotope labeling by amino acids (SILAC) |
astrocyte elevated gene-1 (AEG-1)

ANK-binding kinase 1 (TBK1) was originally identified as an

NF-kB-activating kinase (1). TBK1 activates the innate im-
mune response through phosphorylation of two transcription
factors, NF-xB and interferon regulatory factor 3 (IRF3), in
response to proinflammatory cytokines and Toll-like receptor
activation (2, 3). Besides its pivotal role in the innate immune
response, increasing evidence indicates that aberrant activation
of TBK1 and its closest homolog, IkB kinase ¢ (IKKe), is asso-
ciated with development of human cancers. IKKe renders cells
tumorigenic and is required for breast cancer cell proliferation
and survival (4). IKKe has also been found to be amplified or
activated in cancers, including lung cancer, ovarian cancer, gli-
oma, and breast cancer (4-7).

Mechanisms that activate TBK1 and the downstream proteins
and pathways regulated by TBK1 in cancer remain incompletely
understood. Some studies have placed TBK1 downstream of
RAS signaling, increasing the potential for TBKI-targeting
therapeutics in cancer. The RalB GTPase engages TBK1 with
oncogenic RAS to support cancer cell survival, suggesting that
TBK1 is an unappreciated RAS downstream protein involved in
cancer cell survival (8). A systemic RNAIi screening study
revealed that TBK1 is specifically required for survival of lung
cancer cells harboring oncogenic KRAS mutations and further
suggested that BCL-XL is important for TBK1-sensitive lung
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cancer cell survival (9). However, another study found both
KRAS mutant cell lines to be insensitive to TBK1 inhibition and
epidermal growth factor receptor (EGFR) mutant lung cancer
cell lines to be sensitive to TBK1 inhibition (10). Studies also
identified AKT as a novel substrate that is directly phosphory-
lated by TBK1 and mediates its prosurvival role (10, 11). Col-
lectively, these studies argue that the genetic or phenotypic
determinants for TBK1 dependency and survival mechanisms
mediated by TBK1 remain to be elucidated. Identifying these
determinants, especially in the context of RAS mutations, could
have significant implications for targeted therapy of cancer.

To gain global insight into the TBK1 signaling network, es-
pecially signaling involved in cancer cell survival, we combined
protein knockdown using short hairpin RNA specifically targeting
TBK1 (shTBK1) with quantitative phosphoproteomics. Using this
approach, we developed a TBK1-regulated phosphoproteomic
signature and found that TBK1 knockdown leads to decreased
phosphorylation of Polo-like kinase 1 (PLK1) and metadherin
(MTDH). Interestingly, PLK1 has been identified as a synthetic
lethal interacting protein in cancer cells harboring oncogenic
KRAS (12), and MTDH expression is known to be induced by
oncogenic HRAS (13). Our phosphoproteomics approach thus
revealed novel links between TBK1 and the signaling network
maintaining survival of RAS-mutant cancer cells.

Results

NF-kB, IRF3, and AKT Are Not Essential for TBK1-Mediated Survival
Signaling. We introduced two different TBK1 shRNAs to H23
and A549 lung adenocarcinoma cell lines, which harbor onco-
genic KRAS mutations. We observed that shTBK1 reduced cell
viability and induced poly(ADP-ribose) polymerase (PARP)
cleavage (SI Appendix, Fig. S1). Of note, both phenotypes were
dependent on knockdown efficiency of two different hairpins. To
delineate molecular mechanisms by which TBK1 mediates sur-
vival signaling, we first tested whether known TBK1 downstream
targets, NF-xB and IRF3, are responsible for maintaining cancer
cell survival (1-3). We generated A549 cells that stably express
constitutively active (CA) IkB kinase p (IKKp), which is a key
kinase for NF-kB activation by proinflammatory cytokines, and
CA-IRF3 (14, 15). Ectopic expression of the mutant proteins was
confirmed by Western blotting (SI Appendix, Fig. S2). We also
confirmed that cells expressing CA-IKKf and -IRF3 expressed
significantly higher levels of NF-xB and interferon (IFN)-—Luc
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Known TBK1 targets are not essential for TBK1 survival signal. (A) Loss of TBK1 decreases cell viability of A549 lung adenocarcinoma cells independent

of NF-kB and IRF3 activity. A549 cells stably expressing CA-IKKp (S177/181D) or IRF3 (S396D) were infected with lentivirus encoding control shRNA (scrambled
shRNA) or hairpins targeting TBK1 (shTBK1 #4). Cell viability was examined 6 d after lentivirus infection. Shown are triplicate experiments +1 SE. (B) Loss of
TBK1 does not decrease basal AKT phosphorylations in TBK1-sensitive lung cancer cell lines. Whole cell extracts were prepared 3 d after infection.

reporter genes as well as their target genes interleukin-8 (IL-8)
and CXCLI10, respectively (SI Appendix, Fig. S3). Using these
stable cell lines, we tested whether the CA mutant proteins could
rescue loss of cell viability induced by TBK1 knockdown. We
found that neither CA-IKKf nor IRF3 could rescue cell death
induced by TBK1 loss, indicating that NF-kB and IRF3 are not
key molecules in survival signaling driven by TBK1 (Fig. 14). We
next tested whether TBK1 is responsible for maintaining basal
activity of NF-kB or AKT in lung cancer cells. AKT has been
recently reported as a direct TBK1 substrate that mediates
prosurvival signaling (10, 11). However, TBK1 knockdown failed
to decrease either basal or tumor necrosis factor (TNF)-
a—induced NF-kxB-DNA binding or AKT phosphorylation in
TBKI1-sensitive lung cancer cells (ST Appendix, Fig. S4; Fig. 1B).
These data suggest that TBK1 potentially activates unknown
signaling pathways to maintain lung cancer cell survival that may
be independent of NF-xB, IRF3, and AKT.

Quantitative Phosphoproteome Analysis of TBK1 Signaling in KRAS-
Mutant Lung Cancer Cells. To gain better insight into the TBK1
survival signaling network in lung cancer cells, we analyzed
global phosphoproteomic changes after knocking down TBKI.
We chose the A549 lung adenocarcinoma cell line, because A549
cells are dependent on TBK1 for survival (SI Appendix, Fig. S1).
It is possible that caspase activation after TBK1 loss would dis-
rupt the cellular proteome in a nonspecific manner, which may
hinder identification of key survival proteins regulated by TBK1
(16). Thus, we examined TBK1 knockdown efficiency and PARP
cleavage at 24, 48, 72, and 96 h after lentivirus infection to decide
on an appropriate time point for harvesting whole cell extracts
for phosphoproteomic analysis. From this experiment, we found
that PARP cleavage was induced from 72 h after infection and
endogenous TBK1 was significantly depleted starting from 48 h
after infection (SI Appendix, Fig. S5). These data indicate that
48 h after infection is the most appropriate time point to prepare
samples for phosphoproteomics.

To define TBK1-regulated signaling with quantitative phos-
phoproteomics, we used Stable Isotope Labeling by Amino Acids
in Cell Culture (SILAC) (17). The SILAC methodology elimi-
nates many preanalytical variables that can induce quantification
error because the two cell populations are mixed after treatment
and treated as a single sample in all subsequent steps. The
schematic of the SILAC-based TBK1 phosphoproteomics is
described in Fig. 2. From this approach, we identified 4,621
unique phosphopeptides, which corresponded to 2,080 unique
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phosphoproteins (SI Appendix, Fig. S6; Dataset S1). We focused
on phosphopeptides whose quantity is significantly affected by
loss of TBK1. We defined a TBK1-regulated phosphopeptide as
one that has had quantity changed by greater than an average of
+1.5-fold and was greater than an average of one SD away from
the average deviation observed within the data. From this anal-
ysis, we observed that loss of TBK1 regulated phosphorylation of
385 proteins (477 peptides). A selected list of TBK1-regulated
phosphopeptides is shown in Table 1 (with the full list shown in
Dataset S2). Selected MS data were validated by Western blot-
ting (S Appendix, Fig. S7) and visual inspection of extracted ion
chromatograms (SI Appendix, Fig. S8), which showed increased
phosphorylation of EGFR, Met, and ERK1/2 and decreased
phosphorylation of p70S6K.
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Fig. 2. Schematic of the SILAC-based quantitative phosphoproteomics ap-
proach to TBK1 signaling.
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Table 1. Selected TBK1-regulated phosphopeptides
Protein name Gene name  Fold change Phosphopeptide sequence Site
Kinase
Ribosomal protein S6 kinase RPS6KB1 -3.21 TPVPSPVKFSPGDFWGR* S424
Mitogen-activated protein kinase 3 MAPK3/ERK1 4.83 IADPEHDHTGFLTEPYVATR Y204
‘ Hepatocyte growth factor receptor MET 2.93 DMYDKEpPYYSVHNK Y1234
T} Epidermal growth factor receptor EGFR 2.73 GSTAENAEPYLR* Y1197
‘ Polo-like kinase 1 PLK1 -1.63 KKpTLCGTPNYIAPEVLSK' T210
n Phosphatase
Protein tyrosine phosphatase, type 12 PTPN12 1.51 NLpSFEIK S435
n Protein tyrosine phosphatase, type 14 PTPN14 1.83 HKYVSGSpSPDLVTR S594
Transcription regulators
Metadherin/astrocyte elevated gene-1 MTDH/AEG-1 -1.63 SETSWEpPSPKQIK* S568
Metadherin/astrocyte elevated gene-1 MTDH/AEG-1 1.83 LSSQISAGEEKWNPSVSPASAGKR S306
V-myc myelocytomatosis viral oncogene homolog MYC 1.70 KFELLPTPPLSPPpSRR S64
Jun proto-oncogene JUN 2.09 NSDLLTpSPDVGLLK S63

Amino acids in boldface represent phosphorylated sites.
*Changed in both biological replicates. Fold changes indicated are average of two biological replicates.
"The phosphosite predicted from MaxQuant was T214, but the actual phosphosite was T210 based on visual inspection of MS/MS
spectra.

Global View to TBK1-Regulated Phosphoproteome. Next, we per-  step). The resulting MetaCore network was further combined
formed bioinformatics analyses of TBKIl-regulated phospho-  with phosphoprotein abundance direction changes obtained from
proteins to gain a global view of signaling networks regulated by =~ TBK1 phosphoproteomics experiments (using majority voting for
TBKI1. These analyses included Gene Ontology (GO) pathway  proteins with multiple phosphopeptide observations), keeping
enrichment analysis, motif analysis using the motif-x algorithm  only those nodes (up/down) and edges [transcriptional regulation,
(18), and GeneGo MetaCore pathway analysis (trace pathways, 1 ~ (de)phosphorylation] consistent with experimental observation.
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next day for 18 h. (D) Analysis of correlation between TBK1 and PLK1 sensitivity in lung cancer cells. Nine non-small-cell lung cancer (NSCLC) cell lines were
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This process results in a “self-consistent” network, in which all
abundance changes are consistent with all directed interactions.

From GO pathway enrichment analysis, we found that 3 of the
top 10 enriched GO hits in the down-regulated phosphoproteins
included pathways involved in cell-cycle regulation, especially those
involved in G1/S transition and mitosis (S Appendix, Table S1).
Motif analysis revealed that proline-directed motifs (pS/T-P)
were enriched in the TBK1-regulated phosphopeptides (SI Ap-
pendix, Fig. S9), suggesting that TBK1 might be involved in the
regulation of cell-cycle-regulating proline-directed kinases such as
cyclin-dependent kinases or mitogen-activated protein kinases.
Most importantly, the self-consistent network generated by Meta-
Core pathway analysis revealed that TBK1 knockdown decreases
the PLK1 phosphorylation network (Fig. 3). Table 2 shows the

Table 2. Selected list of TBK1-PLK1 subnetwork components

selected list of TBK1-PLK1 subnetwork components, which
revealed that TBK1 knockdown leads to decreased activating
phosphorylation of PLK1 (Thr-210) and its mitotic target proteins
(19-29). These results prompted us to validate our idea that TBK1
is involved in mitotic regulation through activating PLK1.

TBK1 Is Activated at Mitosis and Phosphorylates PLK1. We first tested
whether TBK1 activity is induced in a cell-cycle-dependent manner,
particularly at mitosis, similar to other mitotic kinases such as cyclin-
dependent kinase 1 (CDK1), PLKs, and Aurora kinases. A549
cells were released from double thymidine-induced G1-S bound-
ary arrest, and activation of TBK1 and PLK1 was monitored.
TBKl1-activated phosphorylation (Ser-172) coincided with phos-
phorylation of histone H3, which is indicative of mitosis, and the

Gene name Phosphopeptide sequence Fold change Mitotic function Ref(s).
NPM1 CGSGPVHIPSGQHLVAVEEDAESEDEEEEDVK -1.79 Centrosome replication 20
PCM1 SDGPSENLCTPQOSR —-1.56 Centrosome assembly and function 21, 22
STMN1 RAPSGQAFELILSPR -1.97 Mitotic spindle regulation 23
TOP2A IKNENTEGpSPQEDGVELEGLK -1.61 Chromatin condensation 24, 25
TPR GVQGPLNVPSLSEEGKSQEQILEILR -1.51 Mitotic spindle checkpoint 26
WAPAL RPEpSPpSEISPIKGSVR -1.77 Regulator of sister chromatid cohesion 27, 28
GORASP1 KPPGpTPPPSALPLGAPPPDALPPGPTPEDPSPSLETGSR -1.58 Postmitotic assembly of Golgi stacks 29

Amino acids in boldface represent phosphorylated sites.
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kinetics of TBKI1 activation is similar to PLK1 phosphorylation at
Thr-210 (Fig. 44). Of note, we found that TBK1 directly phos-
phorylated PLK1 in vitro, indicating that PLK1 is a mitotic
TBKI1 substrate (Fig. 4B). To examine the role of TBK1 in PLK1
activation in more detail, mitotic phosphorylation of PLK1 was
examined after TBK1 knockdown. We observed that TBK1 was
phosphorylated at mitotic cells, and mitotic phosphorylation of
PLK1 was impaired by TBK1 knockdown in H23 and A549 cells,
both of which are sensitive to TBK1 loss (Fig. 4C). Interestingly,
neither mitotic phosphorylation of TBK1 nor TBK1 regulation
of PLK1 phosphorylation was observed in two TBK1-resistant
cells, H441 and H460 (Fig. 4C), suggesting that proper activa-
tion of PLK1 through TBKI1 is important for survival of TBK1-
sensitive lung cancer cells. To further validate this finding, we
extended our approach to a larger number of lung cancer cell
lines. We hypothesized that, if TBK1-mediated PLK1 activation
is important for a subset of lung cancer cell survival, lung cancer
cells sensitive to TBK1 knockdown would be also sensitive to
PLK1 inhibition. To test this hypothesis, we performed shRNA-
mediated knockdown of TBK1 in nine lung cancer cell lines,
which were also treated with two different PLK1 inhibitors,
BI6727 (Volasertib) and BI2536, and then examined cell via-
bility. From this experiment, we observed that lung cancer cells
that are sensitive to TBK1 knockdown were highly correlated
with sensitivity to PLK1 inhibition (R* = 0.7319 for BI6727 and
0.8387 for BI2536; Fig. 4D and SI Appendix, Fig. S10). These
data strongly support the notion that TBK1-mediated PLK1
phosphorylation plays a pivotal role in maintaining survival of
a subset of lung cancer cells.

TBK1 Regulates Phosphorylation of MTDH, an Important Survival
Protein in Lung Cancer Cells. We tried to identify survival pro-
teins regulated by TBKI1 in addition to PLKI1. To this aim, we
searched for hits whose loss would recapitulate shTBK1’s phe-
notype, especially in the down-regulated phosphoproteins. In
particular, phosphorylation of serine 568 on MTDH/Astrocyte
Elevated Gene-1 (AEG-1) was reduced after TBK1 knockdown
in both replicates (Table 1). MTDH is known as a downstream
target of oncogenic HRAS and has been shown to be often
dysregulated in human cancers (13, 30, 31). We found that high
expression of MTDH is associated with poor prognosis in early-
stage lung cancer (SI Appendix, Fig. S11), suggesting the im-
portance of this protein in lung cancer aggressiveness. We next
tested whether TBK1 could directly phosphorylate MTDH. We
were unable to find evidence that TBK1 can directly phosphor-
ylate MTDH (SI Appendix, Fig. S12). This result suggests that
other Ser/Thr kinases possibly mediate this phosphorylation. To
assess the functional significance of MTDH in TBK1-mediated
survival signaling, we first tested whether loss of MTDH could
produce the same results as the TBK1 knockdown phenotype.
H23 and A549 cells were infected with lentiviruses encoding two
different hairpins targeting MTDH. We found that loss of MTDH
induced PARP cleavage and reduced cell viability (SI Appendix,
Fig. S13). Consistent with TBK1-PLK1 above, we used the same
approach to test our hypothesis that, if MTDH is a key TBK1
downstream target for survival, then lung cancer cells sensitive to
TBKI1 knockdown are also sensitive to MTDH knockdown. We
performed shRNA-mediated knockdown of MTDH, TBK1, and
KRAS in 14 lung cancer cell lines with defined EGFR and KRAS
mutation status. The knockdown efficiency was validated by
Western blotting in two different cell lines, H23 and H1437,
which represent sensitive and resistant to loss of those survival
proteins, respectively (SI Appendix, Fig. S14). From this ex-
periment, we observed that lung cancer cells that are sensitive
to MTDH knockdown were highly correlated with sensitivity
to TBK1 knockdown (R2 = 0.9022; Fig. 5 and SI Appendix,
Fig. S15). We observed less correlation between TBK1 sensitivity
and KRAS sensitivity (R* = 0.5271; SI Appendix, Fig. S16) and
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Each cell line’s remaining cell viability compared with control was plotted,
and correlation coefficient (R?) was calculated.

MTDH sensitivity and KRAS sensitivity (R* = 0.3829; SI Appen-
dix, Fig. S17). These data suggest that MTDH is an important
mediator of TBK1 signaling to maintain survival in lung
cancer cells.

Discussion

We describe a system-wide approach to decipher TBK1-medi-
ated survival signaling networks in lung cancer cells. Our TBK1-
regulated phosphoproteome revealed unexpected TBK1 func-
tion in regulating the mitotic kinase, PLK1. PLK1 contributes to
multiple stages of mitosis, including CDK1 activation, spindle
assembly, anaphase-promoting complex/cyclosome activation,
and cytokinesis (32). Given the mitotic roles of PLK1, we spec-
ulate that loss of TBK1 possibly allows abnormality in mitosis
(e.g., aberrant chromosome segregation), leading to mitotic cell
death. Furthermore, cancer cell vulnerability to mitotic stress or
alterations in cell-cycle phase may determine cellular responses
to inhibition of TBK1 signaling. Interestingly, our results linking
TBK1 to downstream PLK1 signaling integrated two previous
RNAI screens identifying TBK1 and PLKI1 as a synthetic lethal
interaction partners with oncogenic KRAS (9, 12). Our results
thus suggest that targeting PLK1 or the mitotic machinery would
be an effective strategy against lung cancer cells that harbor
oncogenic KRAS or for which survival is dependent on TBKI1.
From our phosphoproteomics experiments, we could not
identify phosphopeptides corresponding to conventional TBK1
substrates, including IRF3, IRF7, RelA, and IkB. This result may
be due to lack of proinflammatory stimuli in our experimental
condition. It is possible that TBK1 mediates phosphorylation of
cancer-cell-specific survival proteins (e.g., PLK1, MTDH), whereas
it phosphorylates proinflammatory substrates (e.g., IRF3, RelA) in
normal cells in response to immune stimuli. Molecular mechanisms
determining this specificity deserve further attention. One possi-
bility is that TBK1 forms cancer-cell-specific protein—protein in-
teraction (PPI) networks. The comprehensive TBK1-PPI network
has been studied in immune cells (33); thus, a similar approach
could be used to clarify the context-dependent TBK1-PPI network.
Although not fully addressed in this work, we observed that
TBK1 knockdown increased phosphorylation of oncogenic kinases,
including EGFR, Met, and ERK1/2 (SI Appendix, Figs. S7 and S8§;
Table 1). This result suggests that cancer cells activate compen-
satory growth/survival-promoting mechanisms driven by activation
of multiple protein kinases, including EGFR, Met, and ERK, in
response to loss of TBK1 expression. One common reason for
failure of kinase-targeted cancer therapy is that cancer cells
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activate alternative routes of the kinase pathway for survival (34,
35). The molecular mechanisms underlying compensatory activa-
tion of these receptor tyrosine kinases (RTKs) after TBKI1
knockdown are not clear. Duncan et al. reported that pharmaco-
logical inhibition of MEK leads to transcriptional up-regulation of
RTKs (34), but this characteristic may not be the case for TBK1
because we did not see any change in total EGFR and Met levels
after knocking down TBKI1. Another possibility is that loss of
TBK1 would inhibit function of phosphatases targeting RTKs. We
found that loss of TBK1 increases phosphorylation of tyrosine
phosphatases (PTPN12, PTPN14) whose loss activates proto-
oncogenic RTKs, including EGFR, HER2, and platelet-derived
growth factor receptor (PDGFR) (36). Thus, it is possible that loss
of TBK1 induces inhibitory phosphorylation on tyrosine phos-
phatases, thereby activating compensatory RTKs.

Collectively, our global view regarding the TBKI1-regulated
phosphoproteome revealed a TBK1 function in mitosis as well as
a unique survival protein whose phosphorylation is regulated
by TBKI1.

Materials and Methods

A549 cells were metabolically labeled with the SILAC protein quantitation kit
(Pierce). After 7 d of labeling, cells were infected with lentiviruses encoding
control hairpin (scrambled shRNA) or shRNA specific for TBK1 (shTBK1 #4),
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and then TBK1 knockdown was confirmed before proceeding to proteomics
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corporation with in-solution digestion and liquid chromatography-tandem
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resulting tryptic peptides were fractionated by strong cation exchange
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ment by using immobilized metal affinity chromatography (Phos-Select;
Sigma-Aldrich). LC-MS/MS was performed on a nanoflow liquid chromato-
graph (U3000; Dionex) interfaced with an electrospray hybrid ion-trap mass
spectrometer (LTQ-Orbitrap; Thermo). Relative quantification was per-
formed by using MaxQuant (Version 1.1.1.25). Additional details can be
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