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Abstract

Error-free progression through mitosis is critical for proper cell division and accurate distribution
of the genetic material. The anaphase-promoting complex/cyclosome (APC/C) ubiquitin ligase
regulates the progression from metaphase to anaphase and its activation is controlled by the
cofactors Cdc20 and Cdhl. Additionally, genome stability is maintained by the spindle assembly
checkpoint (SAC), which monitors proper attachment of chromosomes to spindle microtubules
prior to cell division. We had shown a role for Tank Binding Kinase 1 (TBK1) in microtubule
dynamics and mitosis and here we describe a novel role of TBK1 in regulating SAC in breast and
lung cancer cells. TBK1 interacts with and phosphorylates Cdc20 and Cdh1 and depletion of
TBK1 elevates SAC components. TBK1 inhibition increases the association of Cdc20 with APC/C
and BubR1 indicating inactivation of APC/C; similarly, interaction of Cdhl with APC/C is also
enhanced. TBK1 and TTK inhibition reduces cell viability and enhances centrosome amplification
and micronucleation. These results indicate that alterations in TBK1 will impede mitotic
progression and combining TBK1 inhibitors with other regulators of mitosis might be effective in
eliminating cancer cells.
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INTRODUCTION

Cell cycle checkpoints involve complex regulatory mechanisms that ensure proper genomic
maintenance and fidelity of cell division. Especially, error-free progression through mitosis
is critical for proper cell division and accurate distribution of the genetic material.
Aberrations in cell cycle checkpoints lead to the genesis of multiple disorders and are
common in the majority of human cancers 1. Studies in the past few decades have
delineated the molecular events that govern the accurate replication of the genome during
the S-phase. Further, the stringent regulatory mechanisms of the centrosome cycle
(commencing at late G1 phase and culminating in mature centrosomes at G2/M phase) and
mitosis facilitates the bi-orientation of the chromatids, with the proper attachment of the
spindle fibers to the kinetochores. A complex interplay of regulatory molecules including
kinases and phosphatases facilitate the proper array of chromosomes on the mitotic plate
during metaphase. Once all the chromosomes are attached to the mitotic spindle fibers and
properly arranged on the metaphase plate, the ubiquitin ligase anaphase-promoting complex/
cyclosome (APC/C) degrades securin, activating separase. The active separase then degrades
cohesin, resulting in the separation of sister chromatids and facilitating the entry of the cells
into anaphase. APC/C thus plays a central role in exit from metaphase, segregation of sister
chromatids and entry into anaphase 5.

To prevent improper segregation of chromosomes, cell monitors proper attachment of all
chromosomes with spindle fibers through the spindle assembly checkpoint (SAC) to ensure
that mitosis is delayed until all the kinetochores are attached. SAC functions through mitotic
checkpoint complex (MCC), composed of SAC genes Cdc20, Mad2, BubR1/Mad3, and
Bub3 7. Unattached or improperly attached kinetochores to the microtubules are sensed by
SAC during mitosis, enhancing the production of active MCC. MCC then associates with
APC/CCDC20 tg jnactivate it, forming the functionally inactive APC/CMCC complex 8. The
SAC thus functions by inhibiting the ubiquitin ligase activity of APC/C so that securin
remains intact and the sister chromatids are not separated prematurely, leading to aneuploidy
9. Dysfunctional SAC has been shown to cause chromosome miss-aggregation and
aneuploidy has been implicated in cancer, birth defects and other human diseases 10-12,

APC/C is a 14 subunit, 1.2 mega-Dalton (MDa) complex 13 and as it is centrally important
to cell cycle progression, its activity is tightly regulated. This regulation is achieved in form
of transient associations of coactivators Cdc20 and Cdh1 with APC/C 4. Phosphorylation of
APC/C, Cdc20 and Cdhl help in differentially regulating the APC/C activity (by mitotic
kinases like Cdk1, Cdk2 and PIk1. APC/C phosphorylation by Cdk1/2 or Plk1 (Polo like
kinase 1) increases its binding affinity for Cdc20 and formation of the active APC/CCPC20
complex 1°-18_ Cdh1 phosphorylation by Cdk1 or Cdk2 on the other hand plays an opposite
role and inhibits its binding with and the subsequent activation of APC/C 1619, Similarly,
Cdc20 phosphorylation by Cdk1/2 has also been found to inhibit its binding and activation
of APC/C 20-22,

Several kinases 23 and phosphatases 24 are involved in the regulation of APC/C. Our earlier
studies showed that the non-canonical IxB kinase, TANK Binding Kinase 1 (TBK1) plays a
major role in regulating mitosis. TBK1 regulates interferon signaling and NFxB function
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and also participates in RalB-mediated inflammatory responses 2. It has been found to be
essential for the survival of non-small cell lung cancers (NSCLC) driven by oncogenic
KRAS 26, Recent evidence also suggests a role for TBK1 as a driver of cancer progression
and it is reported to be overexpressed in breast, colon, lung and pancreatic cancer 26. Our
published results demonstrate a role for TBK1 in microtubule dynamics and regulation of
mitosis 27. TBK1 was found to phosphorylate and associate with NuMa and CEP170, both
of which are essential to mitosis. As TBK1 plays an essential role in both mitosis and cancer
progression, we hypothesize that it performs these functions by regulating SAC, which is
frequently deregulated in cancer. In the present study we report that TBK1 interacts with and
phosphorylates SAC component cdc20 during mitosis. Also, TBK1 inhibition resulted in
elevated levels of SAC components BubR1 and Cdc20. TBK1 inhibition also affected the
interaction of Cdc20 and Cdh1 with APC/C and accumulation of cells in mitosis. Altogether,
we find that TBK1 plays a role in overcoming SAC and this might be a potential mechanism
by which it enables cancer progression. We also find that in addition to TBK1, TTK, a
kinetochore associated kinase, that is critical to initially phosphorylate and assemble SAC
regulators such as Mad and Bub family members to initiate the SAC 28, contributes to the
regulation of SAC. The interplay between these kinases and their regulation of SAC appear
to be contributing to the proper fidelity of mitotic progression in cancer.

RESULTS

TBK1 and TTK inhibition result in reduced cell viability and proliferation

TBK1 and TTK both play prominent roles in regulating mitosis and centrosome biology.
Therefore, we examined if inhibition of TBK1 using BX795 or MRT67307, or inhibition of
TTK with NMS-P715, alone or in combination, affects the levels of cell cycle regulators and
downstream signaling molecules. Interestingly, treatment with the TBK1 inhibitor (BX795
or MRT67307) alone, or in combination with the TTK inhibitor (NMS-P715), suppressed
the phosphorylation levels of on all three isoforms of Aurora kinases and Histone H3S10,
another mitotic marker (Figure 1A); this is significant because Aurora kinases contribute to
EMT and proliferation of multiple cancer cell types 2%30. Further, Aurora Kinase B
phosphorylates Hec1 to localize TTK to unattached kinetochores 31. Based on these
findings, we examined if TBK1 inhibitor BX795 and TTK inhibitor NMS-P715 influenced
the viability of cancer cells by testing increasing concentrations of the inhibitors on three
breast cancer cell lines, including the triple-negative Hs578T cells (Figure 1B), triple-
negative MDA-MB-231 cells (Figure 1C), and luminal B MCF7 cells (Figure 1D), two lung
cancer cell lines A549 (Figure 1E) and H460 (Figure 1F) and an immortalized primary lung
epithelial cell line AALE (Figure 1G). Both inhibitors were effective in reducing viability of
all the cancer cell lines. At the same time, no significant reduction in viability was observed
in AALE cells, especially with BX795; there was a reduction in the viability of AALE cells
when high doses of NMS-P715 was used. We then performed an 1Cgq analysis of Bx795 in
combination with increasing dose of NMS-P715 in MDA-MB-231 (Supplementary Figure
1A), A549 (Supplementary Figure 1B) and H460 (Supplementary Figure 1C). ICsq of
Bx795 was found to decrease with increasing dose of NMS-P715 in all the three cell lines
(Supplementary Figure 1D). These results suggest that TTK and TBK1 may be playing a
part in regulating the proliferation of these cells and therefore their inhibition might be
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effective in specifically killing breast and lung cancer cells while not having a major effect
on normal cells.

TBK1 physically interacts with and phosphorylates Cdc20 and Cdh1

Previous studies from our lab had revealed that TBK1 inhibition resulted in inhibition of
mitotic progression resulting in aberrations of the mitotic structures, eventually leading to
mitotic catastrophe 27. Since the mitotic spindles were markedly deformed upon inhibition
or depletion of TBK1, we examined whether TBK1 associated with components of the SAC
machinery. A double immunofluorescence experiment on A549 and H460 lung cancer cells
showed that pTBK1 colocalizes with Cdc20 (Figure 2A). This was confirmed using IP-
Western blot analysis on A549 cells that were arrested by a double thymidine block (RO) and
released from the block for 9hr (R9). There was a marked association of pTBK1
(Supplementary Figure 2A) and total TBK1 (Supplementary Figure 2B) with Cdc20. A
proximity ligation assay (PLA)32:33 confirmed a significant association of Cdc20 with
pTBK1in both A549 and H460 cells released from thymidine block (Figure 2B and C). In
addition, PLA showed increased association of Phospho-TBK1 with Cdh1 9 hr post double
thymidine block release as compared to cells in thymidine block (R0) (Figure 2D and E).
Since TBK1 is a kinase, /n vitro kinase assays were conducted to assess if Cdc20 and Cdhl
act as substrates for TBK1 mediated phosphorylation. Assays were conducted using purified
TBK1 protein and GST-Cdc20 or GST-Cdh1 as substrates, using 32P-ATP in the reaction. It
was found that TBK1 phosphorylates both Cdc20 as well as Cdh1 (Figure 2F). /n vitro
kinase assays were also conducted using cold (unlabeled) ATP; reaction products were
submitted for mass spectrometry analysis for the identification of the phosphorylation sites.
PIk1, one of the key regulators of cell division 34, is known to phosphorylate Cdc20 at Ser
92. Other than the PIk1 mediated phosphorylation sites, TBK1 was found to mediate Cdc20
phosphorylation at Ser 134 in both tryptic and GluC digestion. TBK1 was also found to
phosphorylate Cdh1l at Thr 20, Ser 39, Ser 42, Ser 58, Ser131 and Ser 151 (Figure 2G). As a
positive control we tested Plk1, one of the key regulators of cell division 34, which is known
to phosphorylate Cdc20 at Ser 92, and results confirmed this. Similarly, we also found that
PIk1 mediates phosphorylation of Cdh1l at Ser 36, Ser 58 and Ser 157 (Figure 2G). These
results suggest that TBK1 physically interacts with Cdc20 and Cdh1 in cells, especially in
mitosis, leading to their phosphorylation. It is likely that there are additional residues
phosphorylated by TBK1, since mutation of the above sites still yielded phosphorylated
bands (data not shown).

SAC components are overexpressed in TBK1 depleted cells

To further expand these studies, TBK1 was knocked out in both lung and breast cancer cell
lines using CRISPR/Cas9 genome editing tool. Interestingly, TBK1 depleted cells exhibited
an increased level of the SAC component Cdc20 in both lung (Figure 3A- 11 folds; Figure
3B- 3 folds and Figure 3C- 3 folds) and breast cancer cells (Figure 3D- 3 and 8 folds for
shTBK1 and sgTBK1 respectively). In addition, protein level of SAC component BubR1
was also found to be enhanced in breast cancer cell line on TBK1 knockdown (Figure 3D- 6
folds). Cyclin B1 protein level was found to be increased in Hs578T (1.7 and 2 fold,
respectively, for shTBK1 and SgTBK1). For further confirmation, we synchronized H460
cells through double thymidine block following TBK1 inhibition using BX795. We found an
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increase in Cdc20 level on TBK1 inhibition (Figure 3E- 5 folds). We also observed an
increase in cyclin B1 levels in R9 in comparison to control (Figure 3E- 6 folds). R9 cells
treated with BX795 for different time periods were analyzed for SAC components including
MAD?2, Cdc20 and mitotic markers like pH3 and cyclin B1. Following treatment with
BX795, we noted further increase in the levels of Cyclin B1 (9 folds), pH3, Mad2 (5 folds)
and Cdc20 (Figure 3E). These observations suggested a possible inactivation of APC/C. We
confirmed this by conducting bivariate flow cytometry analysis of cyclin B1 positive cells in
the presence of the TBK1 inhibitor BX795. For this, we arrested A549 cells at G1/S
boundary by double thymidine block and released it for 9hr with BX795 addition after 2hr
(R9+7hr BX795 treatment) and 6hr (R9+3hr BX795) of release. As expected, there was
more than two-fold increase in cyclin B1 positive population after 9hr of release (R9)
compared to cells at G1/S boundary (R0) (Figure 3F). In addition, we observed a significant
increase in the number of Cyclin B1 positive cells following release from double thymidine
block in the presence of BX795 (two-fold) compared to non-BX795 treated cells (Figure 3
G and H). This, again, suggested a possible inactivation of APC/C complex.

Inhibition of TBK1 increases association of Cdc20 with APC1 and BubR1

Cdc20 interacts with and activates APC/C 15-18 while Cdc20 phosphorylation by Cdk1/2 has
been shown to inhibit its binding with APC/C 2021, Since we had found that TBK1
phosphorylates Cdc20, we examined how TBKZ1 inhibition affects the association of Cdc20
with APC/C. A549 and H460 cells were subjected to double thymidine block and treated
with the TBK1 inhibitor, MRT67307 35, which has been found to be effective in the past 27.
A PLA showed that Cdc20 and APC/C interaction was increased upon TBK1 inhibition in
both A549 (Figure 4A) and H460 cells (Figure 4B). We did not observe any change in the
APC-Cdc20 interaction in the control AALE cells PLA (Supplementary Figure 3). It is well
established that unattached kinetochores are recognized by SAC components, which results
in enhanced expression of MCC genes Cdc20, Mad2, BubR1/Mad3 and Bub3 7. The MCC
then binds to the active APC/CCU¢20 to form the inactive APC/CMCC, Since we had found
that TBK1 knockdown and inhibition results in an activation of SAC as indicated by
increased levels of MCC proteins- BubR1 (Figure 3D) and MAD2 and (Figure 3E), we
examined if TBK1 inhibition led to an increased association of SAC components and Cdc20
to inhibit the active APC/CCA20_ |t has been established that BubR1 binding to Cdc20
inhibits activation of APC/C either alone 36 or in combination with Mad2 37. In order to
assess if TBK1 inhibition enhances association between BubR1 and Cdc20, we performed a
PLA. As expected, A549 and H460 cells treated with TBK1 inhibitor MRT67307 showed an
increase in the association of BubR1 and Cdc20, as evident from the increased number of
foci in TBK1 inhibitor treated cells (Figure 4 C and D); the single antibody control for this
PLA is shown in Supplementary Figure 4. Furthermore, we performed immunoprecipitation
on A549 cell lysate using a BubR1 antibody followed by immunoblotting with a Cdc20
antibody. It was found that TBK1 inhibition resulted in an increased interaction between
Cdc20 and BubR1 (Figure 4E). Taken together, these results suggest that while interaction of
Cdc20 with APC1 increases on TBK1 inhibition, APC/CC4¢20 js present as the inactive form
of APC/CMCC,
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Inhibition of TBK1 increases association of Cdhl with APC1

Inactivation of APC/CC4M s required for the G1 to S transition of the cell 38. There are
several mechanisms in place which regulate APC/CC4N! activity in the cell 1439, One of
these mechanisms is the phosphorylation of Cdh1, which leads to dissociation of Cdh1 from
APC 1640 \\e had found that TBK1 phosphorylates Cdh1 (Figure 2F, G). We therefore
examined whether inhibition of TBK1 would result in an increased association of APC1
with Cdhl. For this, a PLA was performed on A549 and H460 cells after DTB
synchronization and treatment with TBK1 inhibitor MRT67307 (Figure 5). A549 cells were
also analyzed by PLA after treatment with TBK1 inhibitors amlexanox (Supplementary
Figure 5A) and Bx795 (Supplementary Figure 5B). Cells were subjected to a double
thymidine block, released for 9 hours and treated with TBK1 inhibitors for the last 7 hr. As
expected, foci representing Cdhl and APC/C interaction were increased upon TBK1
inhibition in both A549 (Figure 5A) and H460 cells (Figure 5B); single antibody control for
the PLA is shown in Supplementary Figure 4. This shows that TBK1 activity is necessary
for proper progression through mitosis and its inhibition affects the regulatory functions of
the APC/C complex, resulting in mitotic aberrations.

TBK1 depletion and inhibition result in increased mitotic aberrations

It has been shown that TBK1 regulates centrosome homeostasis and mitotic progression by
phosphorylating PIk1, NuMA and CEP170 2741, Therefore, we wanted to study whether
TBK1 depletion and inhibition result in centrosome amplification leading to mitotic defects.
For this, we did a double immunofluorescence for a and -y tubulin after TBK1 knockdown
or inhibition in A549 (Figure 6A), H460 (Figure 6B), MDA-MB-231 (Figure 6C) and
HS578T (Figure 6D) cells. Centrosome amplification was evident by -y tubulin staining,
which was found to increase upon TBK1 knockdown as well as inhibition in A549, H460,
Hs578T and MDA-MB-231cell lines (Figure 6 A-D; quantification is shown in
Supplementary Figure 6). Further we observed that TBK1 inhibition in MDA-MB-231 cells
resulted in appearance of multinucleated cells (Figure 6E). Studies have shown presence of
micronuclei to be a hallmark of chromosome instability. Micronuclei are formed when
kinetochores of one or more chromosomes are not properly attached to microtubules 42.
DNA in micronuclei is prone to damage as the nuclear envelope of micronuclei is very
fragile and prone to breakdown 43. TTK is a SAC kinase and one of its known key regulators
44_Since TBK1 phosphorylates SAC component Cdc20 and plays a key role in maintaining
proper microtubule dynamics 27, we examined if TTK and TBK1 contribute to micronuclei
formation. For this, we performed micronuclei assay in MDA-MB-231 treated with RNA
interference sequences for TTK (Mpsl) and TBK1 (Figure 6F). Our results showed that
knockdown of TTK resulted in a significant increase in percentage of cells showing
micronuclei, by 16.3 %, compared to cells transfected with a control siRNA, where we
observed 5.5% of cells with micronuclei. TBK1 knockdown also led to an increase in cells
showing micronuclei by 9.5% as compared to cells transfected with control siRNA, however
this increase was not found to be significant. These results show that TBK1 and TTK are
essential for error free cell division and their reduced activity might result in the formation
of micronuclei.
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DISCUSSION

TBK1 is essential for proper immune response and plays a vital and indispensable role in
innate immunity. It functions downstream of the STING pathway and modulates the
expression of specific genes downstream of the NFxB pathway, in response to pathogens 4°.
Apart from its role in the immune system, it has been shown that TBK1 plays a major role in
facilitating cellular transformation 46. An unbiased shRNA screen showed that TBK1 was
necessary for K-Ras mediated transformation, especially in non-small cell lung cancer 47.
Additional studies showed that TBK1 exerts oncogenic functions by promoting survival
pathways downstream of Akt. More recently, TBK1 has been found to be a major regulator
of mitophagy, by modulating Parkin, PINK1 and optineurin #4849, |t has been reported that
PINK1 and Parkin can modulate cell cycle progression by sequestering TBK1 in the
mitochondria. In this context, our earlier studies have shown a more direct role for TBK1 in
mitosis, where it associated with centrosomal proteins and components of the microtubule
machinery. Here, we also showed that it regulates mitosis by phosphorylating CEP170 and
NuMa thereby modulating their function 27.

The studies presented here follow up on the earlier observations on the role of TBK1 in
mitosis. We had found that the phosphorylation status of TBK1 changes during mitosis,
suggesting that it is activated during this phase. Our current results suggest that this
activation might be necessary for neutralizing the SAC, once all the chromosomes are
properly aligned on the mitotic spindle. Here we show that phosphorylated TBK1 associates
with SAC component Cdc20, and this association increases as cells progress through mitosis
after a double thymidine block. Phospho-TBK1 also interacts with another APC/C cofactor
Cdhl and the interaction is similarly more in mitotic M phase cells (R9) as compared to
cells in S phase (R0). We saw increased protein levels of SAC components on TBK1
chemical inhibition. This coincided with an increased level of cyclin B1, which is a substrate
of APC/CC4c20, One of the key mechanisms regulating APC/C activity is phosphorylation of
its adaptor proteins, Cdc20 and Cdh1 23, Both of these adaptor proteins have WD40 domains
which specifically associate with conserved motifs in APC/C substrates such as the D-box
50 KEN-box 21, A-box 52 or O-box 53. Association with Cdc20 and Cdh1 results in
activation of APC/C at distinct time points during the cell cycle. APC/CC4¢20 js active
during mitosis and facilitates the transition of cells from metaphase to anaphase 4. In the
present study our results indicate that TBK1 inhibition leads to an increased association
between APC1 and Cdc20. This is in accordance with previous reports which show that
Cdc20 phosphorylation interferes with its association with APC/C 23. Further, we show that
TBK1 inhibition results in an increased association of Cdc20 with MCC component BubR1.
This suggests that MCC associates with active APC/CC4¢20, which results in the inactive
form of APC/C, je. APC/CMCC_ Similar to Cdc20, phosphorylation of Cdh1 is known to
hinder its association with APC/C 23 and we find an increased association of APC1 and
Cdhl on TBK1 inhibition. While these results strongly indicate the TBK1-mediated
phosphorylation of Cdc20 and Cdh1 contributes to satisfying SAC, it is possible that indirect
regulatory mechanisms might also contribute to the process. For example, TBK1-mediated
regulation of Cep170 is necessary for the proper centrosome separation, as we reported
earlier 27. Aberrations in the regulation of Cep170 might be contributing to the observed
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centrosome amplification, which in turn activates SAC. While this is a possibility, our data
suggests that TBK1-mediated regulation of Cdc20 and Cdh1 indicate a novel role for TBK1
in facilitating transit through the SAC.

Similar to TBK1, TTK is another important kinase that protects the fidelity of chromosome
segregation 28:55, |t is a kinetochore associated kinase and its activity has been shown to be
essential for the functioning of SAC 6. It plays a role in increasing the rate of formation of
MCC 757 and it is required for recruitment of PLK1, CENP-E, MAD1 and MAD?2 58-61,
TTK is rarely found to be mutated in cancer 52, however it is overexpressed in tumors like
breast, lung, thyroid etc 3. TTK overexpression correlates with poor prognosis in breast
cancer 5465 however, recent studies have found TBK1 to be overexpressed in a wide range
of cancers including that of the breast, colon, lung and pancreas 26. We show here that
inhibition of TBK1 and TTK either individually or in combination markedly reduced
expression of cell cycle regulators, including Aurora kinases and Phospho-Histone H3. This
is significant because Aurora kinases have been reported to contribute to EMT and
endocrine resistance 2930, 29.30 and are currently being tested in clinical trials 6. In
addition, mitotic slippage and failure to apoptose are known mechanisms of failure of agents
that activate the SAC, including microtubule inhibitors 7. Thus, the fact that a TBK1
inhibitor could downregulate the activity of all the three Aurora kinases is also a translatable
observation. We also find that treatment with both these inhibitors reduce the cell viability in
breast cancer cell lines across subtypes. Our experiments also suggest that TBK1 and TTK
can complement each other to a certain extent. Depletion or inhibition of TBK1 or TTK led
to several chromosomal abnormalities and appearance of micronuclei which might
eventually lead to mitotic catastrophe3! and cell death. It seems to be a likely possibility that
combining TTK and TBK1 inhibitors, or either inhibitor with a mitotic poison, might be a
novel and effective strategy to combat certain cancers that overexpress these kinases. Our
results from the lung and breast cancer cells support this notion and show that inclusion of
TTK inhibitor significantly reduces the ICsq concentration for TBK1 inhibitor. Certain
TBK1 inhibitors like Amlexanox have been used as anti-inflammatory agents, and additional
studies will be needed to establish if targeting these kinases will be able to eliminate cancer
cells selectively without affecting normal cells, and act as viable anti-cancer agents. Our
group had previously reported that TBK1 inhibition resulted in inhibition of transition from
metaphase to anaphase 2. Phosphorylation is a key mechanism of regulation for major cell
cycle effector proteins 870, We show here that Cdc20 and Cdh1 are both substrates of
TBK1 mediated phosphorylation. SAC function has been found to be compromised in
malignant tumors and has been reported to result in aneuploidy and carcinogenesis 7. SAC
comes into play to ensure that all the chromosomes are bi-polarly attached to the spindle
microtubules, so that they are segregated and divided equally between daughter cells.
Mitotic checkpoint complex (MCC) which is composed of Cdc20, Mad2, BubR1 and Bub3
is the effector of SAC. MCC associates with APC/CC4¢20 tg render it inactive. TBK1
inhibition induced SAC, thus resulting in inactivation of APC/C (Figure 7, Schematic).

Cdn1 is another adaptor which renders specificity to the ubiquitin ligase function of APC/C.
APC/CCPHL 5 active during late mitosis and regulates the G1 transition 14. Similar to
Cdc20, phosphorylation of Cdh1 hinders its association with APC/C 23. Therefore,
expectedly, we observed an increase in association of APC1 and Cdhl on TBK1 inhibition.
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It has been previously established that inactivation of APC/C Cdhl is necessary for G1to S
transition of the cell. This suggests that TBK1 can potentially bypass the G1/S checkpoint.

Our studies and other groups have previously shown that TBK1 is a key regulator of
centrosome homeostasis and is required for mitosis progression 2741, We show in this study
that TBK1 inhibition or depletion results in centrosome amplification and mitotic defects. In
addition, micronuclei formation, which is a hallmark of chromosome instability, is increased
on TTK and TBK1 knockdown. In conclusion, while TTK is a well-established regulator of
SAC, we show a novel role for TBK1 in SAC regulation. Altogether, our study shows that
while TBK1 is essential for mitotic progression, it has the potential to bypass both the G1/S
and the spindle assembly checkpoints by which the cell ensures genetic fidelity. Thus, we
propose that this might be the mechanism through which TBK1 acts as a cancer driver as
suggested by its over-expression in various cancers.

MATERIALS & METHODS

Cell Culture and mitotic arrest

Human non-small cell lung adenocarcinoma cell lines A549 and H460, immortalized
primary lung epithelial cell line AALE and breast cancer cell lines MCF7, Hs578T and
MDA-MB-231 were obtained from the American Type Culture Collection (ATCC,
Manassas, VA). A549 cells were maintained in Ham’s F12K medium (Cellgro, Corning)
supplemented with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO), H460 cells
were maintained in RPMI 1640 (Gibco, Life Technologies) containing 10% fetal bovine
serum, MCF7, Hs579T and MDA-MB-231 were maintained in DMEM (Corning) containing
10% fetal bovine serum, AALE was maintained in BEGM medium (Lonza). To synchronize
cells in G1/S boundary, cells were subjected to double-thymidine block (DTB) using
standard protocols 72. In brief, cells were treated with 2mM thymidine (Sigma-Aldrich) for
18 hours after which they were washed and incubated with fresh medium for 9 hours. For
the second thymidine block, cells were incubated with 2mM thymidine for 18 hours and
then released with complete medium for indicated time points.

Plasmids and Reagents

Cells were treated with BX795 (#s1274, selleckchem), MRT67307 (#SML0702, Millipore
Sigma) or amlexanox (#4857, Tocris) to inhibit TBK1 and NMS-P715 (#475949, Millipore
Sigma) to inhibit TTK Plasmids expressing GST-Cdhl and GST-Cdc20 were kind gift from
Dr. Lixin Wan. Phospho (S172) TBK1 (#5483), phospho PLK1 (#5472S), phospho histone
H3 (#3377), TTK (#3255T), APCL1 (#13329), pAurora A (Thr288), B (Thr232), C (Thr 198)
(#2914S) and total TBK1 (#3013S) antibodies were purchased from Cell Signaling, and
antibody against Cdc20 (SC-13162) was purchased from Santa Cruz Biotechnology. B-actin
(#A1978, clone AC-15) and a-tubulin (#T6074) antibodies were purchased from Sigma
Chemical Co. Cyclin B1 antibody (#5472S) was purchased from BD Biosciences. pTTK
antibody (#44-1325G) was purchased from Novex. BubR1 (ab70544), Mad2 (ab97777) and
Cdh1 (ab89535) antibodies were purchased from Abcam. -y-tubulin antibody (# PA5-34815)
was purchased from Invitrogen. Control siRNA (sc-37007) was purchased from Santa Cruz
Biotechnology and TBK1 siRNA (# 4457298, ID: s761) was purchased from Ambion.
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Lysate Preparation and Western Blot Analysis

Cells were washed twice with cold 1x PBS, scraped off the plates, collected by
centrifugation for 5 minutes at 4,000 rpm, and lysed in M2 lysis buffer (20mM Tris-HCI
pH6.0, 0.5% NP-40, 250mM NaCl, 3mM EGTA, and 3mM EDTA) containing protease
inhibitors as described in our previous work 73. After lysis, protein concentration was
measured using Bradford assay (BioRad) and equal amounts of proteins were resolved on 8
0r10% SDS-page polyacrylamide gels and transferred onto nitrocellulose membranes using
BioRad semi-dry transfer unit. Immunoblotting was then performed with the indicated
antibodies. Interaction between proteins /n vivo was analyzed by immunoprecipitation—
western blot analyses with 250ug of lysate and 2jg of the indicated antibody as described
previously 74. Western blotting images are representative of at least two independent
experiments.

Immunofluorescence

A549, H460, MDA-MB-231 and Hs578T cells were seeded on eight-well glass chamber
slides at a density of 5,000 cells per well. After indicated treatments cells were fixed with
10% buffered formalin for 20 mins or with chilled methanol at —20°C for 5 minutes,
followed by cell permeabilization with PBS containing 0.25% Triton X-100 in case of
formalin fixation. Cells were then blocked using 5% goat serum for an hour and incubated
with primary antibody overnight. Primary antibodies used were phospho-TBK1 (1:200),
Alpha tubulin (1:2,000), Gamma tubulin (1:250) and Cdc20 (1:200). Anti-rabbit Alexa
Fluor-488 or anti-mouse Alexa Fluor-594 (Molecular Probes) was used as secondary
antibody. DAPI was used to stain the nuclei. Cells were visualized with a DM16000 inverted
Leica TCS SP8 tandem scanning confocal microscope with 63x/1.40NA oil immersion
objective. Images and Z-stacks were produced with three cooled photomultiplier detectors
and analyzed with the LAS AF software version 1.6.0 build 1016 (Leica Microsystems,
Germany).

Lentiviral sgRNA production and infection

TBK1 guide RNA (gRNA) was cloned into pLentiCRISPRV2 backbone vector using the
BsmBI (NEB) restriction enzyme. For lentivirus production, 1x10% HEK293FT cells were
seeded in a 100mm dish. Lentiviral vectors expressing sgRNAs specific for control
sequences or for TBK1 (5ug) were transfected into 293FT cells along with the packaging
plasmids pSPAX2 (10ug) and pMD2.G (10ug) using Fugene HD (Roche). Culture
supernatants containing lentivirus were collected 48 and 72 h after transfection. Virus was
pooled and stored at —80 °C. Cells (seeded at the density of 120,000 cells per well of 6 well
plate) were spin-infected using the supernatant containing virus in polybrene (8ug/ml)
containing medium, by centrifuging at 2000rpm for 1h at RT, to enhance the efficacy of
infection. After two rounds of infection, cells were allowed to grow for another 48h before
selection using puromycin (1-2ug/ml).

In vitro kinase assays

In vitro kinase reaction was carried out as described previously 27. Reaction buffer (50 mM
HEPES, pH 7.9, 10 mM MgCl,, 5mM MnCI2, 1 mM DTT, and 10 mM B-glycerophosphate)
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containing GST-Cdc20 or GST-Cdh1 as substrate (2ug), 100 uM ATP, and 10 uCi -y32P-ATP
was incubated with 100 ng enzymatically active TBK1 (Invitrogen/Life Technologies) at
30°C for 45 min. Histone H1 was used as positive control. Samples were then boiled in SDS
sample loading buffer and resolved by polyacrylamide gel electrophoresis and dried using a
vacuum gel dryer. The phosphorylation of Cdc20, Cdhl and Histone H1 was visualized by
autoradiography.

Identification of Cdc20 and Cdh1 amino acid residues phosphorylated by TBK1 by mass
spectrometry

In-vitro kinase assay was performed as described above. Cdc20 and Cdhl were incubated
either alone or with enzymatically active recombinant TBK1 or PLK1 for identification of
amino acid residues phosphorylated by both the kinases. Samples were then boiled for 10
minutes in SDS sample loading dye and resolved by polyacrylamide gel electrophoresis.
Gels were then stained by coomassie brilliant blue. After destaining, gel slices were treated
with TCEP and iodoacetamide to alkylate and reduce the proteins. After in-gel digestion
using trypsin or GIuC, peptides were extracted and concentrated using vaccum
centrifugation. Samples were then analyzed using mass spectrometry according to
established protocol 27,

Proximity ligation assay

Proximity ligation assays (PLA) were performed using Duolink system (#DU092013,
Sigma) according to manufacturer’s instructions. Briefly, A549 or H460 cells were cultured
in 8 chamber slides (#154534, Thermoscientific, Nunc, Lab-Tek). Cells were given a double
thymidine block, released for 9 hours and treated with 2.5uM MRT during the last 7 hours of
release. Cells were fixed in 10% buffered formalin for 25 minutes and permeabilized with
0.5% Triton X-100 in PBS for 10 minutes. Blocking was done for 1 hour at room
temperature with 5% normal goat serum. Primary antibodies were prepared in 5% normal
goat serum at desired concentrations (cdc20-1:100, APC1-1:100, BubR1-1:100, pTBK1-
1:100, Cdh1-1:100). Incubation with combination of primary antibodies was done overnight
at 4°C. After incubation, the slides were washed twice for 5 minutes with wash buffer A
(0.02M Tris, 0.15M NaCl, 0.05% Tween 20, pH7.4). To detect interaction of the two
proteins, secondary antibodies conjugated with unique oligonucleotides- PLA probe PLUS
for rabbit (#DU092002, Sigma) and MINUS for mouse (#DUQ92004, Sigma) were used.
Cells were incubated with secondary antibodies diluted in 5% normal goat serum for 1 hour
at 37°C. Following this, slides were washed twice with wash buffer A for 5 minutes each.
The ligation solution consists of two oligonucleotides which are bound to the PLUS and
MINUS PLA probes conjugated to secondary antibodies by ligase enzyme. This conjugation
forms a closed circle if the two proteins being assessed are in close proximity to each other.
Ligation is carried out at 37°C for 30 minutes. After ligation, the slides were washed twice
in wash buffer A for 2 minutes each. The amplification solution consisting of a polymerase,
nucleotides and fluorescently labelled oligonucleotides was added and rolling circle
amplification reaction was carried out at 37°C for 120 minutes. Following this, the slides are
washed twice with buffer B (0.2M Tris, 4.24gm Tris base, 0.1M NaCl, pH7.5) for 10
minutes each and then with 0.1% wash buffer B for 1 minute. After this, cells were
incubated with Alexa Fluor 488- phalloidin (diluted 1:100 in 1%BSA) for 1 hour at room
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temperature in dark. Finally, cells were washed once with PBS for 5 minutes, and mounted
using DAPI mounting medium. Imaging was done using Leica SP8 confocal microscope
(Leica Microsystems, Germany); fluorescent spots indicate foci of interaction.
Quantification was done using ImageJ software and the plot represents PLA intensity for a
minimum of 50 cells for each condition.

Micronuclei assay

A density of 3 x 10* MDA-MB-231 cells were plated in 4-well chamber slides with 0.5 mL
of DMEM, 1x medium and incubated overnight. Cells were transfected with silencer
negative control siRNA #1 or 50 nM of siRNA constructs for Mps1 or TBK1 and incubated
for 66 hrs. Cells were fixed in 4% paraformaldehyde for 10 min., washed 3 times with 1x
PBS and permeabilized with 0.01% Triton-X 100/ PBS for 10 min. Then, cells were washed
with 1x PBS as described above prior to the staining with DAPI (1 ug/mL). Slides were
allowed to seal overnight at room temperature. Pictures were taken at x40 magnification
using an Olympus BX60 fluorescence microscope. A total of two hundred cells were
counted on each treatment; micronuclei were counted to obtain the percentage of
micronucleation.

Statistical Analysis

Data are reported as the means + standard deviation. Comparisons were carried out using
unpaired Student’s two-tailed #test or one-way ANOVA. All statistical tests were carried out
using PRISM version 5.03 (GraphPad Software, La Jolla, CA, USA), statistics software. P<
0.05 was accepted as significant. *p<0.05, **p<0.01 and ***p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Inhibition of TBK1 and TTK reduces cell proliferation and viability.
(A). MDA-MB-231 cells were treated with indicated doses of TBK1 inhibitor BX795 and

TTK inhibitor NMS-P715 alone or in combination for 24 hours. Western blot shows reduced
levels of mitotic markers phospho-Aurora kinase and phospho-histone H3-S10, which
indicates inhibition of cell proliferation. Normalized quantification for respective proteins is
shown below each lane. B-F. MTT assays were performed after treatment with increasing
concentrations of TBK1 inhibitor (BX795) or TTK inhibitor (NMS-P715) for 96 hours in
the following breast cancer cell lines: HS578T (B); MDA-MB-231 (C); MCF7 (D); and lung
cancer cell lines A549 (E); H460 (F); and Immortalized primary lung epithelial cell line
AALE (G). Plots are an average of three independent experiments. Error bars represent
mean £ S.D (*p<0.05, **p<0.01, ***p<0.001; one-way ANOVA).
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Figure 2: TBK 1 interactswith and phosphorylates Cdc20 and Cdh1.
(A) Double immunofluorescence for pTBK1 (green) and cdc20 (red) was performed in

Ab549 and H460 cells. Confocal images show a colocalization of pTBK1 with Cdc20 in the
cell. (B-C). Proximity ligation assay (PLA) performed on (B) A549 and (C) H460 cells
shows interaction of pTBK1 and Cdc20 in cells released from G1/ S block. D-E. PLA
performed on (D) A549 and (E) H460 cells shows interaction of pTBK1 and Cdh1 in cells
released from G1/ S block. Red dots represent foci of interaction of pTBK1 with Cdc20 or
Cdhl, DAPI is shown in blue and phalloidin in green. Plots are an average of two
independent experiments. Error bars represent mean + S.D. (*p<0.05; unpaired two tailed #
test). (F) /n vitrokinase assay shows phosphorylation of Cdc20 and Cdhl by TBK1. (G)
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Phosphorylation sites were identified using mass spectrometric analysis after trypsin or
GluC protease digestions.
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Figure 3: TBK 1 depletion and inhibition upregulates expression of SAC components.
(A-B) TBK1 depletion using (A) CRISPR/ Cas9 tool or (B) siRNA results in increased

protein level of Cdc20 in H460 cells. (C) TBK1 depletion using CRISPR/ Cas9 tool results
in increased Cdc20 protein level in A549 cells. (D) TBK1 was depleted using CRISPR/ Cas9
or shRNA tool in Hs578T breast cancer cell line. Western blot analysis showed an increase
in Cdc20, BubR1 and cyclin B1 on TBK1 depletion. (E) H460 cells synchronized at G1/S
and released for indicated time period were treated with BX795. Western blot analysis of
cell lysates shows that SAC components Cdc20 and MAD?2 are increased on TBK1
inhibition. Levels of Cdc20 and cyclin B1 are also increased. Normalized quantification for
respective proteins is shown below each lane. (F-G) A549 cells released from a G1/S block
were treated with BX795 for 3 or 7 hours. Bivariate flow cytometry analysis of cyclin B1
positive cells shows increased positive cells in R9 as compared to RO (F). (G) In the
presence of BX795 there is a further increase in cyclin B1 positive cells. (H) Quantification
of two experiments shows an increase in cyclin B1 positive cells upon TBK1 inhibition.
Error bars represent mean = S.D.
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Figure 4: APC1 and BubR1 interaction with Cdc20 increases on TBK 1 inhibition.
Cells were synchronized at G1/S and released for 9 hours (R9) and treated with TBK1

inhibitor MRT67307 or not for 7 hours, starting 2 hours after release. (A-B) Confocal
images of PLA shows an increased association of Cdc20 and APC1 in A. A549 and B. H460
cells after TBK1 inhibition. (C-D) PLA shows an increased association of Cdc20 and
BubR1 in C. A549 and D. H460 cells after TBK1 inhibition. Red dots represent foci of
interaction of Cdc20 with APC1 or BubR1. DAPI is shown in blue and phalloidin in green.
Plots represent quantification of interaction from two independent experiments. A minimum
of 100 cells were considered for each quantification. A two-tailed T-test was done for
significance. p< 0.05 was considered significant. (*=p<0.05 and **=p<0.01) Error bars
represent mean + S.D. (E) Immunoprecipitation- western blot analysis performed on A549
cells, G1/ S synchronized, which were released for 9 hours from the block and treated for
the indicated time periods with TBK1 inhibitor show that interaction of Cdc20 with BubR1
increases on TBK1 inhibition. Cell lysates were immunoprecipitated with BubR1 antibody,
western blotting was done for Cdc20 to confirm the interaction.
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Figure5: Cdhl and APC1 interaction increases on TBK 1 inhibition.
Cells were synchronized at G1/S and released for 9 hours (R9) and treated with TBK1

inhibitor MRT67307 for 7 hours, starting 2 hours after release. (A-B) Confocal images of
PLA show an increased association of Cdh1 and APC1 in A549 (A) and H460 (B) cells after
TBK1 inhibition. Red dots represent foci of interaction of Cdh1 with APC1. DAPI is shown
in blue and phalloidin in green. Plots represent quantification of interaction from two
independent experiments. A minimum of 100 cells were considered for each quantification.
A two-tailed t-test was done for significance. p< 0.05 was considered significant. Error bars
represent mean + S.D.
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Figure 6: TBK 1 inhibition and depletion resultsin mitotic aberrations.
TBK1 was either chemically inhibited or depleted using CRISPR/ Cas9 techniques in A549

(A), H460 (B), MDA-MB-231 (C) and Hs578T (D) cells; they were then stained for a
tubulin (green) and +y tubulin (red) to study mitotic aberrations, specifically centrosomal
amplification. (E) MDA-MB-231 cells were treated with 2.5uM BX795 for TBK1 inhibition
and stained with a Tubulin and DAPI show multinucleation. (F) Micronucleation was
studied in MDA-MB-231 cells after knockdown of TBK1 or TTK using siRNA transfection.
A total of 200 cells were considered and micronuclei counted for each condition for
quantification. Plot represents mean of three independent experiments. A one-way ANOVA-
test was done for significance. p< 0.05 was considered significant. Error bars are mean +
S.D.
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Figure 7: Schematic representing mechanism of cell cycleregulation by TBK 1.

Page 24

Unattached kinetochores result in the activation of mitotic checkpoint complex, which leads
to inhibition of activation of APC/C and the subsequent onset of anaphase. TBK1 mediated

phosphorylation of Cdc20 or Cdh1 inhibits the formation of MCC and drives the cell

through mitosis.
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