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Running Title: NAP1 activates TBK1 during mitosis. 23 

Abstract: 24 

Mitosis is a precisely regulated cellular mechanism that governs fundamental processes 25 

like embryogenesis, development, and tissue regeneration. Prenatal mitotic errors can cause birth 26 

defects, including neurodevelopmental disorders, congenital heart disease, and miscarriage, 27 

whereas postnatal abnormal cell division leads to early tissue aging and tumorigenesis. Aberrant 28 

expression of the serine/threonine kinase, TANK-Binding Kinase 1 (TBK1), is associated with 29 

several types of cancers, such as glioblastomas, breast, and lung cancers. However, its role in 30 

normal cell division is not well understood. To better define mechanistically how TBK1 is 31 

activated during mitosis, we identified NAK-associated protein 1 (NAP1/AZI2) to be essential 32 

for mitosis. Loss of NAP1 reduces mitosis and cell proliferation resulting in the accumulation of 33 

multinucleated cells phenocopying the loss of TBK1. NAP1 is further responsible for the 34 

activation of TBK1 at centrosomes of dividing cells and required for proper mitotic progression. 35 

Furthermore, NAP1 expression during mitosis is mediated by the ubiquitin proteasome system. 36 

We have uncovered a distinct function for the NAP1-TBK1 complex during mitosis, completely 37 

novel from its previously known function in innate immunity. 38 

Introduction: 39 

TBK1 selectively translocates to and is activated at different organelles regulating diverse 40 

cell signaling programs, including the innate immune response (Fitzgerald et al., 2003; 41 

Pomerantz and Baltimore, 1999; Tojima et al., 2000), mitophagy (selective autophagic 42 

degradation of mitochondria) (Heo et al., 2015; Lazarou et al., 2015; Moore and Holzbaur, 2016; 43 

Richter et al., 2016; Vargas et al., 2019; Wong and Holzbaur, 2014), xenophagy (selective 44 

autophagic degradation of pathogens) (Ravenhill et al., 2019; Thurston et al., 2009; Wild et al., 45 
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2011), and mitosis (Kim et al., 2013; Onorati et al., 2016; Pillai et al., 2015; Sarraf et al., 2019). 46 

TBK1 is necessary for proper progression through mitosis where it is activated at the 47 

centrosomes of dividing cells (Pillai et al., 2015; Sarraf et al., 2019) . The loss of TBK1 impairs 48 

mitosis leading to aberrant cell division and the accumulation of multinucleated cells (Maan et 49 

al., 2021; Pillai et al., 2015; Sarraf et al., 2019).  50 

Activated TBK1 is sequestered to different organelles or regions of the cell in a 51 

seemingly exclusive manner. For example, during mitophagy, in which active TBK1 is localized 52 

to mitochondria, mitosis is impeded due to the unavailability of TBK1 to act at the centrosomes 53 

(Sarraf et al., 2019). Similarly, infection by Zika virus sequesters activated TBK1 away from the 54 

centrosomes and directs it to mitochondria and the Zika particles which disrupts mitosis in neural 55 

epithelial stem cells and radial glia  (Onorati et al., 2016). This suggests that recruitment and 56 

activation of TBK1 at the centrosomes is crucial for successful completion of mitosis. 57 

The crystal structure of TBK1 indicates that an adaptor protein is required for its 58 

activation (Fu et al., 2018; Larabi et al., 2013; Li et al., 2016; Zhang et al., 2019). Binding of an 59 

adaptor protein induces a conformational change of TBK1, resulting in its autophosphorylation 60 

at serine 172 and activation of the kinase domain after dimerization (Fu et al., 2021; Larabi et al., 61 

2013; Li et al., 2016). This binding of the adaptor protein also drives TBK1’s subcellular 62 

localization to different organelles to regulate these distinct signaling pathways (Goncalves et al., 63 

2011; Heo et al., 2015; Thurston et al., 2016). TBK1 has multiple binding partners/adaptors in 64 

immune signaling crucial for its activation, for example TANK, SINTBAD, NAP1/AZI2, 65 

Optineurin (OPTN), and STING (Bakshi et al., 2017; Clark et al., 2011; Fujita et al., 2003; Gatot 66 

et al., 2007; Gleason et al., 2011; Goncalves et al., 2011; Ryzhakov and Randow, 2007; Tanaka 67 

and Chen, 2012; Zhang et al., 2019). The TBK1-adaptor complexes then further phosphorylate 68 
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downstream targets such as IRF-3 and IRF-7 transcription factors (Fitzgerald et al., 2003; 69 

Hemmi et al., 2004; Iwamura et al., 2001; Liu et al., 2015) thus inducing an immune response. 70 

OPTN, TAX1BP1, and NDP52, activate and recruit TBK1 to damaged mitochondria driving 71 

mitophagy (Heo et al., 2015; Lazarou et al., 2015; Moore and Holzbaur, 2016; Richter et al., 72 

2016). However, the adaptor or adaptors required for TBK1 activation and recruitment during 73 

mitosis are unknown.  74 

We discovered the TBK1 adaptor protein, NAP1/AZI2, to be required during mitosis, 75 

whose function has only been described in innate immunity to trigger Type I interferon or NF-76 

κB signaling. NAP1 is required for proper cell division by regulating TBK1 activation at the 77 

centrosomes during mitosis. Loss of NAP1 and TBK1 result in the accumulation of 78 

multinucleated cells, and induces mitotic and cytokinetic defects. Like many cell cycle 79 

regulatory proteins, expression of NAP1/AZI2 is tightly regulated during mitosis by the ubiquitin 80 

proteasome system (UPS). This NAP1-TBK1 signaling axis during mitosis is unique to its 81 

function in innate immunity.  82 

Results 83 

NAP1/AZI2 is required for TBK1 activation during mitosis.  84 

Activation of TBK1 is reliant upon binding to adaptor proteins, which initiates higher 85 

order oligomerization of the TBK1-adaptor complex leading to trans-autophosphorylation at 86 

serine 172 (p-TBK1) (Fu et al., 2018; Larabi et al., 2013; Ma et al., 2012). The adaptor or 87 

adaptors required for TBK1 during miosis are unknown. Therefore, we screened known TBK1 88 

adaptors to determine whether any of these proteins were responsible for its activation during 89 

mitosis. We investigated the TBK1 adaptors required in innate immune signaling by generating 90 

cell lines in which these proteins were stably knocked down (KD) using lentiviral-delivered 91 
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shRNA in HeLa cells (Figure 1A-C). Deficiency of TANK and SINTBAD did not alter the level 92 

of activated TBK1 (p-TBK1) during mitosis (Figure 1D-E); however, NAP1 KD did result in a 93 

reduction of p-TBK1 during mitosis (Figure 1F). We also assessed p-TBK1 levels in an 94 

NDP52/OPTN double KO (DKO) HeLa cell line as both adaptor proteins have been implicated 95 

in TBK1 activation during mitophagy and xenophagy (Heo et al., 2015; Lazarou et al., 2015; 96 

Moore and Holzbaur, 2016; Pourcelot et al., 2016; Ravenhill et al., 2019; Richter et al., 2016; 97 

Thurston et al., 2009; Vargas et al., 2019; Wild et al., 2011; Wong and Holzbaur, 2014) and 98 

again found no difference between p-TBK1 levels during mitosis (Figure S1A). This was also 99 

true for a cell line lacking five autophagy related adaptors: NBR1, TAX1BP1, OPTN, p62, and 100 

NDP52 (Figure S1B). In conclusion, deficiency of NAP1 led to reduced activation of TBK1 in 101 

mitotic cells suggesting that NAP1 is the required adaptor for TBK1 activity. 102 

NAP1 KO cells have mitotic and cytokinetic defects similar to TBK1 KO cells. 103 

To confirm that TBK1 activation during mitosis was dependent on the loss of NAP1, we 104 

generated two independent NAP1 CRISPR knockout (KO) HeLa cell lines with multiple 105 

deletions in exon 4. We also attempted to use the non-transformed RPE-1 cell line to perform 106 

these studies, but were unable to generate either a CRISPR-mediated NAP1 KO or a stable 107 

shRNA-mediated NAP1 KD due to excessive cell death in the near-diploid cell line (data not 108 

shown). Both NAP1 KO clones displayed a decrease in p-TBK1 S172 (hereafter referred to as p-109 

TBK1) levels on western blots during mitosis (Figure 2A). The intensity of p-TBK1 staining on 110 

the centrosomes was also significantly reduced in NAP1 KO cells as compared to HeLa (Figure 111 

2B-C).   112 

Previously, we and others have shown that loss of TBK1 led to growth defects, decreased 113 

number of mitotic cells, and an increased prevalence of multinucleated cells (Kim et al., 2013; 114 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2022. ; https://doi.org/10.1101/2022.03.09.483647doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.09.483647


Onorati et al., 2016; Pillai et al., 2015; Sarraf et al., 2019). Therefore, we investigated the cell 115 

division pattern of NAP1 KO cells for comparison. Loss of NAP1 produced phenotypes similar 116 

to the loss of TBK1. In asynchronous conditions, NAP1 KO cells exhibited slower growth rates, 117 

fewer number of mitotic cells, an increase in the number of multinucleated cells, and cells 118 

undergoing mitosis (Figure 2D-G). We further characterized these mitotic defects between 119 

TBK1 and NAP1 KO cells seeing a significant prevalence of monopolar spindles and 120 

splayed/unfocused spindle poles in both genotypes, while TBK1 KO had significantly higher 121 

percentage of acentric fragments and NAP1 KO cells had a higher percentage of cells with more 122 

multipolar spindles (Figure 2H-I). Upon re-expression of NAP1, p-TBK1 levels were restored 123 

during mitosis in the NAP1 KO cells (Figure 2J).  124 

There was a significantly higher percentage of cytokinetic cells in both TBK1 and NAP1 125 

KO lines (Figure S2A). Upon detailed examination, we observed that these genotypes also had a 126 

higher percentage of cells with cytokinetic defects (Figure S2B). To further characterize how 127 

NAP1 and TBK1 regulate progression of cell division, we evaluated the types of cytokinetic 128 

defects in TBK1 and NAP1 KO cells. Both the KO cell lines exhibited unequal cytokinesis, as 129 

well as multipolar cytokinesis at a higher percentage than the parental line (Figure S2 C-D).  130 

 RNA-seq and northern blotting data have demonstrated that NAP1 is expressed 131 

ubiquitously in multiple different tissue types (Fagerberg et al., 2014; Fujita et al., 2003). NAP1 132 

was expressed in all human tissues probed on the protein level except for small intestine, in 133 

which there was little detectable NAP1 protein (Figure S3A) corroborating the previously 134 

reported mRNA levels in tissue (Fujita et al., 2003).  IKK-ß is a kinase reported to be involved in 135 

TBK1 activation (Clark et al., 2009); however, pharmacological inhibition of IKK-ß did not 136 

impact the levels of p-TBK1 present during mitosis (Figure S3B).  NAP1 levels were also 137 
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unaffected in TBK1 KO cells (Figure S3C). These results suggest that NAP1 is a ubiquitously 138 

expressed protein that regulates mitosis and cytokinesis upstream of TBK1.  139 

Phosphorylated TBK1 selectively interacts with NAP1 during mitosis. 140 

To verify the interaction between NAP1 and TBK1 during mitosis, immunoprecipitation 141 

experiments were performed with either full length GFP-NAP1 (N’ EGFP FL NAP1) or GFP-142 

NAP1 lacking the TBK1 binding domain (N’ EGFP NAP1 Δ200-270) (Ryzhakov and Randow, 143 

2007) (Figure 3A). Endogenous phosphorylated TBK1 was enriched upon immunoprecipitation 144 

of N’ EGFP FL NAP1 with substantially increased binding during mitosis when transiently 145 

overexpressed in HEK293T cells (Figure 3B). However, binding of activated TBK1 was 146 

abolished when the TBK1 binding domain of NAP1 (NAP1 Δ200-270) (Ryzhakov and Randow, 147 

2007) was deleted in both asynchronous and mitotic conditions (Figure 3B-C). We next stably 148 

expressed two different N’FLAG-HA-TBK1 rescue constructs (Figure 3A) in TBK1 HeLa KO 149 

cells as our previous data indicated that TBK1 levels are tightly regulated inside the cell (see 150 

discussion)(Sarraf et al., 2019). Endogenous NAP1 was enriched upon immunoprecipitation of 151 

full length TBK1 during mitosis compared to asynchronous conditions when normalized to the 152 

amount of TBK1 immunoprecipitated (Figure 3D-E). This binding did not occur in rescue lines 153 

when the known C-terminal TBK1 adaptor binding site was deleted (TBK1∆C’ terminus) 154 

(Figure 3F). Additionally, we corroborated the immunoprecipitation data with the subcellular 155 

location of NAP1 and p-TBK1 during mitosis via immunostaining. Due to the unavailability of 156 

antibodies suitable to detect endogenous NAP1 via immunofluorescence, we transiently 157 

expressed N’EGFP NAP1 in HeLa cells. NAP1 colocalized with p-TBK1 on the centrosomes of 158 

mitotic cells (Figure 3G- H). These data suggest that interaction between NAP1 and TBK1 159 
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during mitosis is dependent on the C-terminus of both proteins as previously reported for TBK1-160 

adaptor complexes required for innate immune signaling (Ryzhakov and Randow, 2007).  161 

NAP1 is a cell cycle-regulated protein. 162 

We observed a reduction in NAP1 protein in shRNA scramble KD, HeLa, and RPE-1 cell 163 

lines when they are synchronized at the G2/M border with nocodazole (Figure 1F, 4A-B). This 164 

reduction in NAP1 during mitosis also occurred at the mRNA level (Figure 4C-D). However, 165 

this may not be surprising as global transcription is repressed during mitosis (Prescott and 166 

Bender, 1962; Taylor, 1960).   167 

 To determine how NAP1 was being temporally regulated on the protein level during 168 

mitosis, we examined the stability of NAP1 in both RPE-1 and HeLa lines. Inhibition of protein 169 

synthesis with cycloheximide in asynchronous conditions showed that NAP1 was a relatively 170 

stable protein (Figure S4A-B). Inhibition of lysosomal fusion with chloroquine and thus 171 

blocking autophagy also showed no change to NAP1 levels in asynchronous conditions (Figure 172 

S4C-D). The lower molecular weight lipidated LC3B band increased in chloroquine treated 173 

conditions, which is a marker for autophagosomes (Figure S4C-D, band II).  These data 174 

concluded that NAP1 is a relatively stable protein under asynchronous conditions.   175 

To better define when and how NAP1 was decreasing during mitosis, we synchronized 176 

cells using the CDK1 inhibitor RO-3306 at G2 and released cells into mitosis. NAP1 was 177 

significantly reduced during mitosis 10 minutes after release in both HeLa and RPE-1 cells lines 178 

but levels recovered during cytokinesis 60 minutes after release (Figure 4E-F, lanes 1-3). NAP1 179 

levels did not degrade 10 minutes after release from G2 with the addition of the proteasome 180 

inhibitor MG132. This indicates that the ubiquitin proteasome system (UPS) was involved in this 181 

reduction of NAP1 protein level during mitosis (Figure 4E-F, lanes 2, 4).  To better characterize 182 
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the exact time points that NAP1 levels degrade during mitosis and return to levels seen during 183 

asynchronous-G1 conditions, we used the non-transformed RPE-1 cell line.  Using p-PLK1 T210 184 

and p-CDK1 Y15 as markers to indicate different stages during mitosis, we saw that NAP1 185 

levels continuously degrade up until 40 minutes (anaphase) after G2 release (Figure 4G, lane 186 

8,). Levels began to increase and recover at the 50 and 60 (cytokinesis), and 90-minute time 187 

points (asynchronous, G1) (Figure 4G, lanes 9-11). We treated another set of cells with the E3 188 

activating enzyme inhibitor TAK243 as an alternative method to inhibit the UPS (Hyer et al., 189 

2018) and saw that NAP1 levels were stabilized throughout the time points collected after G2 190 

release (Figure 4G). These data indicate that levels of NAP1 are tightly regulated during mitosis 191 

by the UPS. 192 

Mitosis does not elicit an innate immune response. 193 

 Previous studies of NAP1 have been limited to understanding its role during innate 194 

immunity; therefore, we sought to determine whether this binding of NAP1 during cell cycle 195 

progression to TBK1 for its activation at centrosomes activated innate immune pathways. NAP1 196 

is also an adaptor for TBK1 during the innate immune response in which TBK1 on the 197 

endoplasmic reticulum or cytosol phosphorylates the transcription factors, interferon regulator 198 

factor 3 and 7 (IRF3/IRF7), causing their translocation to the nucleus resulting in the stimulation 199 

of the Type I interferon response (Fitzgerald et al., 2003; Goncalves et al., 2011; Ryzhakov and 200 

Randow, 2007; Sasai et al., 2005; Sharma et al., 2003). First, we tested whether innate immunity 201 

gene expression upregulation occurred during mitosis. Using a human monocytic cell line that is 202 

highly responsive to immunogenic stimuli, we first confirmed that this cell line displayed TBK1 203 

activation during mitosis (Figure 5A) and after exposure to innate immune responsive stimuli 204 

(LPS and poly I:C) (Figure 5B). We then assessed expression of a few select cytokines known to 205 
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be upregulated (Figure 5C-D). During mitosis, cytokine expression was either slightly 206 

downregulated or only slightly upregulated (in the case of TNF-α), (Figure 5E) indicating that 207 

TBK1 activation was not triggering a robust innate immune response during mitosis.  208 

Phosphorylation of either IRF3 or an alternative innate immune kinase (IKKε) that works 209 

in conjugation with TBK1 and shares high sequence homology (Tojima et al., 2000), occurred 210 

only in response to immunogenic stimuli (LPS and poly I:C) and not during mitosis (Figure 5F). 211 

Together, these data suggest that although TBK1 activation occurs during mitosis in association 212 

with an established innate immune response-associated protein, NAP1, this interaction does not 213 

activate innate immunity, and there exists a distinct mitotic NAP1-TBK1 signaling axis at 214 

centrosomes.  215 

Discussion 216 

Our study reveals a novel role in mitotic regulation for the known TBK1 adaptor protein, 217 

NAP1, which we found to be required for TBK1 activation at the centrosomes during cell 218 

division. The interaction between NAP1 and TBK1 at centrosomes during mitosis is independent 219 

from its established function during innate immune signaling. Furthermore, we have established 220 

that NAP1 is a cell cycle regulatory protein whose levels are controlled by the UPS during 221 

mitosis. 222 

Our data supports NAP1 as a required protein for mitosis important for normal cell division – 223 

a role distinct from its function in innate immune signaling. Though the NAP1 knockout mouse 224 

is viable (Fukasaka et al., 2013), we found that non-transformed cell lines were not amenable to 225 

CRISPR- or stable shRNA-mediated knockdown of NAP1 (data not shown). The NAP1 KO 226 

mouse does display a proliferative defect in GM-dendritic cells (Fukasaka et al., 2013), 227 

suggesting that future investigation of this mouse strain may be informative. In contrast, TBK1 228 
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KO mice are embryonic lethal at day 14.5 with massive apoptosis of the liver and are rescuable 229 

with the loss of TNR receptor signaling (Bonnard et al., 2000). TBK1 loss in a cell-type specific 230 

or conditional manner in regions of high cell proliferation could better elucidate how TBK1 231 

balances intracellular kinase signaling in its distinct cellular roles, and in particular, cell cycle 232 

regulation. To date, most of the work in the conditional TBK1 mice have examined post-mitotic 233 

or fully differentiated cells (Duan et al., 2019; Gerbino et al., 2020; Xiao et al., 2017; Zhu et al., 234 

2019).  235 

Our data asserts that the local subcellular activation of TBK1 not only dictates the turning 236 

“on” of distinct cellular process but also the unavailability of TBK1 at other subcellular locales 237 

thus maintaining those processes in an “off” state. We and others have described this effect in the 238 

cases of both viral infection and mitophagy, in which TBK1 signaling and sequestration at 239 

damaged mitochondria impedes cell division as TBK1 is unavailable at centrosomes during the 240 

start of mitosis (Onorati et al., 2016; Sarraf et al., 2019). This sequestration of TBK1 may act as 241 

a safety measure – allowing cells to carry out necessary repair before committing to cell division. 242 

While NAP1 was first identified as an innate immune adaptor (Fujita et al., 2003), TBK1 243 

activation at the centrosomes restricts its ability to activate cytokine expression or IRF 244 

transcriptional activation even when bound to NAP1. Other cellular processes that are cell cycle-245 

dependent may also involve this type of localized signaling or sequestration type mechanism. For 246 

example, during autophagy, mTOR localization at the lysosome which promotes autophagy is 247 

blocked during mitosis due to CDK1 phosphorylation of RAPTOR during mitosis (Odle et al., 248 

2020).  249 

TBK1 is tightly regulated, and our previous data showed abnormal activation and 250 

localization upon overexpression of TBK1 (Sarraf et al., 2019). The regulation of NAP1 protein 251 
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levels during mitosis may ensure that TBK1 is not abnormally activated or overactivated, nor 252 

persists longer than necessary during mitosis. Future studies will have to investigate how NAP1 253 

and TBK1 translocate to centrosomes at the start of mitosis and determine the E3 ligase 254 

responsible for the ubiquitination and degradation of NAP1 as cells proceed through mitosis. 255 

Tripartite motif 38 (TRIM38) was previously shown to degrade NAP1 in innate immune 256 

contexts; however, other reports found TRIM38 targeted other pro-inflammatory proteins such as 257 

TNFR-associated factor 6 (TRAF6) and TIR domain-containing adapter TRIF (Xue et al., 2012; 258 

Zhao et al., 2012a; Zhao et al., 2012b). To our knowledge, this is the first time it has been shown 259 

that NAP1 is regulated by the UPS during mitosis which may be a differential type of TBK1 260 

regulation to decrease TBK1 signaling. TBK1 signaling controlling the Type I interferon 261 

response is inactivated by autophagic degradation (Prabakaran et al., 2018).   262 

We further characterized the role of NAP1 and TBK1 during mitosis; however, other reports 263 

indicate that genetic influence and external environmental signaling/stimuli can also influence 264 

cell proliferation in a TBK1-dependent manner. TBK1’s role in cell proliferation was originally 265 

described in KRAS mutant cell lines (Barbie et al., 2009); however, KRAS mutations interacting 266 

with TBK1 are not the sole driver of the proliferation defect (Pillai et al., 2015). In other cellular 267 

contexts, proliferation stimulated by growth factor signaling may be reliant on SINTBAD 268 

adaptor activation of TBK1 rather than NAP1 (Zhu et al., 2019). The subcellular localization of 269 

TBK1 and its adaptor in these genetic and environmental contexts as well as TBK1 substrates 270 

have yet to be described, making it uncertain if the differences in proliferation in these contexts 271 

are due to changes in mitosis and cytokinesis. It is possible that other stages of the cell cycle are 272 

perturbed. It is also possible that because growth factor signaling and KRAS mutations converge 273 

on ERK kinase signaling pathways (Katz et al., 2007; Pylayeva-Gupta et al., 2011), 274 
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transcriptional changes may be at play in these other contexts, similar to what is apparent when 275 

TBK1 regulates innate immunity and IRF transcriptional activation.   276 

In summary, our study describes a new required role for NAP1/AZI2 during mitosis. We 277 

have provided mechanistic insight into its function during cell division by NAP1’s ability to 278 

activate TBK1.  Because most researchers have evaluated TBK1-dependent processes such as 279 

mitophagy and innate immunity in asynchronous cell populations, this avenue of research is 280 

largely unexplored. Future work to understand how innate immunity, selective autophagy, and 281 

cell division intersect is highly attractive as all three are implicated in human diseases such as 282 

cancer. 283 

Materials & Methods 284 

Cell culture  285 

HeLa and HEK293T cells were maintained in DMEM high glucose supplemented with 10% 286 

FBS, 2mM L-Glutamine, 10mM HEPES, 0.1 mM non-essential amino acids, and 1mM sodium 287 

pyruvate. RPE-1 cells were a gift from Dr. Daniela Cimini’s lab which were maintained in 288 

DMEM/F-12 medium supplemented with 10% FBS. Penta KO and DKO HeLa cells were a gift 289 

from Dr. Richard J. Youle’s lab. THP1-Lucia™ ISG cells (Invivogen) were maintained in 290 

RPMI-1640 Medium with 10% FBS, 2 mM L-glutamine, 25 mM HEPES, 100 μg/ml 291 

Normocin™, and Pen-Strep (100 U/ml-100 μg/ml).  Cells were routinely tested for mycoplasma 292 

contamination by PCR (Southern Biotech).  293 

Antibodies  294 

The following antibodies were used for this study: TBK1/NAK Rabbit mAb (#3504S; Cell 295 

Signaling Technology (CST)), pTBK1 Rabbit mAb (Ser172; #5483S; CST), pTBK1 Rabbit mAb 296 

Alexa Fluor 488 Conjugate (Ser172; #14586; CST), NAP1/AZI2 Rabbit PolyAb (#15042-1-AP; 297 
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Proteintech TM), GAPDH (G9545; Sigma) , Vinculin Rabbit mAb (# 700062; Invitrogen), p-H3 298 

Rabbit mAb (S10; #53348S; CST), SINTBAD Rabbit mAb (#8605S; CST), TANK Rabbit Ab 299 

(#2141S; CST), FLAG M2 Mouse mAb (#F1804-200UG; Sigma), p62 Mouse Ab (#H00008878-300 

M01; Abnova), NBR1 mAb (#H00004077-M01; Abnova), TAX1BP1 (HPA024432;Sigma), 301 

Optineurin Rabbit mAb (#10837-1-AP; Proteintech), NDP52 (60732, CST), α-Tubulin Mouse 302 

mAb (#T6074-100UL; Sigma), α-Tubulin Rabbit Ab (#2144S; CST), α-Tubulin Rabbit Ab 303 

(ab52866;Abcam), GFP antibody (Cat#11814460001 Roche), IKKε  Rabbit Ab (#2905S; CST), 304 

pIKKε Rabbit Ab (S162; #8766S, CST), HA.11 mAB (#901513; BioLegend), IRF3 Rabbit Ab 305 

(#4302, CST), p-IRF3 (S386, ab76493,;Abcam), Plk1 Rabbit Ab (#4513T, CST), p-Plk1 306 

(Thr210, # 5472T CST), CREST (SKU:15234; Antibodies Inc.), CDK1/CDC2 (#77055, CST), 307 

pCDK1/CDC2 (Tyr15; #4539, CST), LC3 (NB600-1384, Novus).   308 

Additional chemicals 309 

The following chemicals were used for this study:  10ug/ul cycloheximide (AC357420010, 310 

Fisher Scientific), 10μm MG132 (NC9937881, Fisher Scientific), 1 μM TAK243 (30108, 311 

Cayman Chemical), 50 μM chloroquine diphosphate (C2301100G, Fisher Scientific), and10μM 312 

BI605906 (50-203-0195, Fisher Scientific).  313 

Plasmids and constructs 314 

To generate NAP1 rescue lines, NAP1 cDNA was cloned into pDONR223 and transferred into 315 

the pHAGE-N’-FLAG-HA-IRES-puro, pHAGE-N’-EGFP-Gaw-IRES-Blast, or pHAGE-C’-316 

EGFP-Gaw-IRES-Blast vectors using LR recombinase (Invitrogen). The pHAGE-N’-FLAG-317 

HA-TBK1 cloning has been described previously (Sarraf et al., 2019) and deposited to Addgene 318 

#131791. The following site directed mutagenesis primers were used to generated mutant 319 

constructions: NAP1 ∆200-270: TTC ATC AAG TGC AGT TTT GTA TAT GGA TCC GTT 320 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2022. ; https://doi.org/10.1101/2022.03.09.483647doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.09.483647


TGT TTG GCT TTC, GAA AGC CAA ACA AAC GGA TCC ATA TAC AAA ACT GCA CTT 321 

GAT GAA; TBK1 ∆ C’ terminus: GGG GAC AAG TTT GTA CAA AAA AGCAGG CTT CG 322 

AGG AGA 323 

 TAG AAC CATGAT GCA GAG CAC TTC TAA TCA TCT G, 324 

GGG GAC CAC TTT GTA CAA 325 

GAA AGCTGG GTC CTA CTA TAT CCA TTC TTCTGA CTT ATT. All constructs were 326 

confirmed by DNA sequencing and deposited on Addgene. 327 

Retrovirus and lentivirus generation 328 

Dishes were coated with 50μg/mL poly-d-lysine (Sigma); and HEK293T cells were plated at 70-329 

80% confluency before transfection. Lentiviral helpers and constructs were transfected using X-330 

tremeGENE 9™ (Roche) according to the manufacturer’s instructions at a 1:3 ratio. 24 hrs after 331 

transfection, media was changed. Infectious media containing virus was collected 40 hrs later 332 

and filtered with a 0.45μm PES membrane filter (Millipore). Live filtered virus was used to 333 

transduce cells with polybrene (10μg/ml, Sigma). 334 

CRISPR Knockout Cell Line Generation  335 

In brief, CRISPR design was aided by publicly available software provided by MIT at 336 

www.crispr.mit.edu.  CRISPR oligos for NAP1: AAA CCA GCT GGA GGA GTT CTA CTT C, 337 

CAC CGA AGT AGA ACT CCT CCA GCT G.  Primers were annealed with Phusion DNA 338 

polymerase (Thermo Fisher Scientific) using the following conditions:  98oC for 1’, 2-3 cycles of 339 

(98oC for 10”, 53oC for 20”, 72oC for 30”), 72oC for 5.’  The annealed primers were cloned into 340 

the linerarized gRNA vector gRNA, which was a gift from Dr. Feng Zhang (Addgene plasmid 341 

#62988) using the Gibson Assembly Cloning Kit (NEB). HeLa cells were cotransfected using 342 

XtremeGENE 9™ (Roche) using the above CRISPR plasmid. Cells were selected by puromycin 343 
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(1mg/ml) and serially diluted into 96 well plates to select for single colony clones. DNA was 344 

extracted from individual clones using the Zymo gDNA Isolation Kit and genotyped/sequenced 345 

using the following primers:  Exon 4 F GAAGCGAATGACATCTGCA, Exon 4 R 346 

CCTCTTCTGCTTCATCACAACCT. 347 

shRNA Cell Line Generation 348 

pLKO.1 puro was a gift from Dr. Bob Weinberg (MIT) (Addgene plasmid # 8453) digested with 349 

AgeI and EcoRI for 4 hrs at 37oC. Digested plasmid was excised, and gel purified with 350 

GeneJET™ gel extraction kit (Thermo Fisher).  Oligos were designed for the following target 351 

sequences and annealed (NAP1: CCG GCC ACT GCA TTA CTT GGA TCA ACT CGA GTT 352 

GAT CCA AGT AAT GCA GTG GTT TTT G; AAT TCA AAA ACC ACT GCA TTA CTT 353 

GGA TCA ACT CGA GTT GAT CCA AGT AAT GCA GTG G, TANK: CCG GCC TCA AAG 354 

TCT ACG AGA TCA ACT CGA GTT GAT CTC GTA GAC TTT GAG GTT TTT G; AAT 355 

TCA AAA ACC TCA AAG TCT ACG AGA TCA ACT CGA GTT GAT CTC GTA GAC TTT 356 

GAG G, SINTBAD: CCG GCC TCT GCC TTT CTG TTC TTA ACT CGA GTT AAG AAC 357 

AGA AAG GCA GAG GTT TTT G; AAT TCA AAA ACC TCT GCC TTT CTG TTC TTA 358 

ACT CGA GTT AAG AAC AGA AAG GCA GAG G).  Annealed oligos were ligated into the 359 

digested vector with T4 ligase (NEB); and colonies were screened by sequencing.  Scramble 360 

shRNA was a gift from Dr. David Sabatini (MIT) (Addgene plasmid # 1864). Cells were 361 

selected for using 1mg/mL puromycin. 362 

Cell synchronization 363 

Nocodazole treatment: Cells were incubated with 1ug/ml nocodazole (Sigma) containing 364 

medium to synchronize at the G2/M border for 16 hours and collected for further experiments.  365 
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R0-3306 treatment: To synchronize at G2, cells were reversibly incubated with 9μM RO-3306 366 

(TCI) containing medium for 20 hrs and collected at the following time points corresponding to 367 

their respective cell cycle stages when released in normal growth medium. 0hr – G2; 1hr – M 368 

(metaphase); 7hrs – G1.  Mitotic shake was employed to obtain maximum number of mitotic 369 

cells. 370 

Western blots 371 

For immunoblotting, cells were lysed using 1X RIPA buffer (Thermo scientific Pierce TM RIPA 372 

Buffer) containing 1X protease/phosphatase inhibitor cocktails (Thermo Scientific HaltTM). 373 

Protein concentration was quantified using DCTM Protein Assay Kit (Bio-Rad). Human tissue 374 

samples were obtained using the INSTA-Blot Human Tissues pre-run western blot (Novus 375 

Biologicals). Cell lysates were boiled for 15 mins with 2X LDS buffer containing 50 mM DTT, 376 

and 20μg of protein lysates were resolved by 4%-12% Bis-Tris gels and transferred to PVDF 377 

membranes. Blots were blocked using 5% non-fat powdered milk in 1X TBST (150mM NaCl, 378 

20mM Tris, pH 8.0, 0.1% Tween 20). Primary and secondary antibody incubations were carried 379 

out in 2.5% non-fat powdered milk in 1X TBST for overnight at 4°C and 1hr at room 380 

temperature, respectively. Blots were exposed using ClarityTM Western ECL Substrates (Bio-381 

Rad), ECLTM Select Western Blotting Detection Reagent (GE Healthcare), or SuperSignal™ 382 

West Femto Maximum Sensitivity Substrate (Thermo Scientific) and detected by the ChemiDoc 383 

Imaging System (BioRad).  384 

Immunocytochemistry 385 

Cells for immuno-fluorescence imaging were plated in 6 well cell culture plates (Corning 386 

Incorporated) on glass coverslips. Cells were fixed with 4% PFA for 10 mins and permeabilized 387 

with 0.1% Triton-X-100 for 10 mins followed by blocking with 10% BSA 5% NGS for 45 mins 388 
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at RT. Cells were incubated with primary antibodies (diluted in 5% BSA and 2.5% NGS) 389 

overnight at 4ºC followed by washing with 1X PBS and incubated with AlexaFluor (Thermo 390 

Fisher) conjugated secondary antibodies in the dark for 1 hour. Following the washing step, the 391 

cells were stained with .1μg/mL DAPI for 5 mins (Thermo Fisher) and mounted on the slides 392 

using Fluoromount (Southern-Biotech). Imaging was carried out using a Nikon C2 confocal 393 

microscope. For mitotic index, and multinucleated cell count, and cytokinetic cell count random 394 

fields of view were captured for each genotype to sample approximately 1000 cells for each 395 

biological replicate (n=3). Mitotic cells were identified by chromosome condensation, 396 

kinetochore staining by CREST and verified by α-tubulin morphology. For mitotic defects 397 

analysis random fields of view were captured for each genotype to sample approximately 50 398 

mitotic cells per biological replicate, and for cytokinetic defects analysis, random fields of view 399 

were captured for each genotype to sample approximately 30 cytokinetic cells per biological 400 

replicate. 401 

Cell viability assay for growth curve 402 

Approximately, 200 to 400 cells were plated (4 wells/genotype) in white-coated 96-well plates 403 

(Brand Tech Scientific) in growth media. Cell growth curve was obtained by CellTiter-Glo® 404 

Luminescent Cell Viability Assay (Promgea) using a luminescence reader every 24 hours. Mean 405 

cell number corresponding to the luminescence on each day was normalized to the first day in 406 

the graph. 407 

Immunoprecipitation  408 

Cells were lysed with the following lysis buffer: 50 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM 409 

EGTA, 1 mM EDTA, 0.5(v/v) NP-40, 1 mM sodium orthovanadate, 50 mM NaF, 5 mM sodium 410 

pyrophosphate, 0.27 M sucrose, 10 mM Na 2-glycerophosphate, 0.2 mM phenylmethylsulphonyl 411 
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fluoride, 1x protease/phosphatase inhibitor cocktail (Pierce), and 50 mM iodoacetamide.  Cells 412 

were incubated for 20 minutes end over end at 4oC then spun at 16,000 x g for 15 minutes at 4oC. 413 

Supernatant was measured using the DcTM protein assay (Bio-Rad). 500μg of protein was 414 

incubated on magnetic beads (FLAG M2 beads (Sigma), GFP beads (Chromotek) end over end 415 

at 4oC for 2 hrs. 2X LDS with 50mM DTT was used to elute protein off the beads, and pH was 416 

restored with NaOH.   417 

Transfection 418 

HEK293T cells were plated on poly-d-lysine coated dishes and reverse transfected with 1:1 419 

jetOPTIMUS transfection reagent (Polyplus). Cells were treated the next day with 100ng/ml 420 

nocodazole (Sigma) and collected 16hrs later. HeLa cells were reverse transfected with 1:3 or 421 

1:6 X-tremeGENE 9™ (Roche) transfection reagent according to the manufacturer’s 422 

instructions.  423 

Real Time PCR 424 

RNA was isolated using Trizol Reagent (Ambion Life Technologies) and converted to cDNA 425 

using iScript™ (Bio-Rad) per the manufacturer’s directions. SYBR Green Supermix (Bio-Rad), 426 

20 ng of cDNA and 0.4 μM of each primer set was mixed in a 10 μl RT-PCR reaction that was 427 

ran on the CFX96 System (Bio-Rad). The primers that were used span exons: Actin F: 5’ 428 

CCCGCCGCCAGCTCACCAT 3’, R: 5’ CGATGGAGGGGAAGACGGCCC 3’. TANK F: 5' 429 

AGCAAGGAGTCTTGGCAGTC 3', R: 5' GCACTGTGTTTCAGTTGCAGT 3'. SINTBAD F: 430 

5' ACCAGTTCCAGCATGAGTTACA 3', R: 5' TCTCCCTCAGCTCTGTCTCC 3'. AZI2 F: 5' 431 

AGGTGGAAACTCAGCAGGTG 3', R: 5' ATGGATCCGTTTGTTTGGCT 3'. IL-6 F: 5' 432 

AGCCACTCACCTCCTCAGAACGAA 3', R: 5' AGTGCCTCTTTGCTGCTTTCACAC 3'. 433 

TNF-α F: 5' TCAATCGGCCCGACTATCTC 3', R: 5' CAGGGCAATGATCCCAAAGT 3'. IL-434 
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10 F: 5' AAGACCCAGACATCAAGGCG 3', R: 5' CAGGGAAGAAATCGATGACAGC 3'. 435 

RT-PCR was performed in triplicate wells from three independent biological experiments. 436 

Expression levels were normalized to β-actin and fold change was determined by comparative CT 437 

method.  438 

Statistical Analysis 439 

For comparisons between two groups, student’s t-test was used to determine statistical 440 

significance. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons were used 441 

for three or more groups using GraphPad Prism software. Differences in means were considered 442 

significant if p <0.05 and designated as the following p<0.05 - *; p< 0.01 - **; p< 0.001 - ***. 443 

p<.0001 - ****; ns – not significant.   444 
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Figure Legends 457 

Figure 1: NAP1/AZI2 is required for TBK1 activation during mitosis.  458 
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(A-C) qRT-PCR showing relative expression of TANK1 (A), SINTBAD (B) and NAP1 (C) 459 

mRNA levels normalized to β-actin stably expressing shRNAs. n=3 independent experiments. 460 

Error bars ±SD.  461 

(D-F) Western blot analysis of p-TBK1 in asynchronous and synchronized mitotic cells from 462 

scramble control, and cell lines stably expressing TANK (D), SINTBAD (E), and NAP1 (F) 463 

shRNAs, respectively. GAPDH was used as a loading control.  464 

Figure 2: NAP1 KO cells have mitotic and cytokinetic defects similar to TBK1 KO cells. 465 

(A) Western blot analysis of p-TBK1 in asynchronous and mitotic cells from HeLa, NAP1 KO 466 

clone 10, and NAP1 KO clone 12. GAPDH was used as a loading control. 467 

(B)  Relative intensity of pTBK1 on centrosomes of mitotic cells from HeLa and NAP1 KO 468 

cells. 40-50 mitotic cells per group were quantified from 2 biological replicates.  469 

(C) Representative confocal images of pTBK1 expression on mitotic centrosomes from HeLa 470 

and NAP1 KO cells. DAPI (blue) was used as a nuclear counterstain (on composite image), α-471 

Tubulin for cytoskeleton staining (red), and pTBK1 S172 conjugated 488 (green). Scale bar, 20 472 

μm, insets.  473 

(D) Growth curve with normalized luminescence for HeLa cells, NAP1 KO clone 10 and NAP1 474 

KO clone 12. Error bars indicate ±SD for technical replicates.  475 

(E-G) Mitotic (E), multinucleated (F), and abnormal mitotic (G) cell counts from an 476 

asynchronous population of HeLa, TBK1, and NAP1 KO cells. Error bars indicate ±SD; n=3 477 

independent experiments. For mitotic index and multinucleated cell count, random fields of view 478 

were captured sampling approximately 1000 cells per biological replicate from each genotype. 479 

For abnormal mitotic cell counts, random fields of view were captured to sample approximately 480 

50 mitotic cells per biological replicate from each genotype.  481 
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(H) Pie chart representing the percentage of different types of mitotic defects found in HeLa, 482 

TBK1, and NAP1 KO cells. At least 50 mitotic cells per biological replicate from each genotype 483 

were analyzed. n=3 independent experiments. * p <.05, ** p <.01 compared to HeLa.  484 

(I) Representative confocal images of NAP1 KO mitotic defects: (i) multipolar metaphase, (ii) 485 

multipolar prometaphase, and (iii) monopolar prometaphase/metaphase cells. DAPI (blue) was 486 

used as a nuclear counterstain, α-Tubulin for cytoskeleton staining (green), and CREST for 487 

kinetochore staining (red). Scale bar, 20 μm, insets, 5μm.  488 

(H) Western blot analysis of p-TBK1 in asynchronous and synchronized mitotic cells from 489 

HeLa, NAP1 KO clone 12, and the stable NAP1 rescue line. GAPDH was used as a loading 490 

control. 491 

Figure 3: NAP1 binds to TBK1 during mitosis and is localized to centrosomes.   492 

(A) Cartoon representing protein domains of full length (FL) TBK1, TBK1 lacking adaptor 493 

binding domain (Δ C’ terminal), FL NAP1, and NAP1 lacking the TBK1 binding domain (∆200-494 

270).  495 

(B) Representative immunoblots of the pulldown of GFP-NAP1 or GFP-NAP1 ∆200-270 in 496 

asynchronous and synchronized mitotic cells.  497 

C) Quantification of the ratio of pTBK1/TBK1 signal after normalization to the pulldown 498 

efficiency Error bars indicate ±SD; n = 3 independent experiments.  499 

(D) Representative immunoblots of the pulldown of TBK1 in asynchronous and synchronized 500 

mitotic cells in TBK1 rescue cell lines.  501 

(E) Quantification of the ratio of NAP1 signal after normalization to the pulldown efficiency of 502 

TBK1. Error bars indicate ± SEM; n = 3 independent experiments.  503 
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(F) Representative immunoblots of the pulldown of TBK1 and TBK1 lacking adaptor binding 504 

domain Δ C’ terminal in synchronized mitotic cells.  505 

(G) Representative confocal images of HeLa cells transiently expressing EGFP-NAP1 with 506 

immunocytochemical detection of p-TBK1. White arrow depicts area used for line scan analysis 507 

in (H). Scale bar = 20μm, inset = 5μm. 508 

(H) Line scan analysis of images in (G) generated from Nikon Elements software.  509 

Figure 4: NAP1 is a cell cycle regulated protein.  510 

(A-B) Western blot analysis of NAP1 in asynchronous and synchronized mitotic cells from HeLa 511 

(A) and RPE-1 (B) cells. GAPDH was used as a loading control.  512 

(C-D) NAP1 mRNA expression normalized relative to actin in asynchronous and synchronized 513 

mitotic HeLa (C) and RPE-1 (D) cells. Error bars indicate ±SD; n = 3 independent experiments.  514 

(E-F) Western blot analysis of NAP1 protein level after MG132 treatment after G2 release in 515 

HeLa (E) and RPE-1 (F) cells. Vinculin or GAPDH was used as a loading control. 516 

(G) Western blot analysis of NAP1 after TAK243 treatment after G2 release in RPE-1 cells. 517 

Vinculin was used as a loading control. 518 

Figure 5: Mitosis does not elicit an innate immune response. 519 

(A) Western blot analysis of THP-1 cells synchronized at G2, M, or G1-Async to determine p-520 

TBK1 levels. Actin was used as a loading control. 521 

(B) Western blot analysis of THP-1 cells stimulated with LPS or poly I:C for 1 hrs and 8 hrs, 522 

respectively. Blots were probed for p-TBK1 and NAP1. GAPDH was used as a loading control.  523 

(C-D) Relative mRNA expression of cytokines upregulated during innate immunity normalized 524 

to β-actin when stimulated with LPS (C) for 1 hrs or poly I:C (D) for 8 hrs. Error bars indicate 525 

±SD; n = 3 independent experiments.  526 
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(E) Relative mRNA expression of cytokines during cell cycle synchronization normalized to β-527 

actin. Error bars indicate ±SD; n = 3 independent experiments.  528 

(F) Western blot analysis of p-IRF3 and p-IKKe of THP-1 cells synchronized at G2, M, or G1-529 

Async or stimulated with LPS or poly I:C for 1 hrs and 8 hrs, respectively. α-Tubulin was used 530 

as a loading control. 531 

Supplementary Figures  532 

Figure S1: Autophagy adaptors are not required for TBK1 activation during mitosis.  533 

(A) Western blot analysis of HeLa and NDP52/optineurin DKO cells in asynchronous and 534 

mitotic conditions.  β-actin was used as a loading control. 535 

(B) Western blot analysis of HeLa & Penta KO HeLa cells lacking NBR1, TAX1BP1, 536 

optineurin, NDP52, p62 in asynchronous and mitotic cells. GAPDH was used as a loading 537 

control. 538 

Figure S2: Loss of NAP1 and TBK1 cause similar cytokinetic defects. 539 

(A) Cytokinetic cell count from an asynchronous population of WT HeLa, TBK1 KO and NAP1 540 

KO. Error bars indicate ±SD; n=3 independent experiments. Random fields of view were 541 

captured sampling approximately 1000 cells per biological replicate from each genotype.  542 

(B) Abnormal cytokinetic cell count from an asynchronous population of WT HeLa, TBK1 KO 543 

and NAP1 KO. Error bars indicate ±SD; n=3 independent experiments. Random fields of view 544 

were captured sampling approximately 30-40 cytokinetic cells per biological replicate from each 545 

genotype.  546 

 (C) Representative confocal images of cytokinetic defects seen in TBK1 KO (i-iii) and NAP1 547 

KO (iv-v): (i) multipolar cytokinesis, (ii) unequal cytokinesis, (iii) combination of unequal 548 

multipolar cytokinesis, (iv) multipolar cytokinesis, (v) unequal cytokinesis. DAPI (blue) was 549 
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used as a nuclear counterstain, α-Tubulin for cytoskeleton staining (green), and CREST for 550 

kinetochore staining (red). Scale bar, 20 μm, insets, 5μm. 551 

(D) Pie chart representing the percentage of different types of cytokinetic defects found in HeLa, 552 

TBK1, and NAP1 KO cells. * p < .05 compared to HeLa.  553 

Figure S3: IKKβ is not an upstream activator of TBK1 during mitosis. 554 

(A) Western blot analysis of multiple different human tissue samples probed for NAP1. Vinculin 555 

was used as a loading control. * indicates non-specific bands. 556 

(B) Western blot analysis of HeLa cells at G2 and M. Cells were either collected untreated or 557 

treated with BI 605906 for 1 hour. GAPDH was used as a loading control.  558 

(C) Western blot analysis of HeLa and TBK1 KO cells in asynchronous and mitotic cells. 559 

Vinculin was used as a loading control. 560 

Figure S4: NAP1 is a relatively stable protein.  561 

(A-B) Western blot analysis of NAP1 protein levels after cycloheximide treatment up to 6 hours 562 

in HeLa (A) and RPE-1 (B) cells. Vinculin was used as a loading control. (C-D) Western blot 563 

analysis of NAP1 protein levels after 6 hrs of chloroquine treatment in HeLa (C) and RPE-1 (D) 564 

cells. Vinculin was used as a loading control.  565 
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