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The exocyst complex, first described in yeast, is a heterooctomeric complex that serves as a 

signaling platform to mediate cellular responses to diverse spatial and temporal cues. 

Evidence suggests that the exocyst might contribute to oncogenesis, potentially by disrupting 

spatial and temporal regulation of pathways critical to determining cell survival vs. apoptosis. 

Our work investigated how cancer cells subvert the exocyst to upregulate the AKT  (v-akt 

murine thymoma viral oncogene) pro-survival pathway through the innate immune protein 

TBK1 (TANK-binding kinase 1). siRNA-mediated depletion of TBK1 in pancreatic and 

breast cancer cell lines results in apoptosis, which is mediated through the AKT pathway. 

Pharmacological inhibition of TBK1 recapitulates the apoptotic phenotype in mouse 
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orthotopic models. Additionally, my work uncovered exocyst participation in the regulation 

of DNA repair. The isolation of multiple components of the DNA damage response (DDR) 

within the human exocyst protein-protein interaction network, together with the identification 

of Sec8 as a suppressor of the p53 response, prompted an investigation of functional 

interactions between the exocyst and the DDR. We found that exocyst perturbation resulted 

in a radioresistance phenotype to ionizing radiation (IR) that was associated with accelerated 

resolution of DNA damage. This occurred at the expense of genomic integrity, as enhanced 

recombination frequencies correlated with the accumulation of aberrant chromatid 

exchanges. Exocyst-dependent modulation of the DDR is, at least in part, through restraint of 

the associated chromatin modifiers ATF2 and RNF20. Exocyst perturbation resulted in 

aberrant accumulation of ATF2 and RNF20; the promiscuous accumulation of DDR-

associated chromatin marks; and IR-induced increased Rad51 repairosomes. Thus, the 

exocyst indirectly supports DNA repair fidelity by limiting formation of repair chromatin in 

the absence of a DNA damage signal. This newly revealed regulation of DNA repair by the 

exocyst may provide additional insight into the emerging observations of DNA damage 

protein involvement in pathways not canonically associated DNA repair, such as the host 

cytokinesis, host defense response, and maintenance of cilia. This work further substantiates 

the importance of the exocyst in normal cell biology and gives insight into how disruption of 

exocyst function can result in disease. 
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CHAPTER ONE 
The Exocyst Complex 

 
 

Introduction 

The heterooctomeric exocyst complex is an evolutionarily conserved protein machine that 

was first identified in yeast by mutational studies that looked for defects in exocytosis1. 

Initial characterization of the yeast exocyst complex firmly placed the exocyst in the vesicle 

trafficking pathway, serving to direct post-Golgi vesicles to targeted domains of the plasma 

membrane2. Beyond yeast, the importance of the exocyst complex is underscored by the 

lethality in development that occurs in Drosophila and mice with exocyst subunit 

deletions3,4. Mutations in the exocyst have also been coupled to human disease5-7. 

 

Structure and Function of the Exocyst Complex 

In yeast, the proteins identified as the exocyst complex are known as Sec8, Sec6, Sec5, 

Exo70, Exo84, Sec3, Sec10, and Sec15. In mammalian cells, the exocyst complex proteins 

are known as Exoc1, Exoc2, Exoc3, Exoc4, Exoc5, Exoc6, Exoc7, Exoc8. The exocyst 

complex proteins consist of helical bundles that are thought to assemble into a rod-like 

structure as evidenced by electron microscopy8. Within the rod-like structure of the exocyst 

as a whole, there are distinct domains on individual exocyst subunits that help to specify 

interaction, and thus function, of the exocyst complex. For instance, there is genetic evidence 

for functional interaction with the small GTPase family of proteins, and this evidence was 

enhanced by the crystallization of the RalA GTPase with Sec5 and Exo849. Also, the yeast 

Sec3 subunit contains a novel Pleckstrin Homlogy domain that interacts with small GTPases 
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and with P(4,5)P10. The interactions with small GTPases have been shown to facilitate 

signaling cascades that are mediated by exocyst interaction.  However, questions remain to 

how the exocyst is assembled and dissembled and if there are subcomplexes of particular 

exocyst proteins that respond to specific instructive signals, such as nutrient sensing.  

 

One biological context, in which the exocyst participates in, is the autophagy regulatory 

network. Work from our lab showed specific contributions of exocyst subcomplexes in 

response to nutrient availability. In nutrient-rich conditions, mTORC1 (mammalian target of 

rapamycin complex 1), a master regulator of the cellular response to nutrient availability11, 

interacts with a Sec5 subcomplex that promotes inactivation of ULK1 (Unc-51-like kinase 

1),  a key kinase that which promotes autophagy12. Conversely, in nutrient-deficient 

conditions, in a RalB-dependent manner, an Exo84 subcomplex, promotes the activation of 

ULK1 and facilitates assembly of autophagy machinery13. Thus, in response to nutrient 

availability, context-specific exocyst subcomplexes are mobilized and facilitate an 

appropriate response to cellular cues.  

 

The exocyst has also been shown to function in cytokinesis. The exocyst complex localizes at 

the midbody ring in a centriolin dependent manner. This localization facilitates the delivery 

of vesicles to the midbody ring. These exocyst directed vesicles are then fused to the plasma 

membrane and mark the site for abscission and final completion of cytokinesis14.  
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The exocyst complex has also been shown to be important in maintaining cellular polarity by 

mediating the effects of the polarity regulators Rho and Cdc42 in driving polarization of actin 

cytoskeleton for vesicle delivery to distinct plasma membrane domains15,16.  

 

Additional functions for the exocyst have been uncovered include directing membrane 

expansion in cell migration and ciliogenesis17,18. Thus, the exocyst supports diverse functions 

within cells to direct vesicles to specific membrane domains and to support signaling events 

by facilitating interactions with between proteins.   

 

Exocyst Complex and Disease 

Given the wide variety of cellular contexts in which the exocyst plays a critical function, it is 

not surprising that exocyst mutations are associated with human disease diagnoses. Recent 

evidence has implicated Sec8 as being a potential driver of a rare, lethal ciliopathy named 

Meckel-Gruber Syndrome6. This disease is characterized by renal cystic dysplasia, occipital 

encephalocele, polydactyly  (post axial), hepatic developmental defects, and pulmonary 

hypoplasia. It is interesting to note that some centrosome proteins that are associated with 

milder forms of ciliopathies have been shown to interact with the exocyst19. 

 

There is also strong evidence linking the exocyst to oncogenesis and cancer cell survival. 

Mutations of members of the exocyst complex have been associated with driving 

oncogenesis. In a large scale study examining mutational profile of several breast and 

colorectal cancers, Sec8 was identified as being frequently mutated, suggesting that Sec8 
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may play a role in cancer initiation or progression20. Another study examined tumors of 

African Americans with colorectal cancer and found Sec8 deletion in 80% of the tumors7.  

 

Overexpression of exocyst components have also been associated with tumorigenic behavior. 

Sec8 was found to be overexpressed in oral squamous-cell carcinoma and associated with 

increased invasion by secretion of matrix metalloproteinases, such that inhibition of Sec8 in 

this context reduced cell proliferation and invasion5. 

 

Beyond mutations within the exocyst complex itself, dysregulation of proteins that interact 

with the exocyst often depend on the exocyst to exert their oncogenic properties. As an 

example, oncogenic Ras (Rat sarcoma viral oncogene) can drive Ral (Ras-like GTPase) 

activity, with the exocyst being a Ral effector21. One study sought to determine candidates 

that drive Ral-mediated tumor cell survival by an RNAi-based candidate screen of 

RalGTPase effector proteins and found Sec5 as being necessary for this event22. Furthermore, 

inhibition of Exo84 reduced oncogenic RalGEF-mediated transformation and oncogenic Ras-

driven tumorigenic growth of human cells23. Thus, observations suggest that not only is the 

exocyst itself important in maintaining tumor suppressive activities, but that aberrant 

signaling events that drive oncogenic effects can be mediated by the exocyst, as well. 

 

Therefore, as an important platform for signaling, it is essential to understand the biological 

context and functions of the exocyst within those contexts to determine whether there are 

novel functions for the exocyst as a spatial and temporal signaling platform. The purpose of 
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this study is to examine exocyst depletion within selective biological contexts to determine 

how exocyst complex dysregulation promotes oncogenesis. 

 

Figure 1: Summary of exocyst regulation. 
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CHAPTER TWO 

TBK1 Directly Engages Akt/PKB Survival Signaling to Support Oncogenic 

Transformation 

 
 

Introduction 

The atypical IκB kinase family member TBK1 (TANK-binding kinase 1) has been 

defined as a principle hub in cell regulatory networks responsive to inflammatory 

cytokines and pathogen surveillance receptors24-26.  Together with its homologue IKKε, 

TBK1 marshals the IRF3 and IRF7 transcription factors to induce type I interferon 

expression and activation of other components of the immediate early host defense 

response.  As such, TBK1 and IKKε are required elements of innate immune signaling in 

most epithelia and stromal cell types25-28. 

 

In cancer cells, pathological TBK1 activation supports oncogenic transformation by 

suppressing a programmed cell death response to oncogene activation29.  TBK1 kinase 

activity is engaged by Ras through the RalGEF-RalB-Sec5 effector pathway, is elevated 

in transformed cells, and is required for their survival in culture22,30.  Systematic RNAi 

screens of diverse tumor-derived cell lines confirmed that a codependent relationship 

between oncogenic Ras and the RalB/Sec5/TBK1 pathway is conserved in a variety of 

disease settings31. 

While IRF3 is a direct TBK1 substrate that clearly accounts for much of the role of TBK1 

in support of innate immune signaling24,32, TBK1 substrates that mediate cancer cell 
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survival are ill defined.  Studies employing IRF3-/- MEFs  or RNAi-mediated IRF3 

depletion from cancer cell lines indicated this canonical TBK1 substrate is not an obligate 

component of TBK1-driven cell survival signaling22,31, but may be important for pro-

angiogenic signaling30.  Using TBK1-/- cells to parse TBK1-dependent Ras-induced 

regulatory events, we found TBK1 is required for oncogenic Ras activation of AKT and 

concomitant mTOR activation and GSK3β suppression.  Insulin-induced AKT activation 

is intact in TBK1-/- MEFs, however TLR4, TLR3, EGFR and glucose-induced AKT 

activation is impaired.  In human epithelial cells, these TBK1-dependent signals recruit 

endogenous TBK1 to the exocyst where it activates AKT.  Furthermore, TBK1 depletion 

impairs both mitogen and oncogene activation of AKT in human cells.  We find that 

TBK1 directly interacts with AKT and is sufficient to drive both activation loop, T308, 

and hydrophobic motif, S473, phosphorylation in cells and within an in vitro biochemical 

reconstitution system.  Consistent with these observations, TBK1 activation of AKT in 

cells can occur in the absence of the canonical AKT-T308 and AKT-S473 kinases, PDK1 

and mTORC2.  Loss of TBK1 is toxic to most, but not all oncogenic Ras expressing 

tumor lines in vitro and in vivo, and this toxicity can be rescued by expression of 

mutationally activated AKT.  A novel chemical inhibitor of TBK1 kinase activity, with 

potency in the nanomolar range, was isolated from a 250,000 compound screen.  This 6-

aminopyrazolopyrimidine derivative is selectively toxic to TBK1-dependent cancer cell 

lines.  Furthermore, the compound can inhibit AKT activation in these cells without 

affecting the canonical AKT activators PDK1 or mTOR.  Thus AKT likely represents a 

bona fide TBK1 substrate protein that mediates TBK1-dependent signaling in normal and 



 8 
tumorigenic contexts.  The phenotypic concordance of TBK1 homozygous deletion, 

RNAi-mediated TBK1 depletion and pharmacological inhibition of TBK1 kinase activity 

reveals TBK1 as a targetable link supporting context-selective mobilization of the AKT 

regulatory network. 

 

Results 

Previous observations that TBK1-/- MEFs fail to support oncogenic Ras-induced 

transformation, at least in part due to survival defects22, prompted us to examine survival 

pathway activation in this setting.  As expected, lentiviral-mediated transient expression 

of K-RasG12V in wild-type mouse embryo fibroblasts resulted in excess AKT activation 

as indicated by accumulation of activation site phosphorylation5-7,33-35.  In contrast, 

despite equivalent K-RasG12V expression, TBK1-/- MEFs did not support AKT 

activation by oncogenic Ras (Figure 1A).  Selection of stable populations of wild-type 

and TBK1-/- MEFs, with similar amounts of K-RasG12V expression, showed marked 

differences in the formation of growth transformed foci, accumulation of active AKT, 

and concomitant engagement of the mTOR pathway (Figure 1B).  Transient siRNA-

mediated TBK1 depletion in human osteosarcoma cells and telomerase-immortalized 

airway epithelial cells with multiple independent siRNAs resulted in reduced 

accumulation of active AKT as compared to controls (Figure 1C).  Collectively, these 

observations suggest TBK1 supports AKT pathway activation in multiple regulatory 

contexts.   
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We have previously defined the heterooctameric Sec6/8 a.k.a. exocyst complex as a hub 

for Ras activation of TBK1 via the RalB effector pathway8,21,22,36.  A protein/protein 

interaction map, generated by saturating genome-wide yeast two-hybrid screens of each 

human exocyst subunit against a human placenta library, identified AKT1 and AKT2 

interactions with two distinct exocyst subunits- Exo70 and Sec3 (Figure 1D).  The 

association of AKT with the exocyst was validated by expression co-IP (Figure 1E) as 

well as recovery of native exocyst components from endogenous AKT 

immunoprecipitates (see Figure 3D).  The functional relevance of this association is 

suggested by impaired accumulation of active AKT upon Sec3 depletion from U2OS 

cells (Figure 1C).  Immunoprecipitates of native exocyst complexes from multiple cell 

types selectively coprecipitated endogenous TBK1 versus the closely related family 

member, IKKε, further implicating TBK1 and the exocyst in AKT activation (Figure 1F). 

 

To assess the context-selective contribution of TBK1 to AKT activation, we evaluated 

the responsiveness of TBK1-/- cells to a variety of germane AKT pathway agonists 

(Figure 2).  We found that AKT was equivalently responsive to insulin in both wild-type 

and TBK1-/- MEFs, indicating that insulin-induced AKT activation is TBK1-independent 

(Figure 2A).  In contrast, AKT-responsiveness to EGF or glucose was impaired in the 

absence of TBK1 (Figure 2B,D).  In addition, AKT-responsiveness to innate immune 

pathway activation by either Sendai virus infection or LPS exposure was severely blunted 

in the absence of TBK1 as compared to wild-type MEFs (Figure 2F).  Complementation 

of TBK1-/- MEFs using human wild-type TBK1 rescued AKT activation by EGF and 
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glucose (Figure 2C,E).  We did not observe activation of IFNβ expression, a canonical 

TBK1 effector pathway, in response to EGF or glucose reexposure in these cells (Figure 

2G).  However, TBK1-/- MEFs were refractory to EGF-induced proliferation (Figure 2H) 

and sensitized to apoptosis upon serum or glucose withdrawal (Figure 2I). Together, 

these observations reveal a stimulus-selective contribution of TBK1 to AKT pathway 

activation. 

 

Examination of full-length and truncated proteins indicated that TBK1 and AKT can be 

reciprocally isolated in either TBK1 or AKT immunoprecipitates (Figure 3A) and that the 

association in cells is likely mediated through their respective kinase domains (Figure 

3B,C).  To examine native TBK1/AKT complex assembly, we tested the capacity of 

endogenous AKT to coimmunoprecipitate endogenous TBK1 in response to glucose 

exposure or innate immune pathway activation- two settings requiring TBK1 for AKT 

activation as indicated by observations in TBK1-/- MEFs (Figure 2).  In glucose starved 

cells, the exocyst but not TBK1 coimmunoprecipitated with AKT.  However, glucose 

stimulation recruited TBK1 to AKT complexes in all 4 human cell lines tested (Figure 

3D).  Sorbitol exposure was used as an osmolarity control (Figure 3D, middle top panel).  

These observations indicate that a population of AKT is constitutively associated with the 

exocyst, while TBK1 is recruited into the complex in a stimulus-dependent manner.  

Similarly, Sendai virus infection or LPS exposure drove assembly of native TBK1/AKT 

complexes (Figure 3E).  



 11 
Both wild-type and kinase-dead TBK1 associated with AKT, however, only wild-type 

TBK1 immunoprecipitates contained active AKT, as indicated by serine 473 

phosphorylation and in vitro kinase activity using a GSK3α/β fusion peptide as substrate 

(Figure 4A).  Remarkably, TBK1 expression was sufficient to drive AKT activation in 

the face of pharmacological inactivation of the PI3K family (Figure 4B).  Moreover, 

TBK1 induced AKT activation loop (T308) and hydrophobic motif (S473) 

phosphorylation in cells in the absence of PDK1 (Figure 4C,D) or the mTORC2 subunits 

Sin1 (Figure 4E) or Rictor (Figure 4F).  These observations indicate that TBK1 is 

sufficient to induce AKT activation independently of the canonical PDK1/mTORC2 

collaboration9,34,37-42. 

 

In the presence of ATP and Mg++, purified recombinant TBK1 was sufficient to drive 

phosphorylation of both T308 and S473 on otherwise inactive recombinant AKT1 in vitro 

(Figure 4G).  Moreover, this correlated with a 100-fold increase in AKT1 specific 

activity as detected using a GSK3α/β−derived peptide substrate (Figure 4G), and with 

significant accumulation of phosphorylation of AKT autosubstrate sites (Figure 4H)10,43.  

Endogenous TBK1 immunoprecipitated from MEFs also directly phosphorylated 

recombinant AKT (Figure 4I).  Consistent with a role for TBK1 in EGF-induced AKT 

activation in MEFs (Figure 2B) TBK1 kinase activity was enhanced by EGF stimulation 

(Figure 4I).  Similar observations using kinase-dead and wild-type proteins 

immunopurified from HEK293T cells indicated that TBK1-induced phosphorylation of 

AKT-T308 and AKT-S473 was dependent upon an intact TBK1 kinase domain, and 



 12 
independent of AKT kinase activity (Figure 4J).  As expected, TBK1 induction of AKT 

autosubstrate site phosphorylation only occurred with catalytically intact AKT (Figure 

4J).  Thus, to our knowledge, TBK1 is the first kinase identified as sufficient to directly 

activate AKT.  The disease significance of this non-canonical regulatory arm is suggested 

by the observation that, in the absence of PDK1, oncogenic Ras signaling to AKT is only 

partially blunted and the responsiveness of AKT effectors is unaffected (Figure 4K). 

 

To examine the consequence of TBK1 on tumorigenicity, we first depleted TBK1 using 

lentiviral transduction of shRNAs in Mia-Paca2 cells, a pancreas cancer cell line with the 

K-RasG12C mutation11,44.  Two of three hairpins resulted in detectable TBK1 depletion 

by 2 days post transduction with concomitant reduction in AKT activation (Figure 5A).  

By 6 days post transduction, the viability of TBK1 depleted cells was severely 

compromised (Figure 5B), but could be rescued by expression of an artificially activated 

myristoylated AKT fusion protein (Figure 5C).  To examine if the cell death observed in 

cultured cells was recapitulated in an orthotopic setting, Mia-Paca-2 cells were surgically 

implanted beneath the capsule of the tail of the pancreas of immune-compromised mice 

two days post transduction with shRNA expressing lentiviral constructs.  Two 

independent TBK1 shRNAs impaired primary tumor initiation (Figure 5D) and 

progression (Figure 5E) as compared to controls.  Equivalent experiments were also 

performed in MDA-MB-231 cells, a triple negative breast cancer derived cell line with 

activating mutations in both K-Ras and B-Raf12,44.  MDA-MB-231 cells, transduced with 

shRNA-expressing lentivirus, were implanted into the mammary fat pad of immune 
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compromised mice and tumor growth was followed (Figure 5F).  By 45 days post-

implantation, control samples had progressed substantially (Figure 5G) and metastasized 

to other organs (Figure 5H).  In contrast, TBK1-depleted samples progressed very poorly 

and failed to metastasize (Figure 5F,G,H).  These observations indicate that TBK1 is 

required to support AKT activation in cancer cells, and is required for primary tumor 

initiation and progression, at least in the context of two different orthotopic xenograft 

models. 

 

To discriminate the consequence of TBK1 depletion from inhibition of TBK1 kinase 

activity, we wished to employ small molecule TBK1 inhibitors for pharmacological 

interrogation of the TBK1/AKT regulatory relationship in normal and cancer cells.  The 

currently available compound, BX79513,45,46, has significant activity against both TBK1 

and PDK1, which limits its application to these studies 14,47.  Therefore, we isolated 

additional chemical TBK1 inhibitors from a biochemical screen of ~250,000 small 

molecules.  A 6-aminopyrazolopyrimidine derivative (Compound II, Figure 6A) was 

identified as a lead compound with an IC50 of 13 nM against TBK1 and 59 nM against 

the TBK1 homolog IKKε, but with 100- to 1000-fold less activity against other tested 

protein kinases including PDK1, PI3K family members and mTOR (Figure 6B).  

Consistent with inhibition of TBK1-dependent signaling, compound II inhibited LPS-

induced expression of IFNβ ( IC50 =62nM), and the IFNβ target genes IP10 (IC50 

=78nM) and Mx1 (IC50 =20nM) (Figure 6C). Consistent with selective activity on 

canonical TBK1 pathway activation15,16,48,49, Compound II effectively blocked TLR3-



 14 
dependent IRF3 nuclear translocation in cells with an IC50 under 100 nM, but did not 

impair TNFR1-dependent p65 NFκB nuclear translocation with doses as high as 20 µM 

(Figure 6D).  This later response has been defined as TBK1-independent 17,18,22,48,50.  

Concordant with our observations in TBK1-/- MEFs, a 30-minute pretreatment of wild-

type MEFs with Compound II impaired AKT activation by glucose (Figure 6E).  

Similarly, a 30-minute incubation of the TBK1-sensitive cell line HCC44 with doses of 

Compound II as low as 500 nM was sufficient to blunt baseline AKT activity (Figure 6F).  

Notably, Compound II had no activity against the canonical AKT kinases PDK1 and 

mTOR in vitro (Figure 6B), indicating the defective AKT response is likely a 

consequence of impaired TBK1 activity.  Concordant with mTORC2-independent 

activation of AKT by TBK1, the AKT response to host defense signaling in Sin1-/- and 

Rictor-/- cells was blocked by Compound II (Figure 6G).  Concordant with the 

consequence of siRNA and shRNA-mediated TBK1 depletion, a 24-hour exposure to 

Compound II inhibited AKT pathway activation and survival in multiple cancer cell lines 

at doses close to those affecting IRF-3 nuclear localization (Figure 6H).   Importantly, the 

extent of AKT inhibition was equivalent or better than that observed with 40 µM of the 

PI3K inhibitor LY294002 (Figure 6H). 

 

We next examined if cancer cell lines selectively sensitive to shRNA-mediated TBK1 

depletion were also selectively sensitive to Compound II.  First, to assess the incidence of 

TBK1-sensitivity across diverse oncogenotypes within a discrete disease setting, we 

employed a panel non-small cell lung cancer (NSCLC) derived cells lines for which the 
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oncogenic Ras status had been defined.  We collected 15 lines, 10 of which express 

oncogenic K-Ras, and examined the consequence of TBK1 depletion on cell viability 

using two independent TBK1 shRNAs.  We found that TBK1 depletion was toxic to 

approximately 50% of this cohort (Figure 7A).  Of note, H1993 (TBK1-sensitive) and 

H2073 (TBK1-resistant) are derived from a lymph node metastasis and the primary 

tumor, respectively, from the same patient.  Although many lines with oncogenic Ras 

mutations were in the TBK1-dependent class (6 of 10), the presence of this oncogene is 

not solely sufficient to specify TBK1-sensitivity.  A recent study examining the relative 

addiction of NSCLC cell lines to oncogenic Ras expression indicated that lines with 

epithelial characteristics, including elevated E-cadherin expression, were selectively 

dependent on the continued expression of oncogenic Ras6,51.  However, this relationship 

also failed to specify TBK1-sensitivity (Figure 7A, lower panels), suggesting additional 

key biological determinants driving TBK1 addiction remain to be discovered.  A549 

(TBK1-dependent) and H441 (TBK1-independent) were exposed to Compound II for 96 

hours across a nanomolar to micromolar dose range, with cell viability as the endpoint 

assay.  Importantly A549 cells (IC50 ~ 0.4 micromolar) were acutely responsive to 

compound II concentrations at least 10 fold lower than those required for significant 

toxicity in H441 cells (IC50 ~ 4.2 micromolar) (Figure 7B).  In addition, TBK1-dependent 

lines were selectively sensitive to induction of apoptosis upon a 24-hour exposure to 2 

micromolar Compound II as compared to TBK1-independent lines (Figure 7C).  

Compound II exposure strongly suppressed accumulation of active AKT in all TBK1-

sensitive NSCLC lines tested (H358, H1993, and HCC44).  In contrast the TBK1-
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independent cell lines H2073 and H441 maintained chronic AKT activation in the 

presence of Compound II (Figure 7D).  Calu1, which displays intermediate sensitivity to 

TBK1 depletion (Figure 7A), also displayed intermediate sensitivity to Compound II-

dependent inhibition of AKT activation (Figure 7D).  These concordant observations 

between RNAi-mediated TBK1 depletion and small molecule mediated inhibition of 

TBK1 activity indicate that TBK1 represents an important direct regulatory input to AKT 

survival signaling. 

 

Discussion 

Beyond its canonical occupation as a core component of innate immune and 

inflammatory cytokine signaling, TBK1 has attracted attention as a potential therapeutic 

target in cancer given its selective support of cancer cell viability19,22,31.  Here, we have 

identified the survival signaling kinase AKT/PKB as a direct TBK1 effector.  Upon 

genetic ablation, RNAi-mediated depletion, or pharmacological inactivation of TBK1, 

AKT activity is diminished and cancer cell viability is impaired.  The mechanistic basis 

of TBK1 support of AKT activation is direct stimulation of AKT catalytic activity as a 

consequence of TBK1-induced phosphorylation of both the T308 activation loop residue 

and the S473 hydrophobic domain residue.  TBK1 expression is required to support 

pathological oncogene-dependent AKT signaling, and is required to fully engage AKT in 

response to EGF, glucose, and host defense signaling.  Insulin responsiveness, on the 

other hand, is TBK1-independent. 
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The PDK1 kinase and mTORC2 complex have been defined as key proximal 

determinants of AKT activation.  mTORC2 directly phosphorylates AKT-S473, which in 

turn promotes direct phosphorylation of T308 by PDK1 in the presence of appropriate 

collateral accumulation of the PI3K product phosphatidylinositol-3,4,5-trisphosphate 

(PIP3) 20,34,37,38,41.  This collaborative action is required for AKT activation by insulin7,52, 

though the mechanism of mTORC2 activation in this context is currently unknown5,34.  

Our observations suggest that the contribution of TBK1 to AKT activation is non-

redundant to the PDK1/mTORC2 pathway.  For example, the PDK1/mTORC2 pathway 

is apparently intact in TBK1-/- MEFs given the wild-type responsiveness of AKT to 

insulin in these cells.  However, the defective AKT responsiveness to EGF, glucose, or 

innate immune signaling indicates that PDK1/mTORC2 are not sufficient to engage AKT 

downstream of all germane regulatory inputs.  Most importantly, TBK1 retains the 

capacity to activate AKT in cells where PDK1 or the mTORC2 subunits Sin1 or Rictor 

have been homozygously deleted. 

 

We find that a subpopulation of AKT in cells is associated with the Sec6/8 a.k.a. exocyst 

complex.  This heterooctameric protein complex was originally identified through its role 

in the regulated targeting and tethering of selected secretory vesicles to specialized 

dynamic plasma membrane domains21,53,54.  Subsequently, it was discovered that the 

exocyst plays a direct role in host defense signaling by marshaling TBK1 and STING 

(stimulator of interferon genes) in response to cellular detection of viral replication 

intermediates22,29,55,56.  The recruitment of TBK1 to the exocyst in response to AKT 
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pathway agonists that are TBK1 dependent, together with the observation that exocyst 

integrity supports AKT activation, suggests that this protein complex may represent an 

architecturally discrete signaling platform.  Distinct regulatory inputs to AKT, which can 

be separately or simultaneously operative, could support compartmentalization of AKT 

activity within a cell, perhaps as a mechanism to specify the cadre of client substrates 

engaged by AKT in response to diverse agonists23,40,57. 

Chemical inhibitors of TBK1 will be valuable in further clarifying the role of TBK1 in 

AKT survival signaling, and defining the therapeutic value of this kinase target.  As a 

tool compound, Compound II was found to be effective in the low nanomolar range in 

vitro, cell permeable, and a potent and selective TBK1 inhibitor in cells.  Importantly, 

Compound II exposure impaired accumulation of active AKT, and displayed selective 

toxicity in TBK1-dependent cancer cell lines.  The concordant observations with 

Compound II exposure and TBK1 depletion strongly suggest that the phenotypes 

reported here are most likely a consequence of TBK1 catalytic activity as opposed to 

activity-independent consequences of TBK1 depletion.  This indicates that TBK1 support 

of pathological AKT activation can likely be pharmacologically targeted in disease.  In 

conclusion, our observations define AKT as a direct TBK1 effector and reveal a non-

canonical context-selective regulatory mechanism for mobilization of AKT signaling. 
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Materials and Methods 

 

Cell culture and transfection. TBK1+/+ and TBK1-/- MEFs, Mia-Paca2, U2OS, Panc-1, 

HEK293T, HBEC, HeLa and MCF7 cells were cultured as previously described22, and 

Sin-/- MEFs, kindly provided by Dr. Bing Su (Yale University), Rictor-/- MEFs, kindly 

provided  by Drs. Mark Magnuson (Vanderbilt University School of Medicine), Dos 

Sarbassov (The University of Texas MD Anderson Cancer Center) and David Sabatini 

(Massachusetts Institute of Technology), and MDA-MB-231 cells were cultured in 

DMEM supplemented with 10% fetal bovine serum (Atlanta Biologicals), 100 U/mL 

penicillin and 100 µg/mL streptomycin (Invitrogen).  Wild-type and PDPK1-/- HCT116 

and DLD1 cells were kindly provided by Dr. Bert Vogelstein (Johns Hopkins University) 

and cultured as described58.  Lung cancer cell lines A549, Calu1, Calu6, H1155, H1819, 

H1993, H2073, HCC366, H358, H441, H460, H727, HCC827, HCC44 and Sklu1 cells 

were cultured in RPMI supplemented with 5% fetal bovine serum (Atlanta Biologicals), 

100 U/mL penicillin and 100 µg/mL streptomycin (Invitrogen).  For siRNA transfection, 

U2OS and HBEC cells were transfected with siRNA using DharmaFECT 1 (Dharmacon) 
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as described59.  Sin-/- MEFs, Rictor-/- MEFs, PDK1-/- HCT116 and DLD1 cells were 

transfected with ExGen 500 (Fermentas) according to manufacturer’s instructions.  HeLa 

cells were transfected with LF2000 (Invitrogen). 

 

Plasmids, reagents and antibodies. The mammalian expression plasmids pCDNA-

FLAG-TBK1 (WT) and (K38M) were generously provided by Dr. James Chen (UT 

Southwestern Medical Center), and are as described25-28,60.  To construct the pRK5-Myc-

FLAG-TBK1 (WT) and (K38M) mammalian expression plasmids, TBK1 coding 

sequences were excised from pCDNA-FLAG-TBK1 (WT) and (K38M) and subcloned 

into the BamHI and XbaI sites of pRK5-Myc.  HA-TBK1 (WT) and HA-TBK1 (NT) 

expression vectors were generously provided by Dr. Xuetao Cao (Second Military 

Medical University, Shanghai, China)29,61.  Wild-type and kinase-dead HA-AKT1, and 

myristoylated-HA-AKT1 were generously provided by Dr. Philip N. Tsichlis (Tufts 

Medical Center)22,30,62.  GST-AKT1 full-length and truncation mutants were generously 

provided by Dr. Keqiang Ye (Emory University School of Medicine) 31,63,64.  Lenti-virus 

shRNA expression constructs were generously provided by Dr. William Hahn (Harvard 

Medical School).  Myc-Sec8, Sec3-GFP, and Exo70-GFP expression constructs were 

generously provided by Dr. Charles Yeaman (University of Iowa) 24,32,65.  Recombinant 

His-TBK1 (no. 14-628), and His-AKT1 (inactive, no. 14-279) were purchased from 

Upstate/Millipore Corp.  AKT Kinase Assay kits (no. 9840) were purchased from Cell 

Signaling Technology.  Glutathione (GSH)-Sepharose 4B (no. 17-0756-01) was 

purchased from GE Healthcare Amersham.  Protein A/G (sc-2003) and anti-HA antibody 
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conjugated beads (sc-7392ac) were purchased from Santa Cruz.  Anti-FLAG antibody 

conjugated beads (A2220), 3xFLAG peptide (F4799) and LY294002 (L9908) were 

purchased from Sigma.  HA peptide (RP11735) was purchased from GenScript.  Anti-

Sec8 mouse monoclonal antibodies were kindly provided by Dr. Charles Yeaman 

(University of Iowa) 22,31,65 and anti-Exo70 mouse monoclonal antibodies were 

generously provided from Dr. Shu-Chan Hsu (Rutgers University)30,66.  Additional 

antibodies were purchased from Sigma (anti-Actin, A1978), BioChain (anti-IKKε, 

Z5020108), Santa Cruz Technology (anti-K-Ras, sc-30; anti-ERK1/2, sc-93; anti-Myc, 

sc-40; anti-HA, sc-805; anti-IRF3, sc-9082), Cell Signaling Technology (anti-AKT1, 

2967; anti-AKT-pS473, 4060; anti-AKT-pT308, 2965; anti-phospho-(Ser/Thr) AKT 

substrate, 9611; S6K, 9202; S6K-pT389, 9234 and 9206; S6, 2217; S6-pS235/236, 4858; 

TBK1, 3504; TSC2, 3635; TSC2-pT1462, 3611; Cleaved-PARP, 9541;), 

Upstate/Millipore Corp. (anti-TBK1, 04-856; anti-AKT1, 05-796) and Imgenex Corp. 

(anti-TBK1, IMG-139A).  

 

Lentiviral transduction. Lentiviral-based expression constructs were packaged by 

cotransfection of HEK293FT cells with VSV-G and Δ-8.9 plasmids.  Growth media was 

replaced with Opti-MEM 24 hours post transfection, and incubated a further 24 hours 

prior to viral particle collection.  TBK1+/+ and TBK1-/- MEFs were plated at a density of 

4x104 cells/well into 6-well plates.  Twenty-four hours later, cells were infected with 

lentiviral particles and polybrene (10 µg/ml).  PDPK1+/+ and PDPK1-/- DLD1 cells were 

plated at a density of 1.25x105 cells/well into 6-well plates.  Twenty-four hours later, 
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cells were infected with lentiviral particles and polybrene (10 µg/ml).  Mia-Paca2 and 

MDA-MB-231 cells were seeded at 1x105 cells/well in 6-well plates.  Twenty-four hours 

later, cells were infected with 1ml of lenti-viral particles containing indicated shRNAs for 

2 hours, and then virus-containing medium (Opti-MEM) was replaced with 2 ml 

of normal medium.  All NSCLC cell lines were seeded at 5x103 cells/well into 96-well 

microtiter plates in triplicate and incubated overnight.  Twenty-four hours later cells were 

infected with 90 µl of lenti-viral particles in Opti-MEM and polybrene (10 µg/ml) for 2 

hours followed by a medium exchange with RPMI containing 5% FBS. On day 3 post-

infection, cells were given fresh medium.  On day 6, cells were equilibrated at r.t. for 

30 min and then CellTiter-Glo reagent (15µl) was added to each well.  Following 10 min 

incubation, samples were analyzed using an Envision plate reader. 

 

Immunoprecipitation and affinity purification. Whole cell extracts were prepared in 

non-denaturing IP buffer (20 mM Tris HCl [pH 7.5], 10 mM MgCl2, 2 mM EGTA, 10% 

Glycerol, 137 mM NaCl, 1% Triton X-100 (vol/vol), 0.5% Na Deoxycholate, 1 mM 

DTT, phosphatase and protease inhibitors [Roche]) were incubated with anti-AKT1 

mouse monoclonal antibody (Cell Signaling) and 30 µl Protein A/G beads (Santa Cruz) 

overnight at 4oC.   Immunoprecipitates were washed three times in (20 mM Tris HCl [pH 

7.5], 10 mM MgCl2, 2 mM EGTA, 10% Glycerol, 137 mM NaCl, 1% Triton X-100 

(vol/vol), 0.5% Na Deoxycholate, 1 mM DTT, and 1 mM PMSF) then boiled in standard 

SDS sample buffer. Samples were separated by SDS-PAGE followed by immunoblot 

analysis.  Co-immunoprecipitation of overexpressed proteins from HEK293T cell lysates 
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was performed with 30 µl of anti-HA agarose beads (25% slurry) or anti-FLAG M2 

beads (50% slurry).  For mapping TBK1-interacting domain on AKT, a variety of GST-

tagged AKT deletion mutants and Myc-FLAG-tagged TBK1 were expressed in 

HEK293T cells.  Two-day post-transfection, cells were lysed in IP buffer, and then cell 

lysates were incubated with 30 µl GSH-Sepharose beads for 3 hours.  After three washes 

with wash buffer, beads were boiled for 5 min in SDS sample buffer, and subjected to 

SDS-PAGE and immunobloting analysis. For mapping TBK1/AKT interaction domains, 

GST-tagged AKT kinase-domain and either HA-tagged full-length or N-terminal TBK1 

were expressed in HEK293T cells.  Two-day post-transfection, cells were lysed in IP 

buffer, and then cell lysates were incubated with 30 µl GSH-Sepharose beads for 3 hours.  

After three washes with wash buffer, beads were boiled for 5 min in SDS sample buffer, 

and subjected to SDS-PAGE and immunoblot analysis. 

 

Immunofluorescence.  For quantitative detection of endogenous IRF3 nuclear 

localization in response to Poly I:C, 15,000 HeLa cells/well were seeded in 96-well plates 

in medium containing 10% FBS.  Compound (10 doses, starting from 20 µM, then 1:5 

serially diluted) and 5 µg/ml of poly I:C (Sigma, P-9582) mixed with 3 µl/ml of LF 2000 

were added and cells were incubated for 2 hrs.  Cells were then fixed with 3.7% 

formaldehyde for 15 min., permeabilized with 0.5% Triton-X for 15 min., then stained 

with anti-IRF3 antibody for an hour followed by Alexa488 secondary antibody and 

Hoechst nuclear staining for another hour.  Intensity of IRF3 in nucleus vs. IRF3 in 

cytoplasm was measured using Cellomics ArrayScan and analyzed using vHCS View and 
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GraphPad Prism.  For quantitative detection of endogenous p65 nuclear translocation in 

response to TNF, HeLa cells were handled as described above except that cells were 

pretreated with serially diluted compound for 10 minutes prior to exposure to 10 ng/ml 

TNFα for 10 minutes.  p65 was detected with a rabbit polyclonal anti-p65 and the 

Alexa488 secondary antibody and nuclear accumulation was quantitated as above.  For 

Annexin V labeling, cells were harvested with trypsin, washed two times in PBS, 

resuspended in 100 µl Annexin V binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 

2.5 mM CaCl2) and incubated with 5 µl FITC Annexin V (BD Pharmingen, 51-65874X) 

at r.t. for 15 min.  Samples were then subjected to FACS Calibur (BD Biosciences) and 

analyzed using CellQuest software (BD Biosciences). For BrdU incorporation assays, 

WT and TBK1-/- MEFs were seeded onto cover slips overnight and then either 

maintained in the presence or absence of serum for 44 hr. Cells were treated with BrdU 

(10 µM; Sigma, B9285) together with either carrier, EGF (100ng/ml) or FBS (10%) 

simultaneously. After 4 hours, cells were washed with PBS, fixed by 3.7% Formaldehyde 

for overnight at 4 0C, and then permeabilized with cold acetone for 5 min. Following PBS 

washes, cells were treated with 2N HCl for 10min at R.T. then washed again. Cover slips 

were blocked with PBTA (PBS, 1% Tween 20, and 1% BSA) for 30 min at R.T., and 

then incubated with anti-BrdU antibody (1:20; Invitrogen, A21303) for 1 hr. Following 

extensive washing, cells were stained with DAPI and mounted. BrdU positive cells were 

counted as percentage relative to total nuclei (DAPI stain). For measuring cell death, WT 

and TBK1-/- MEFs were seeded onto cover slips overnight. Cells were either maintained 

in the presence of serum, serum starved, or glucose deprived. After 24hr cells were fixed 
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and stained with DAPI. Pyknotic cells were counted as percentage relative to total nuclei 

(DAPI stain).  

 

AKT affinity purification. HA-AKT wild-type or kinase-dead was expressed in 

HEK293T cells.  Two days post-transfection, cells were incubated overnight in DMEM 

without serum, and then lysed in IP buffer.  HA-AKT proteins were purified with anti-

HA beads, and washed extensively (20 mM Tris-HCl, and 1 M NaCl; pH 7.5).  HA-AKT 

proteins were then released with elution buffer (1 mg/ml HA peptide, 20 mM Tris-HCl, 

0.1 M NaCl, and 0.1 mM EDTA; pH 7.5).  The concentrations and purity of HA-AKT 

wild-type and kinase-dead proteins were determined by Coomassie blue staining. 

 

In Vitro protein kinase activity assays. For in vitro kinase assays with purified 

recombinant proteins, 20 ng of His-tagged TBK1 and 100 ng of His-tagged AKT were 

mixed as indicated in kinase buffer (25 mM Tris HCl [pH 7.5], 10 mM MgCl2, 5 mM β-

Glycerophosphate, 2 mM DTT, and 0.1 mM Na3VO4) containing 200 µM ATP at 30oC.  

After 30 min. incubation, 1 µg of GST-GSK3α/β AKT substrate peptides 

(CGPKGPGRRRTSSFAEG) and 200 µM ATP were added and kinase reactions were 

performed for additional 30 min at 30oC.  Phosphorylation of the AKT substrate sites on 

the GSK3α/β peptide was detected using the phospho-GSK-3α/β (Ser21/9) antibody 

(Cell Signaling).  For IP kinase assays, HA-AKT and Myc-FLAG-TBK1 were expressed 

in HEK293T cells.  Cells were lysed in IP buffer and immunoprecipitation was 

performed with anti-HA beads or anti-FLAG M2 beads, respectively.  Following 
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extensive washing with IP buffer containing 0.1% SDS, beads were suspended in kinase 

buffer (25 mM Tris HCl [pH 7.5], 10 mM MgCl2, 5 mM β-Glycerophosphate, 2 mM 

DTT, and 0.1 mM Na3VO4), and reactions were performed at 30oC in 50 µl kinase buffer 

containing 100 µg/ml 3xFLAG peptides, 200 µM ATP, and either purified HA-AKT 

wild-type or kinase-dead as indicated.  After 30 minutes, reaction mixtures were boiled 

for 5 min in SDS sample buffer, and subjected to SDS-PAGE and immunoblot analysis. 

For measuring native TBK1 kinase activity, WT MEFs were starved overnight and 

treated as indicated. IP kinase assays were then performed by using anti-TBK1 antibody 

(Cell Signaling) and His-tagged AKT as substrate following above-mentioned procedure. 

 

Chemical compound screen. A library of 256,953 kinase inhibitor-biased compounds 

were screened against full-length TBK1 (Invitrogen) using an HTRF assay from the 

CisBio KinEase system.  Compounds were screened at single dose of 25 µM in the 

presence of 6 nM TBK1, 1 µM STK3, and 10 µM ATP (2xKm) using the HTRF 

KinEASE S3 kit.  917 compounds which inhibited >40% of TBK1 activity were selected 

for single-point reconfirmation.  Dose-response studies were performed on 818 

confirmed hits, and compounds with IC50 < 1 µM were selected for follow-up studies.  

Compound II was found to be a potent inhibitor of TBK1 and IKKε in both biochemical 

and cell-based assays.  In-house kinase cross-screening revealed a reasonable selectivity 

profile in that Compound II does not inhibit IKK α/β kinases and known kinase mediators 

of the PI3K-AKT-mTOR pathway.  
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Yeast two-hybrid screens. The coding sequences for amino acids 1-222 of human 

AKT1 (GenBank gi:6224101) and amino acids 111 – 222 of human AKT2 (GenBank gi: 

6715585) were cloned into pB6 as a C-terminal fusion to Gal4 DNA Binding Domain.  

The constructs were used as baits to screen at saturation a highly complex, random-

primed human placenta cDNA library constructed in pP6.  pB6 and pP6 derive from the 

original pAS2ΔΔ 22,67(Fromont-Racine et al., 1997) and pGADGH 68 plasmids, 

respectively. 60 million clones (6-fold the complexity of the library) were screened with 

each bait using a mating approach with Y187 (matα) and CG1945 (mata) yeast strains as 

previously described67.  Positive colonies were selected on a medium lacking tryptophan, 

leucine and histidine.  The prey fragments of the positive clones were amplified by PCR 

and sequenced at their 5’ and 3’ junctions. The resulting sequences were used to identify 

the corresponding interacting proteins in the GenBank database (NCBI) using a fully 

automated procedure.  A confidence score (PBS, for Predicted Biological Score) was 

attributed to each interaction as previously described69.  The PBS relies on two different 

levels of analysis. First, a local score takes into account the redundancy and 

independency of prey fragments, as well as the distribution of reading frames and stop 

codons in overlapping fragments.  Second, a global score takes into account the 

interactions found in all the screens performed at Hybrigenics using the same library.  

This global score represents the probability of an interaction being nonspecific. For 

practical use, the scores were divided into four categories, from A (highest confidence) to 

D (lowest confidence). A fifth category (E) specifically flags interactions involving 

highly connected prey domains previously found several times in screens performed on 
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libraries derived from the same organism.  Finally, several of these highly connected 

domains have been confirmed as false-positives of the technique and are now tagged as 

F. The PBS scores have been shown to positively correlate with the biological 

significance of interactions70,71. 

 

Orthotopic xenograft tumor models. 6-8 week old female NOD/SCID mice were 

purchased from an on-campus supplier.  Animals were housed in a pathogen free 

facility and all animal studies were performed on a protocol approved by the IACUC at 

the University of Texas Southwestern Medical Center.  For the orthotopic breast cancer 

model, SCID mice were anesthetized using inhaled isoflurane and 5 x 106 naïve or 

infected MDA-MB-231 cells were injected into the mammary fat pad (MFP) using 

previously described techniques72.  Briefly, a small incision was made over the right 

axillary fat pad and the cells were injected in a volume of 50 µl using a 30-gauge needle.  

The incision was closed with a simple suture.  Caliper measurements were performed 

twice weekly and tumor volume was calculated as D x d2 x 0.52, where D is the long 

diameter and d is the perpendicular short diameter.  Animals were sacrificed on post-

injection day 48.  At necropsy, tumor weights were calculated and lung metastases 

were evaluated by visual inspection.  For the orthotopic pancreatic cancer model, animals 

were anesthetized using inhaled isoflurane.  The abdominal wall and peritoneum were 

opened and the inferior pole of the spleen and tail of the pancreas were externalized 

through the wound.  1 x 106 naïve or infected Mia-Paca-2 cells in 50 µl PBS were 

injected into the tail of the pancreas using a 30g needle.  The skin and abdominal 
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musculature were closed with a non-absorbable suture.  Mice were monitored and 

weighed twice weekly.  Animals were sacrificed at 7 weeks post-injection.  At necropsy, 

liver, nodal, splenic, GI and peritoneal metastases were evaluated by visual inspection.  

Tumors weights were calculated in conjunction with residual pancreas73. 

  

Complementation assays. Mia-Paca2 cells were seeded at 2.5x103 into 96-well format 

in triplicate and incubated overnight.  Twenty-four hours later cells were transfected with 

constructs encoding either empty vector (EV) or constitutively-activated myristoylated-

AKT (myr-AKT) by using ExGen 500.  Forty-eight hours post-transfection, cells were 

infected with 90 µl of lentiviral particles containing indicated shRNAs for 2 hours, and 

then virus-containing medium (Opti-MEM) was replaced with 100 µl normal medium.  

On day 3 post-infection, cells were given fresh medium. On day 6, cells were equilibrated 

at r.t. for 30 min and then CellTiter-Glo reagent (15 µl) was added to each well.  After 

10 min incubation, samples were analyzed using an Envision plate reader. 

 

Measurement of interferonβ production. Wild WT and TBK1-/- MEFs were seeded at 

3x103 into 96-well format in triplicate and incubated overnight. Cells were either 

maintained in the presence of serum, serum starved, or glucose deprived overnight, and 

then treated with Sendai viruses, EGF, or glucose respectively for 19 hours as indicated. 

Expression of interferonβ was measured using the mouse interferonβ ELISA (PBL 

Biomedical Laboratories). 
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Quantitative cytokine gene expression assays.  Bone marrow derived macrophages 

were obtained by culturing C57/BL6 mice bone marrow cells in RPMI medium 

containing 10% FBS and 100ng/ml CSF-1 (Amgen Inc)  for 6 days. To test the effect of 

TBK1 inhibitors on LPS induced gene expression, bone marrow derived macrophages 

were stimulated with 10ng/ml LPS (Sigma Aldrich) for 3 hours. mRNA was prepared 

using a standard mRNA extraction kit (Qiagen Inc). Real-time PCR was performed using 

the ABI PRISM 7900HT sequence detection system (PerkinElmer). Primers and probes 

were purchased from Applied Biosystems. Values were calculated based on standard 

curves generated for each gene. Expression levels of gene of interest were expressed 

relative to GAPDH. 

 

Primers, siRNAs, and shRNAs. Synthetic siRNAs targeting TBK1 and Sec3 were 

obtained from Dharmacon.  The followings are sense sequences of siRNA: Sequences of 

siTBK1-1 (5’-GACAGAAGUUGUGAUCACAdTdT-3’) and siTBK1-2 (5’-

CCUCUGAAUACCAUAGGAUdTdT-3’) were previously described.  siRNA pools 

targeting TBK1 (siGENOME) were a mixture of four independent siRNA containing the 

following sense sequences: D-003788-01 (5’-GAACGUAGAUUAGCUUAU-3’); D-

003788-02 (5’-UGACAGAGAUUUACUAUCA-3’); D-003788-06 (5’-

UAAAGUACAUCCACGUUAU-3’); D-003788-07 (5’-

GGAUAUCGACAGCAGAUUA-3’).  siRNA pools targeting Sec3 (siGENOME) were a 

mixture of four independent siRNA containing the following sense sequences: D-013312-

01 (5’- 5’-GAAAUUAACUGGAUCUACU-3’-3'); D-013312-02 (5’- 
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GUAAAGUCAUUAAGGAGUA-3'); D-013312-03 (5’- 

GAAUGUAGCUCUUCGACCA-3'); D-013312-04 (5’- 

GAUUAUUUAUCCCGACUAU-3').  Lentiviral shRNAs expression constructs were 

based on the following hairpin sequences: pLKO.1-shTBK1-3 (Clone ID: 

TRCN0000003183:  

CCGGGTATTTGATGTGGTCGTGTAACTCGAGTTACACGACCACATCAAATACT

TTTT); pLKO.1-shTBK1-4 (Clone ID: TRCN0000003184: 

CCGGCCAGGAAATATCATGCGTGTTCTCGAGAACACGCATGATATTTCCTGGT

TTTT); pLKO.1-shTBK1-6 (Clone ID: TRCN0000003186: 

CCGGCGGGAACCTCTGAATACCATACTCGAGTATGGTATTCAGAGGTTCCCG

TTTTT); pLKO.1-shGFP: 

GCCCGCAAGCTGACCCTGAAGTTCATTCAAGAGATGAACTTCAGGGTCAGCT

TGCTTTTT) 

 
Figure Legends 
 

Figure 1.  TBK1 and the exocyst support AKT activation. 

(A) Wild-type (WT) and TBK1 homozygous null (TBK1-/-) mouse embryonic 

fibroblasts (MEF) were infected with lentivirus encoding GFP or K-RasG12V22.  

Five days post-infection, whole cell lysates were prepared and relative 

accumulation of AKT-pS473, total K-Ras, TBK1, and AKT was assessed by 

immunoblot. (Approximate detected molecular size: K-Ras, 21KDa; TBK1, 

84KDa; AKT, 60KDa; AKT-pS473, 60KDa; AKT-pT308, 60KDa) 
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(B) WT and TBK1-/- MEFs with equivalent stable expression of K-Ras G12V were 

seeded at low density and grown to confluence under standard culture conditions.  

Representative bright field images of monolayer cultures are shown (left panels).  

Whole cell lysates were probed by immunoblot for the indicated proteins and 

selectively phosphorylated proteins (right panels).  In addition to evaluation of 

AKT phosphorylation, the AKT substrate site on TSC2 (T1462) and the mTor-

responsive site on p70S6K (T389) were evaluated as shown. ERK1/2 is shown as 

a loading control. (Approximate detected molecular size: AKT-pT308, 60KDa; 

S6K, 70KDa; S6K-pT389; TSC2, 200KDa; TSC2-pT1462, 200KDa; ERK1/2, 

42/44KDa; others as described above) 

(C) U2OS and HBEC cells were transfected with the indicated siRNAs.  Seventy-two 

hours post transfection, whole cell lysates were assessed for TBK1 expression and 

accumulation of phosphorylated AKT as indicated. (Detected molecular sizes 

were as described above).   

(D) The exocyst/Ral/AKT protein-protein interaction network as derived from whole-

genome yeast two-hybrid screens. Edges are colored according to the confidence 

score attributed to each interaction in the screens (confidence score is detailed in 

(Formstecher et al., 2005)): red = A, blue = B, green = C, grey =D scores. 

(E) HEK293T cells were transfected with the indicated constructs.  48 hours post 

transfection, AKT was immunoprecipitated using anti-HA beads and 

coprecipitating proteins were detected as indicated.  Mammalian expression 

constructs encoding Sec3-GFP, Exo70-GFP, Myc-Sec8 and HA-AKT were 
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transfected into HEK293T cells as indicated.  IP indicates immunoprecipitation.   

WCE indicates whole cell extract. (Molecular size: Sec3, 102KDa; Exo70, 

78KDa; Sec8, 110KDa; others as described above) 

(F) Endogenous Sec8 was immunoprecipitated from the indicated cell lines using 

anti-Sec8 monoclonal antibodies.  Immunoprecipitates were probed for 

endogenous TBK1 or IKKε as indicated. Anti-Myc monoclonal antibodies were 

used as a specificity control (Ctrl). (Molecular size: IKKε, a triplet centered on 

80KDa; others as described above) 

 

Figure 2. Selective contribution of TBK1 to stimulus-dependent AKT activation. 

(A) Wild-type and TBK1-/- MEFs were incubated overnight in the absence of serum 

and then treated with insulin (1 µg/ml) as indicated.  Whole cell extracts were 

probed for the indicated proteins and selectively phosphorylated proteins.  Actin 

is shown as a loading control. (Molecular size: Actin, 45KDa; others as described) 

(B) Wild-type and TBK1-/- MEFs were incubated overnight in the absence of serum 

and then treated with EGF (100 ng/ml) as indicated.  Whole cell extracts were 

probed as in (A). (Molecular size: S6, 32KDa; S6-pS235/6, 32KDa; others as 

described) 

(C) TBK1-/- MEFs were infected with lentivirus encoding GFP or TBK1.  Cell were 

starved without serum overnight (ST O/N) and then treated with EGF (100 ng/ml) 

as indicated.  Whole cell extracts were probed as in (A). The AKT substrate site 
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on GSK3β (S9) was evaluated as an indication of AKT pathway activation.  

(Molecular size: GSK-3β, 46KDa; GSK-3β-pS9, 46KDa; others as described) 

(D) Wild-type and TBK1-/- MEFs were incubated cells in DMEM with 10% serum but 

without glucose for 2 hours followed by addition of 25 mM glucose as indicated.  

Whole cell extracts were probed as in (A).  ND indicates the normal DMEM 

control. (Molecular size: as described) 

(E) TBK1-/- MEFs were infected with lentivirus encoding GFP or TBK1.  Cells were 

incubated in DMEM with 10% serum but without glucose for 2 hours (GD 2hr) 

followed by addition of 25mM glucose as indicated.  Whole cell extracts were 

probed as in (A). (Molecular size: as described)  

(F) Wild-type and TBK1-/- MEFs were either exposed to Sendai virus (SeV, 100 

HA/ml) or treated with LPS (1 µg/ml) as indicated.  Whole cell extracts were 

probed as in (A). (Molecular size: as described) 

(G) WT and TBK1-/- MEFs were either maintained in the presence of serum, serum 

starved, or glucose deprived overnight, and then treated with Sendai virus (SeV, 

100 HA/ml), EGF (100 ng/ml), or glucose (25 mM) as indicated. After 19 hours, 

media was collected for measuring interferonβ accumulation. 

(H) WT and TBK1-/- MEFs were either maintained in the presence of serum (cycling 

cells) or serum starved 44 hr, and then treated with either EGF (100ng/ml) or FBS 

(10%) as indicated in the presence of BrdU (10 µM). BrdU incorporation is 

shown as a percentage of total nuclei.  
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(I) WT and TBK1-/- MEFs were either maintained in the presence of serum (cycling 

cells), serum starved, or glucose deprived. After 24hr cells were fixed and stained 

with DAPI. Pyknotic nuclei are shown as a percentage of total nuclei.   

 

Figure 3. TBK1/AKT complex formation is stimulus-specific. 

(A) HEK293T cells were transfected as indicated. Reciprocal co-expression/co-

immunoprecipitations are shown. (Molecular size: as previously described) 

(B) GST-AKT expression constructs encoding a panel of truncation variants were 

coexpressed with Myc-FLAG-TBK1 in HEK293T cells.  Glutathione-mediated 

affinity isolation of the AKT variants (GST Pull-down) was used to define a 

minimally sufficient TBK1 interaction domain as indicated.  Whole cell extracts 

(WCE) are shown as controls for TBK1 expression.  

(C) HA-tagged TBK1 amino-terminal fragment (1-242) that encompasses the 

catalytic domain [TBK1 (N-terminal)] was coexpressed with either GST-AKT 

expression constructs [AKT(2)] or [AKT(5)].  Affinity isolation of AKT was 

probed for co-isolation of N-terminal TBK1as in (B).  

(D) Panc-1, MDA-MB-231, Mia-Paca2, and MCF7 cells were deprived of glucose for 

2 hr followed by incubation with 25 mM glucose or sorbitol as indicated.  

Endogenous AKT was immunoprecipitated from extracts taken at the indicated 

time points.  Immunoprecipitates were assayed for coprecipitation of the indicated 

proteins.  Normal mouse IgG was used as a control for specificity (IgG lanes). 

(Molecular size: as described) 
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(E) H1993 cells were either exposed to Sendai virus (SeV, 100 HA/ml) or treated 

with LPS (1 µg/ml), and harvested at the indicated time intervals.  Co-

immunoprecipitation and immunoblot were performed as in (D).  Normal mouse 

IgG was used as a control for specificity (IgG lane). (Molecular size: as 

described) 

 

Figure 4.  TBK1 directly activates AKT. 

(Α) Myc-FLAG-tagged TBK1 was immunoprecipitated from HEK293T cells 

coexpressing HA-tagged AKT.  Immunoprecipitates were probed for the presence 

of AKT and AKT-pS473 (IP).   In addition, immunoprecipitates were assayed for 

AKT kinase activity, in vitro, using recombinant GST-GSK3α/β fusion peptides 

as substrate, and the phospho-GSK-3α/β (Ser21/9) antibody to detect substrate 

phosphorylation (Kinase Assay).  Whole cell extracts (WCE) are shown as 

expression controls. (Molecular size: phospho-GST-GSK3α/β, 27KDa; others as 

described) 

(Β) HEK293T cells transfected as indicated were treated with DMSO or 20 µM 

LY294002 (PI3K inhibitor) for 24 hr prior to collection of protein extracts.  Left 

panel: Whole cell extracts probed with the indicated proteins are shown. AKT-

pS473 and AKT-pT308 signal intensity was quantitated as a percent of total AKT.  

Values shown are the mean and standard errors from three experiments. Right 

panel: HA-tagged AKT was immunoprecipitated and AKT kinase activity in the 
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immunoprecipitates was assayed as in (Α).Error bars represent standard error 

from the mean (Right panel). (Molecular size: as described) 

(C) PDPK1-/- HCT116 cells were transfected with plasmids encoding HA-AKT1, 

wild-type (WT) or kinase-dead (KD) TBK1 as indicated.  Two days post-

transfection, whole cell lysates were assessed for TBK1 and AKT expression, and 

accumulation of phosphorylated AKT as indicated. (Molecular size: as described) 

(D) WT and PDPK1-/- DLD1 cells were transfected and treated as indicated in (C) 

(Left panel). Accumulation of AKT-pT308 signal intensity was normalized to 

total AKT signal intensity. Values are presented normalized to vector control 

(Right Panel). (Molecular size: as described) 

(E) Sin1-/- MEFs were transfected with plasmids encoding wild-type (WT) or kinase-

dead (KD) TBK1.  Two day post-transfection, whole cell lysates were assessed 

for TBK1 expression and accumulation of phosphorylated AKT as indicated. 

(Molecular size: as described) 

(F) Rictor-/- MEFs were transfected and treated as indicated in (C). (Molecular size: 

as described) 

(G) Recombinant AKT and TBK1 proteins were incubated in kinase buffer with ATP 

at 30oC as indicated.  After 30min incubation, GSK3α/β fusion peptides and 

additional ATP were added into each reaction at 30oC for an additional 30min.  

Reactions were separated by SDS-PAGE and immunoblotted to detect the 

indicated proteins and phosphorylation events.  The products of kinase reactions 

were quantitated from multiple independent experiments.  Error bars represent 



 38 
standard error mean.  Significance was evaluated by One-way ANOVA, 

Bonferroni's Multiple Comparison Test. ***, indicates p<0.0001.  

(H) The indicated purified recombinant proteins were incubated in kinase buffer with 

ATP at 30oC for 30min.  Reactivity of recombinant AKT (top panel) with anti-

phospho-AKT substrate site (R-X-R-X-X-pS/pT) antibodies (PAS) is shown 

(bottom panel). 

(I) WT MEFs were serum starved overnight and then treated with EGF (100 ng/ml) 

as indicated. Endogenous TBK1 was immunoprecipitated and assayed for TBK1 

kinase activity, in vitro, using recombinant His-AKT protein as substrate, and the 

anti-pS473-AKT antibody to detect substrate phosphorylation (Kinase Assay).  

(J) Immunopurified Myc-FLAG-tagged TBK1 wild-type (WT) or kinase-dead (KD) 

was incubated with purified inactive HA-tagged AKT wild-type (WT) or kinase-

dead (KD) as indicated.  Kinase reactions were separated by SDS-PAGE and 

immunoblotted to detect the indicated proteins and phosphorylation events. 

(Molecular size: AKT-PAS: 70KDa; others as described) 

(K) WT and PDPK1-/- DLD1 were infected with lentivirus encoding GFP or K-

RasG12V.  Three days post-infection, whole cell lysates were prepared and 

probed by immunoblot for the indicated proteins and selectively phosphorylated 

proteins. (Molecular size: as described) 
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Figure 5.  TBK1 is required to support cancer cell tumorigenicity in vivo. 

(A) Mia-Paca2 cells were infected with lentivirus encoding shRNAs targeting GFP 

(shGFP) or TBK1 (shTBK1-3, shTBK1-4 and shTBK1-6).  UI indicates 

uninfected control.  Three days post-infection, whole cell extracts were assayed 

for the indicated proteins. (Molecular size: as previously described) 

(B) Mia-Paca2 cells were treated as in (A), and assayed for relative viability 6 days 

post-infection using an ATP-coupled luminescence assay (CellTiter-Glo, 

Promega).  Bars indicated standard deviation from the mean of three independent 

experiments. 

(C) Mia-Paca2 cells were transfected with plasmids encoding a constitutively active 

variant of AKT (myr-AKT) or empty vector (EV) as a control (Bellacosa et al., 

1998).  One-day post-transfection, cells were infected as indicated in (A) with 

lentivirus encoding shTBK1-4 and shTBK1-6.  Five-day post-infection, cell 

viability was assayed as in (B).  Significance was evaluated using the student’s 

two-tailed T-test. 

(D) 1x106 Mia-Paca2 cells uninfected (n=5) or stably expressing GFP (n=4) or 

shRNA constructs targeting TBK1 (TBK1-3, n=4; TBK1-6; n=4) were injected 

into the pancreas of SCID mice.  All cells were collected two days post lentiviral 

infection and viability was confirmed by trypan blue exclusion.  At this time-

point, TBK1 depletion has not proceeded to the point that begins to engage cell 

death.  Animal health and tumor growth was monitored and a cohort of animals 

sacrificed on Day 49 post tumor cell injection. Total tumor incidence is shown.  
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(E) Pancreas weight (tumor burden) was normalized to total body weight at the end of 

the study and is displayed as % of body weight.  

(F) MDA-MB-231 cells uninfected or stably expressing GFP or shRNA targeting 

TBK1 (TBK1-6) (n=5/group) were injected into the mammary fat pad of female 

SCID mice.  Again, all cells were collected two days post lentiviral infection and 

viability was confirmed by trypan blue exclusion.   Animal health and tumor 

volume were followed throughout the duration of the experiment.   

(G) Tumor burden at the time of sacrifice is displayed as final tumor weight. 

(H) Metastatic incidence. 

(D-H) *, indicates p<0.05; and ***, indicates p<0.005 vs. uninfected control by 

ANOVA with a Bonferroni correction for multiple comparison testing. 

 

Figure 6.  Pharmacological inhibition of TBK1 impairs AKT signaling. 

(A) Structure of Compound II. 

(B) IC50 values for in vitro inhibition of the indicated purified recombinant kinases by 

Compound II. 

(C) Primary macrophages from mouse bone marrow were treated with LPS and 

increasing concentrations concentration of Compound II. LPS induced 

accumulation of interferonβ (IFNβ) and interferonβ target gene (IP10 and Mx1) 

mRNAs were measured by quantitative PCR and shown as percent of inhibition.  

Error bars represent S.D.M. from triplicate experiments. 
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(D) HeLa cells incubated in the indicated concentrations of Compound II were 

stimulated with 10 ng/ml TNFα for 10 minutes (p65 assays), or transfected with 

poly I:C for 2 hours (IRF3 assays), followed by immunofluorescence-based 

detection of IRF3 and p65 nuclear accumulation.  Nuclear accumulation is plotted 

as percent of control (POC).  Error bars represent S.D.M. from triplicate analysis. 

(E) Wild-type MEFs were incubated cells in DMEM with 10% serum but without 

glucose for 2 hours.  Cells were then pretreated with 2 µM Compound II for 30 

minutes as indicated followed by addition of 25 mM glucose as indicated.  Whole 

cell extracts were prepared post glucose stimulation and immunoblotted as 

shown. (Molecular size: as described) 

(F) Asynchronous proliferating cultures of HCC44 cells were exposed to the 

indicated concentrations of Compound II for 30 minutes.  Whole cell extracts 

were immunoblotted for detection of the indicated proteins and phospho-proteins. 

(Molecular size: as described) 

(G) Sin1-/- and Rictor-/- MEFs were pretreated with DMSO or Compound II for 30 

minutes as indicated, followed by exposure to LPS (1 µg/ml) or Sendai virus 

(SeV, 100 HA/ml).  Whole cell extracts prepared at the indicated time-points 

were immunoblotted for detection of AKT activation. (Molecular size: as 

described) 

(H) Whole cell extracts from HCC44, A549 and Mia-Paca2 cells exposed to the 

indicated concentrations of Compound II or LY294002 for 24 hours were 
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immunoblotted to detect consequences on AKT pathway activation. (Molecular 

size: cleaved-PARP: 89KDa; others as described) 

 

Figure 7.  TBK1 sensitivity in non small cell lung cancer. 

(A) The indicated cell lines were infected with lentivirus encoding shRNAs targeting 

GFP or two independent shRNAs targeting TBK1 as indicated.  Relative cell 

viability was assayed 6 days post infection as in Figure 5.  Whole cell extracts 

from parallel infections were collected and probed for the indicated proteins. 

(Molecular size: E-Cadherin, 135KDa; others as previously described) 

(B) Following a 96-hour exposure to the indicated concentrations of Compound II, 

A549 and H441 cell viability was measured as indicated.  Bars represent standard 

error from the mean of three independent experiments. 

(C) The indicated cell lines were exposed to DMSO or 2 µM Compound II for 24 

hours.  Cells were then labeled with FITC-conjugated Annexin V, and scored by 

FACS.  Values shown in the heat-map represent fold-induction of Annexin V 

positive cells over the DMSO controls (Δ). 

(D) Whole cell extracts from cells treated for 24 hours as in (C) were immunoblotted 

as indicated.  Lysates were loaded based on equivalent cell numbers for each 

sample. (Molecular size: as previously described) 
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Abstract  

The exocyst is a heterooctomeric protein complex well appreciated for its role in dynamic 

assembly of specialized plasma membrane and endomembrane domains. Accumulating 

evidence indicates this macromolecular machine also serves as a physical platform that 

coordinates organellar assembly with activation of parallel regulatory cascades required 

to support biological systems such as host defense signaling, cell fate, and energy 

homeostasis. The isolation of multiple components of the DNA damage response (DDR) 

within the human exocyst protein-protein interaction network, together with the 

identification of Sec8 as a suppressor of the p53 response, prompted an investigation of 

functional interactions between the exocyst and the DDR. We found that exocyst 

perturbation resulted in a radioresistance phenotype to ionizing radiation (IR) that was 

associated with accelerated resolution of DNA damage. This occurred at the expense of 

genomic integrity, as enhanced recombination frequencies correlated with the 

accumulation of aberrant chromatid exchanges. Exocyst-dependent modulation of the 

DDR is, at least in part, through restraint of the associated chromatin modifiers ATF2 and 

RNF20. Exocyst perturbation resulted in aberrant accumulation of ATF2 and RNF20; the 

promiscuous accumulation of DDR-associated chromatin marks; and IR-induced 

increased Rad51 repairosomes. Thus, the exocyst indirectly supports DNA repair fidelity 

by limiting formation of repair chromatin in the absence of a DNA damage signal. 

 

Introduction: 

Sec8 (or EXOC4) is a member of the heterooctomeric exocyst complex comprised of 
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seven other subunits named Sec6, Sec5, Exo70, Exo84, Sec3, and Sec10. First 

characterized in yeast1, the mammalian exocyst complex has been directly implicated in 

the trafficking of post Golgi-derived vesicles to the basolateral membrane of polarized 

epithelial cells21 as well as participating in the innate immunity response through action 

of TBK122. Additional observations implicate the exocyst complex in cytokinesis by 

directing vesicles to specific membrane domains14. The exocyst complex has also been 

shown to be essential in the autophagy pathway by directing the assembly of autophagy 

components in response to nutrient availability13. In nutrient rich conditions, mTORC1 

(mammalian target of rapamycin complex 1) interacts with a Sec5-exocyst complex that 

promotes inactivation of ULK1, which inhibits ULK1 mediated autophagy. Conversely, 

in nutrient deficient conditions and in a RalB-dependent manner, an exocyst subcomplex 

of ULK1(unc-51-like kinase 1) and Exo84 facilitate assembly of the autophagy 

machinery13. Collectively, this evidence supports the exocyst as a spatial- and temporal-

signaling platform that responds to diverse cellular cues.  

 

There is also strong evidence linking the exocyst to oncogenesis and cancer cell 

survival5,23. In a study seeking to find mutations that drive oncogenic events in colorectal 

cancer, mutations in Sec8 were identified, suggesting that Sec8 mutations are associated 

with mechanisms driving oncogenesis20. Corroborating the importance of Sec8 in cancer 

was a study that observed high deletion of Sec8 in colorectal tumors of African 

Americans patients7. Previous work from our lab established that a TBK1-exocyst 

interaction in cancer cells drives AKT activation, resulting in aberrant proliferation22,74. 
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However, overexpression of Sec8 has also been implicated in promoting a tumorigenic 

environment by upregulating the expression of matrix metalloproteases, which are 

associated with tumor invasion5. Thus, proper maintenance of exocyst function may be 

crucial to suppressing tumorigenic activity. 

 

To examine additional mechanisms of the exocyst’s contribution to oncogenesis we 

examined the molecular composition of exocyst protein-protein interactions using an 

immunoprecipitation/mass spectrometry and yeast two-hybrid approach described 

previously22,69. Through this approach we identified several canonical DNA damage 

response proteins including 53bp1 that interact with the exocyst complex. 53bp1 has been 

identified as an important driver of repair choice either through non-homologous end-

joining (NHEJ) or homologous recombination (HR) 75-77. We found that depletion of 

Sec8 results in an altered response to DNA damage agents such as irradiation (IR), 

characterized by increased resolution of gH2AX and increased resistance to IR. We find 

that this alteration results in increased recombination and increased genomic instability. 

Given that histone modification and chromatin microenvironments are emerging as 

important drivers of repair choice78,79, we examined several key DNA damage responsive 

histone-modifying proteins, including ATF2 and RNF20, alterations of which are 

associated with driving oncogenesis80-83. We found dysregulation of these two proteins 

upon Sec8 depletion, in the absence of exogenous DNA damage, suggesting that loss of 

Sec8 alters the chromatin microenvironment and may account for the increased error-

prone DNA repair observed. 
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Results 

Physical and functional association of Sec8 with DNA damage response proteins. 

TP53 loss of function mutations occur in 50% of colorectal cancers, suggesting 

suppression of a p53 response is a common feature leading to initiation and/or 

progression of that disease84. In tumors that retain wild-type p53, somatic alterations have 

been identified within the p53 regulatory network that are functionally equivalent to p53 

loss of function; either through enhanced destabilization of p53 due to post-translational 

modifications or through inactivation of p53 effectors85,86.  To potentially identify 

previously unrecognized proteins that are functionally linked to the p53 tumor suppressor 

network, we screened the consequence of siRNA-mediated depletion of 140 candidate 

colorectal cancer genes (CAN-genes87) on p53 promoter activity in two independent p53 

positive colorectal cancer cell lines (HCT116, RKO)(Figure 1A).  Among the top 10 

enhancers of the pp53-TA-Luc reporter, in both cell lines, were siRNAs targeting the 

exocyst subunit Exoc4/Sec8L1 (hereafter referred to as Sec8).  Depletion of Sec8 also 

induced expression of the endogenous p53 target genes Cdkn1a and Bbc3 (Figure 1B) 

suggesting that Sec8 depletion either induces or de-represses a canonical p53 response. 

Notably, 33 proteins implicated as participants in p53-associated DNA damage responses 

were identified within an exocyst protein-protein interaction network (Figure 1C).  This 

exocyst PPI was constructed with a combination of yeast two-hybrid screens and mass 

spectrometry of immuno-isolated endogenous Sec822,69, and contains elements of the 

FancD2-FancI complex which participate in Inter-Strand Crosslink (ICL) repair88; 
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members of the CAK complex involved in Transcription-Coupled Nucleotide Excision 

Repair (TC-NER)89; members of the Non-Homologous End-Joining (NHEJ) pathway; 

members of the Bre complex (RNF20/RNF40) involved in DNA repair-associated 

chromatin remodeling82; and 53BP1, a key adaptor protein involved in regulating DNA 

DSB repair pathway choice75,90,91.   

 

The Sec8/53BP1 interaction was recapitulated by endogenous co-immunoprecipitation 

(Co-IP) from HBEC 3KT cells using anti-Sec8 antibodies (Figure 1D), and by co-

expression/co-immunoprecipitation (Co-IP) of epitope tagged proteins expressed in HEK 

293 cells (Figure 1E). The endogenous complex was sensitive to IR, suggesting the 

Sec8/53BP1 interaction may be disrupted upon detection of DNA damage (Figure 1D).  

While predominantly a cytosolic complex, nuclear roles for components of the exocyst 

have been described92.  Consistent with this, we found a subpopulation of endogenous 

Sec8 localized with 53BP1-positive nuclear punctae in proliferating cell cultures (Figure 

1F). 

 

53BP1 Depletion Induces Autophagy That is Beclin1 dependent but Exocyst 

Independent 

The interaction of exocyst and DDR proteins led us to consider functional crosstalk 

between these regulatory systems.  Given the recently described mechanistic interactions 

of both exocyst and DDR proteins with the core machinery required for autophagosome 

formation and maturation13,93-95, we first examined the contribution of 53BP1 to exocyst-
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dependent autophagic flux. A U2OS cell line with stable expression of GFP-LC3 was 

used for these studies. Lipidated LC3 coats the membranes of nascent autophagosomes 

and is proteolytically degraded in mature autophagolysosomes; thus serving as an 

indicator of autophagy dynamics96. Depletion of 53BP1, in these cells, reduced 

accumulation of total GFP-LC3 (Figure 2A) in nutrient-replete culture conditions and 

enhanced accumulation of GFP-LC3 punctae in the presence of chloroquine (Figure 2B). 

In addition, GFP-LC3 accumulation in 53BP1-depleted cells was rescued by codepletion 

of the core autophagy protein Beclin1; suggesting the observed alterations in GFP-LC3 

accumulation are autophagosome-dependent (Figure 2C). Together, these observations 

indicate induction of autophagic flux upon depletion of 53BP1. We have previously 

demonstrated that the exocyst complex supports starvation-induced autophagosome 

biogenesis through Exo84 subunit interactions with ULK1 and Beclin113. As expected, 

cells depleted of Exo84 showed significant accumulation of GFP-LC3 as would result 

from inhibition of autophagic flux (Figure 2D). However, the enhanced autophagic flux 

observed upon 53BP1 depletion was independent of Exo84 expression (Figure 2D). 

Likewise, the Sec8/53BP1 interaction was insensitive to alteration of nutrients, 

suggesting an independent contribution of 53BP1 to the regulation of autophagy (Figure 

2E). p53 itself has been identified as an inhibitor of autophagosome biogenesis, through 

an undetermined mechanism, independent of its role as a transcription factor97. The 

consequence of 53BP1 depletion on total LC3-GFP accumulation was similar in 

magnitude as that observed upon depletion of p53 and codepletion of both had no further 

detectable consequences (Figure 2F); consistent with participation of 53BP1 in p53-
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inhibition of autophagic flux. Given the seemingly independent contributions of 53BP1 

and the exocyst to the regulation of autophagy, we instead considered the possibility that 

exocyst proteins participate together with 53BP1 in the DNA-damage response. 

 

Sec8 Supports DDR Fidelity 

Phosphorylation of H2AX on serine 139 (γH2AX) is one of the earliest detectable steps 

in the recruitment of repair factors to sites of DNA damage, particularly DNA double-

stranded breaks, and occurs in response to activation of most DNA repair pathways98. 

Therefore, we first asked if the γH2AX response was perturbed by Sec8 depletion.  Upon 

exposure of HBEC 3KT cells to IR, we found that γH2AX was equivalently detectable by 

10 minutes in both Sec8 depleted cells and controls. However, Sec8 depleted cells had 

markedly decreased residual γH2AX at later time points, suggesting abbreviated DNA 

damage processing as compared to controls (Figure 3A). This phenotype was 

recapitulated in U2OS cells with both 1 Gy and 5 Gy IR exposure; was reproducible with 

3 out of 4 independent siRNA oligonucleotides targeting Sec8; and was recapitulated by 

depletion of the exocyst subunits Sec6, Sec5, Sec10, and Sec3 (Figure 3 B-D).  Sec8 

depletion also significantly reduced the accumulation of DDR foci in response to 

replication-coupled DNA damage or CPT (Figure 3E-F), indicating the phenotype is not 

specific to the DNA damaging agent employed.  At single cell resolution, we were 

surprised to find that Sec8 depletion resulted in a significant increase in IR-induced 

γH2AX foci/nucleus by 10 minutes post exposure relative to control (Figure 3G).  This 

was followed by a significant decrease in γH2AX foci/nucleus in Sec8 depleted cells 
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relative to control by 1hour post irradiation (Figure 3G). The altered γH2AX kinetics 

were independent of any gross differences in cell cycle kinetics, as Sec8 depletion did not 

alter G1-S-G2/M distributions in proliferating cultures (Figure 3H) or DNA-damage 

induced cell cycle arrest (Figure 3I). Together these observations suggest that Sec8 

depletion sensitizes cells to DNA break formation or detection in a manner that also alters 

the persistence of the DNA damage response or resolution of the breaks themselves. 

 

We next directly examined the extent and persistence of IR-induced DNA damage upon 

exocyst perturbation. Analysis of DNA fragmentation in neutral comet assays revealed 

that Sec8 depleted cells displayed a significant decrease in tail length as compared to 

control cells 30 minutes post-exposure to 10 Gy (Figure 4A). Furthermore, IR induced 

cell killing as determined by clonogenic survival post IR-exposure was reduced in Sec8-

depleted cells (Figure 4B).  Together, these observations indicate that Sec8-depletion 

enhances DSB resolution or increases resistance to DSB formation.  Notably, analysis of 

metaphase spreads from irradiated cells revealed a reduced frequency of persistent DNA 

breaks in Sec8 depleted cells (Figure 4C Blue Arrows). However, the frequency of 

chromatid exchanges (triradials and quadriradials) was significantly increased in these 

same cells (Figure 4C Red Arrows). This phenotype is reminiscent of chromosomal 

aberrations that occur as a consequence of altered NHEJ (non homologous end joining) 

and an associated increased frequency of HR (homologous recombination)76,99. We 

therefore evaluated HR frequencies using a GFP reporter system to monitor resolution of 

a site-specific break induced by the rare-cutting endonuclease I-SceI100. Within this 
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system, depletion of Sec8 significantly increased in the percentage of cells expressing 

GFP relative to control (Figure 4D), consistent with increased HR.  Finally, we assayed 

fluorescent nucleotide analog incorporation into individual DNA fibers to follow 

replication fork stalling and origin of replication firing in response to replicative DNA 

damage101. To measure stalled replication kinetics, cells were pulse labeled with 5-

iododeoxyuridine (IdU), exposed to hydroxyurea for 1, 4, or 24hr to deplete the 

nucleotide pool and then allowed to recover in the presence of 5-chlorodeoxyuridine 

(CIdU). To measure new replication origins, cells were pulse labeled with IdU, eposed to 

hydroxyurea, and then pulse-labeled with CldU for 1, 4, and 24hr as previously 

described102,103. Within this system, stalled replication forks are indicated by IdU 

positive/CldU negative fibers, and new origins of replication are indicated by IdU 

negative/CldU positive fibers.  Equivalent accumulation of stalled replication forks (Idu 

only tracks) were observed in both control and Sec8 siRNA cells (Figure 4E), suggesting 

that Sec8 depletion does not deflect damage-induced replicative arrest. However, Sec8 

depleted cells displayed an increased frequency of new replication origins (CldU only 

tracks) by 4hr and 24hr post exposure to HU (Figure 4E). The later observation is 

consistent with faster resolution of DSB-induced cell cycle arrest in Sec8 depleted cells. 

These cumulative observations indicate that Sec8 depletion alters both the kinetics and 

fidelity of DNA repair.   

 

Sec8 Regulates Histone Modifying Proteins ATF2 and RNF20 

In an effort to parse key effectors, driving the altered DDR kinetics and genomic 



 61 
instability seen upon Sec8 loss, we queried available synthetic genetic array (SGA) data 

from yeast for genetic interactions with exocyst mutants. Analysis of the SGA resource 

using pairwise correlation coefficients allows for clustering of significant (r = >0.1) 

biological relationships104. Among the exocyst mutants that were not single gene 

lethal105,106, we identified a functional cluster centered on Sec3 that contained additional 

subunits of the exocyst and the histone acetyltransferase HPA2, which suggests the 

exocyst complex participates in regulation of histone modification (Figure 5A; Sec15 r = 

0.282, Sec10 r = 0.278, Exo70 r = 0.23, HPA2 r =0.221).  Notably, yeast HPA2 and the 

human exocyst-interacting protein ATF2 have overlapping biochemical specificity for 

histone H4 lysine acetylation. Together with Tip60 (KAT5), ATF2 histone acetyl 

transferase activity supports homologous recombination-mediated DNA damage 

repair107,108. We found that Sec8 depletion resulted in a marked accumulation of ATF2 

protein in the absence of altered mRNA transcript concentrations (Figure 5B-C). We next 

examined the exocyst PPI for E3 ligases that are predicted to interact with the exocyst. 

We reasoned that regulation of E3 ligases by the exocyst might account for accumulation 

of proteins seen upon depletion of Sec8.  Huwe1 and Ubr5 were identified as potential 

exocyst interactors, both of which participate in regulation of the DNA damage 

response109,110. Downregulation of Huwe1 has been shown to promote IR resistance 

through regulation of BRCA1111. Upon depletion of Huwe1 we see marked elevation of 

ATF2 protein concentration, which suggests that ATF2 may be a substrate of Huwe1 

(Figure 5D). The elevated ATF2 protein concentration corresponded to enhanced nuclear 

accumulation of ATF2 and enhanced IR-induced phosphorylation of ATF2 on its ATM 
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kinase substrate sites (S490/S498); suggesting increased ATF2 activity (Figure 5E)112,80. 

This was mirrored by accumulation of Tip60, which interacts with ATF2 to support HAT 

activity and DNA repair pathway specification (Figure 5F). Importantly, RNF20 protein 

also accumulated upon Sec8 depletion independently of altered transcript levels (Figure 

5G).  As previously reported, aberrant accumulation of this E3 ligase is associated with 

genomic instability83. We found that RNF20 accumulation correlated with ubiquitination 

of its target protein H2B on K120, together with accumulation of H2BK120ub-dependent 

tri-methylation of H3K4 (Figure 5H). These histone modifications are required for proper 

chromatin remodeling and subsequent recruitment of DNA repair factors in both the 

NHEJ and HR pathways82,113.  The significant increase in HR-associated Rad51 foci upon 

Sec8 depletion indicated that these altered histone modifications are affecting repair 

pathway specification (Figure 5I). Together, these results suggest that Sec8 normally 

restrains chromatin remodeling factor activity in support of DNA repair fidelity.  

 

Discussion:  

Collectively, the observations described here suggest the exocyst complex helps support 

DNA repair fidelity, at least in part, by restraining the activity of chromatin remodeling 

factors in the absence of appropriate DNA damage signaling (Figure 6). Upon depletion 

of Sec8, the promiscuous accumulation of repair chromatin appears to serve as a priming 

event for the generation and resolution of DNA damage repair foci. While conferring a 

modicum of resistance to IR, the resulting enhanced DNA repair activity is low fidelity 

and generates aberrant chromatin rearrangements. Thus exocyst perturbation results in a 
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mutator phenotype. Of note, somatic mutations in Sec8 have been identified in colorectal 

cancers, and Sec8 deletions are significantly overrepresented in colorectal tumors of 

African Americans patients7.  If associated with defective DDR activity, these alterations 

could both confer resistance to radiotherapy and enhance genomic instability within the 

tumor harboring them. A potentially related clinical correlation is the association of 

germline Sec8 variants with radiation proctitis in a GWAS study of prostate cancer 

patients (M Parliament, (University of Alberta, Edmonton, AB, Canada) personal 

communication with permission).  A key focus for future investigation is the nature of the 

selective pressure leading to the physical and functional association of the exocyst and 

canonical DNA repair machinery. By extrapolation from the recently described 

mechanistic participation of the exocyst in host defense signaling and autophagy, we 

suspect this macromolecular machine serves as a spatially constrained platform from 

which to effectively coordinate localized enzyme/substrate interactions13,22,74 
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Figure 1: The exocyst interacts with DNA damage response proteins. (A) The 

consequence of siRNAs targeting candidate colorectal cancer genes on p53-dependent 

luciferase reporter activity was assessed in HCT116 and RKO cells. SiRNA pools were 

rank ordered by effect size.  Values indicate the mean and standard deviation of the ratio 

of p53-dependent firefly luciferase activity to constitutively expressed Renilla luciferase 

activity (N=3). (B) Relative Cdkn1a, Bbc3 (left) and Sec8 (right) mRNA concentrations 

upon exposure to the indicate siRNAs. Error bars indicate SEM from N=3. **** indicates 

p= <0.0001 by student’s t-test. (C) The exocyst/DNA damage response protein-protein 

interaction network as derived from whole-genome yeast two-hybrid screens and IP/Mass 

Spectroscopy. Edge colors indicate literature-based interactions (yellow) or 2H screen 

confidence scores (confidence score is as detailed previously69): red, A; blue, B; green, C; 

orange, D. Unconnected nodes indicate proteins exclusively detected by IP/MS. (D) 

Endogenous Sec8 was immunoprecipitated from HBEC 3KT cells using an anti-Sec8 

monoclonal antibody. Immunoprecipitates were probed for endogenous 53bp1 as 

indicated. Anti-HA monoclonal antibodies were used as a specificity control.  10ug of 

soluble fraction was loaded as an input control (IN). (E) HEK293T cells were transfected 

with the indicated constructs. 72 hr post transfection, Flag-53bp1 was 

immunoprecipitated using anti-Flag antibody-bead conjugates and Myc-Sec8 was probed 

with anti-Myc antibody. IP: immunoprecipitation. WCL: whole-cell lysate. (F) 

Colocalization was assessed by confocal microscopy with indicated antibodies using a 

TCS SP5 confocal microscope with a sequential 3-channel scan. siRNA of Sec8 was used 

as a control for specificity of colocalization. Representative images from 2 independent 
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experiments are shown.  Arrow-heads in the enlarged boxes (left panels) indicate 

spontaneous 53BP1- and Sec8-positive nuclear punctae.  Image scaling is as indicated by 

the scale bars (22 microns). 

Figure 2:  53bp1 suppresses exocyst-independent autophagy. (A) Single cell 

fluorescence intensity distributions are shown for U2OS GFP-LC3 cells 72hr post-

transfection with the indicated siRNAs. Histogram is representative of 3 independent 

experiments. (B) Image-based quantification of GFP-LC3 punctae/cell after treatment 

with 50 mM Chloroquine in U2OS cells 72hr post-transfection with the indicated siRNAs. 

Bars indicate the mean and SEM from 3 independent experiments. MM 36.71 ± 1.945 

N=106; Sec8 60.23 ± 2.761 N=103. *** indicates p= <0.001 . (C) (Top) Population 

means from flow cytometry (as in A) of GFP-LC3 in U2OS cells 72hr post-transfection 

with the indicated siRNAs. Bars indicate the log2 mean ± SEM fluorescence intensity 

normalized to control siRNA (MM). N=3.  * indicates p= 0.0121, ** indicates p= 0.0060  

(Lower) Immunoblot confirmation of target knockdown. Results shown are 

representative of 3 replicates. (D) (Top) Population means from flow cytometry (as in A) 

of GFP-LC3 in U2OS cells 72hr post-transfection with the indicated siRNAs. Bars 

indicate the log2 mean ± SEM fluorescence intensity normalized to control siRNA (MM). 

N=3.  *** indicates p= 0.0002, * indicates p= 0.0356, *** indicates p= 0.0002.  (Lower) 

Immunoblot confirmation of target knockdown. Results shown are representative of 3 

replicates. (E) Endogenous Sec8 was immunoprecipitated from HBEC 3KT cells 

following a 4-hour incubation in nutrient replete medium (RPMI) or EBSS as indicated. 

Immunoprecipitates were probed for endogenous 53bp1 as indicated. Anti-HA 
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monoclonal antibodies were used as a specificity control. (F) Single cell fluorescence 

intensity distributions are shown for U2OS GFP-LC3 cells 72hr post-transfection with 

the indicated siRNAs. Histogram is representative of 2 independent experiments. 

 

Figure 3: Sec8 modulates the γH2AX response to DNA damage. (A) Immunoblots 

from whole-cell lysates with indicated antibodies in HBEC 3KTcells after exposure to 5 

Gy irradiation and incubation for indicated time points 72hr post-transfection with the 

indicated siRNAs. Results shown represent >3 independent experiments. (B) 

Immunoblots from whole-cell lysates with indicated antibodies in U2OS cells after 

exposure to 1 and 5 Gy irradiation and 30 min incubation 72hr post-transfection with the 

indicated siRNAs. (C) Immunoblots from whole-cell lysates with indicated antibodies in 

U2OS cells after exposure to 5 Gy irradiation and 1hr incubation 72hr post-transfection 

with the individual Sec8 siRNAs. (D) Immunoblots from whole-cell lysates with 

indicated antibodies in HBEC 3KT cells after exposure to 10 Gy irradiation and 1hr 

incubation 72hr post-transfection with the individual Exocyst subunit siRNAs. (E) 

Image-based quantification of APH-induced 53bp1 foci in HBEC 3KT cells 72hr post-

transfection with indicated siRNAs. Cells with > 3 53bp1 foci, as observed by confocal 

microscopy were scored as positive.  Bars indicate mean and SEM from 2 independent 

experiments.  MM 86.09 ± 1.444 N=407; Sec8 27.48 ± 2.900 N=354. *** indicates p= 

<0.0001. (F) Immunoblot of whole cell lysates from HBEC 3KT cells following 

exposure to 100 nM CPT followed by addition of fresh medium without drug and 

incubation for 2hr. Results are representative of 2 independent experiments. (G) 
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Representative images of γH2AX foci in U2OS cells after irradiation 72hr post-

transfection with indicated siRNAs (Top). Image-based quantification of γH2AX foci in 

U2OS cells, following 1 Gy irradiation and incubation for indicated time points 72hr 

post-transfection with indicated siRNAs. Foci/cell are indicated with box and whisker 

plots (min to max). (Bottom). MM 10 min 23.16 ± 0.6484 N=96; Sec8 10 min 28.43 ± 

0.7831 N=77, **** indicates p= <0.0001; MM 1hr 23.48 ± 0.6752 N=81; Sec8 1hr 20.65 

± 0.5598 N=81, ** indicates p= <0.0015. (H) Histogram of DNA content as indicated by 

propidium iodide ((PI (FL3-H)) fluorescence intensity of U2OS cells 72 hr post-

transfection with indicated siRNA. Results shown are representative of 2 independent 

experiments. (I) 72 hours post-transfection with indicated siRNAs, U2OS cells were 

fixed and stained with PI and anti-phospho-MPM-2 one hour after exposure to the 

indicated doses of IR. Bars indicate the percentage of diploid p-MPM-2 positive cells as 

detected by FACS. Error bars indicate SEM.  

 

Figure 4: Sec8 depletion accelerates low-fidelity DNA Repair (A) Representative 

images of DNA damage (neutral comet tail) following irradiation of U2OS cells 72hr 

post-transfection with indicated siRNAs. (Left). Quantification of comet tail length/cell in 

pixels is shown (right). MM 28805 ± 927.0 N=91; Sec8 18866 ± 841.3 N=96, *** 

indicates p= <0.0001). (B) Ionizing radiation response in U2OS cells seeded and 

irradiated at indicated doses 72hr post-transfection. 10 days post IR exposure, colonies 

with > 50 colonies were counted and survival fractions were calculated. Results shown 

represent 3 independent experiments performed in triplicate. (4gy and 8gy: * indicates p= 



 68 
<0.05).  (Top). Western blot confirmation of knockdown (Bottom). (C) Representative 

images of metaphase spreads in colcemid-treated (3 hr) U2OS cells following exposure to 

1 Gy irradiation and 30 min incubation with indicated doses 72hr post-transfection. Blue 

arrows indicate breaks and red arrows indicate exchanges (Top). Quantification is shown 

below. Results shown represent 2 independent experiments. * indicates p= <0.05. (D) HR 

frequency is shown as a percent accumulation of GFP+ MCF7 cells following 

transfection with the indicated siRNAs and I-Sce1 plasmid. * indicates p= <0.01. (E) 

Representative images of DNA Fibers 24hr ±Hydroxurea in U2OS cells 72hr post-

transfection with the indicated siRNAs (Left). Quantification of IdU only labeled fibers, 

representing stalled replication, after indicated times of HU exposure 72hr post-

transfection with indicated the siRNAs (Top Right). Quantification of CldU only labeled 

fibers, representing new origins of replication, after indicated times of HU exposure 72hr 

post-transfection with indicated the siRNAs. Bars indicate mean and SEM from 3 

independent experiments. * indicates p= <0.05; ** indicates p <0.01. 

 

Figure 5: Sec8 modulates accumulation and activity of DNA-damage associated 

histone-modifiers (A) SGA derived correlation network centered on the yeast exocyst 

component Sec3 as derived from the Drygin similarity matrix. Node length corresponds 

to r  value.  Sec15 r = 0.282, Sec10 r = 0.278, Exo70 r = 0.23, HPA2 r =0.221 (B) 

Immunoblots from whole-cell lysates with indicated antibodies in U2OS cells after 

exposure to 5 Gy irradiation and incubation for indicated time points 72hr post-

transfection with the indicated siRNAs. Results shown are representative of 3 
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independent experiments. (C) qRT-PCR analysis of relative ATF2 mRNA expression in 

U2OS cells 72hr post-transfection with the indicated siRNAs. Experiment performed in 

triplicate. (D) Immunoblots from whole-cell lysates with indicated antibodies in U2OS 

cells 72hr post-transfection with the indicated siRNAs. (E) Representative images of 

nuclear ATF2 in U2OS cells transfected with indicated siRNAs (Left). Image-based 

quantification of ATF2 nuclear intensity with ImageJ using a DAPI mask and mean 

intensity. Results shown represent the mean of 2 independent experiments (Right). MM 

34.57 ± 0.9943 N=84; Sec8 49.68 ± 1.718 N=77, *** p= <0.0001. (F,G) Accumulation 

of the indicated proteins was evaluated as in B. Results shown are representative of 3 

independent experiments. (H) qRT-PCR analysis of relative RNF20 expression  in U2OS 

cells 72hr post-transfection with the indicated siRNAs. Experiment performed in 

triplicate. (I) Representative images of Rad51 foci in U2OS cells with 0 Gy or 4hr post 5 

Gy irradiation 72hr post-transfection with the indicated siRNAs (Left). Image-based 

quantification of Rad51 foci is shown on the right. Cells with >8 foci were scored as 

positive. MM 16.10 ± 0.4403 N=124; Sec8 19.84 ± 0.6516 N=116, **** indicates p= 

<0.0001. 

 

Figure 6: Schematic depicting suggested spatial and temporal regulation of histone 

modifying proteins driven by Sec8 and the exocyst complex. 
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Materials and Methods 

Cell Culture 

U2OS (from ATCC) cells were cultured in McCoy’s 5A medium supplemented with 10% 

FBS. HBEC3 KT cells were cultured in KSFM (Invitrogen). MCF7A DR-GFP cells were 

cultured in DMEM supplemented with 10% FBS and 10 ng/ml Puromycin. U2OS GFP-

LC3 were maintained in DMEM supplemented with 10% FBS and 1 mg/ml G418 and 5 

mg/ml Blasticidin.  

 

P53 siRNA screen 

siRNA pools (4xsiRNAs) targeting a single CRC candidate gene87 were obtained from 

the Qiagen Human Whole genome siRNA library (Version 1.0). HCT116 or RKO cells 

were transiently transfected with the pp53-TA-Luc reporter (Clontech), SV40-RL 

reporter, and siRNAs using Effectene (Qiagen). A final concentration of 33nM siRNA 

was used to transfect 10,000 cells plated in 96 well plates. Experiments were performed 

in triplicate. Firefly and Renilla luciferase activities were measured after 36 hours using 

the Dual Luciferase Reporter assay system (Promega). Normalized p53 activity was 

calculated as the ratio of firelfly to Renilla luciferase. 

 

Yeast Two-Hybrid Screen and Mass Spec Analysis 

The coding sequence for full-length human SEC3, SEC5, SEC6, SEC8, SEC10, EXO84, 

and EXO70 was cloned into pB27 as a C-terminal fusion to LexA and used as a bait to 

screen at saturation a high-complexity random-primed human placenta cDNA library as 
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previously described67. Using the raw data, an interaction map was generated from all 

potential interactions with a confidence score of “D” or higher in the screen (confidence 

score is detailed in69). Proteins were manually assigned a function in the DNA damage 

response by a curated literature search. 

 

Immunoprecipitation and Immunoblotting 

U2OS cells and HBEC 3KT cells were seeded onto 10cm dishes and allowed to grow to 

100% confluency for immunoprecipitation or seeded on 35mm dishes for transfection 

and immunoblot. For IP, cell cultures were washed with cold PBS and lysed on ice for 10 

min. in 20 mM Tris-HCl pH 7.4, 137mM NaCl, 10% Glycerol, 1% Triton X-100, 0.5% 

sodium deoxycholate, 10mM MgCl2, 2mM EGTA plus protease and phosphatase 

inhibitors (Roche EDTA-free protease inhibitor cocktail, 1mM PMSF, 50mM NaF, 1mM 

NaVO4, 80mM b-glycerosphosphate), then dounced 15 times. Lysates were then 

centrifuged at 20,000 X g for 10 min at 4°C. Soluble fractions were collected and protein 

concentration was assessed by Precision Red Advanced Protein Assay (Cytoskeleton, 

Inc). Protein A/G beads and mouse HA antibody (Santa Cruz) were used to clear non-

specific interactions for 1hr at 4°C. Cleared lysates were incubated with indicated 

antibodies (1 mg ab: 200 mg lysate) coupled to protein A/G beads for 1hr at 4°C.  Beads 

were then washed with lysis buffer three times followed by elution of protein in 2x SDS 

sample buffer.   

For overexpression/co-immunoprecipitation, 293T cells were seeded at 2x105 cells onto 

35mm dishes 24hr before transfection. 2 mg total DNA was transfected with Fugene 6 at 
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a ratio of 1:3 in Opti-MEM. 72hr post-transfection, cells were lysed and processed as 

described above.. 

Immunofluorescence 

For colocalization studies, cells were cultured on coverslips, fixed and permeablized with 

methanol at -20°C for 1 minute, blocked with 5% BSA in 0.1% TBS-Triton X-100 for 20 

minutes at 37°C, washed in .1% TBS-T, and sequentially incubated with Sec8 (10C2) 

primary and Donkey Anti-Mouse Rhodamine (Jackson ImmunoResearch Laboratories, 

inc.) secondary antibodies and 53bp1 (Bethyl) primary and Alex-488 Donkey Anti-

Rabbit (Invitrogen) secondary antibodies for 1 hour each at 37°C.  Nuclei were counter-

stained with DAPI (Vectashield Mounting media, Vector Laboratories). Slides were 

imaged using the Leica TCS SP5 confocal microscope (Leica Micro-systems, CMS 

GMBH) with custom software (Leica Micro-systems LAS AF) using a sequential 3-

channel scan. All images were captured using the same electronic settings. Images were 

imported to ImageJ (http://rsb.info.nih.gov) using the LOCI Bio-formats plug-in 

(University of Wisconsin, Madison). 

For analysis of DDR foci, siRNA transfected cells were cultured in chamber slides, fixed 

in 2% paraformaldehyde for 15 min, washed in phosphate-buffered saline (PBS), 

permeabilized for 5 min on ice in 0.2% Triton X-100, and blocked in PBS with 1% 

bovine serum albumin. Immunostaining protocols were as previously described114,115. 

Epifluorescence images were captured using a Zeiss Axioskop 2 mot epifluorescence 

microscope equipped with a charge-coupled device camera and ISIS software 
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(Metasystems, Altlussheim, Germany). All results shown are from three independent 

experiments.  

For ATF2 nuclear analysis, cells were seeded onto 2-well glass chamber slides and were 

subsequently transfected as previously described with control or Sec8 siRNA. 72 hours 

post-transfection cells were fixed and stained as previously described and 

Epifluorescence images were captured by using a Zeiss Axioskop 2 mot epifluorescence 

microscope equipped with a charge-coupled device camera and ISIS software 

(Metasystems, Altlussheim, Germany). Images were blinded and scored by calculating 

mean nuclear intensity using DAPI as a mask in ImageJ. Data represents at least 2 

independent experiments with N>75.  

GFP-LC3 quantitation.  

Total GFP fluorescence per cell was measured by flow cytometry of at least 10,000 

events per condition on a BD FACSCalibur using CellQuest and FlowJo software. For 

visualization of GFP-LC3 positive punctae, cells were cultured on glass coverslips, rinsed 

in PBS, fixed with 3.7% paraformaldehyde, permeabilized with cold acetone, and 

mounted with Vectashield containing DAPI. Images were acquired using a Zeiss 

Axioplan 2E microscope and Hamamatsu monochrome digital camera with OpenLab 

software. 

 

Cell Cycle Analysis 

U2OS cells were harvested after irradiation (137Cs Mark 1 irradiator, JL Shepherd & 
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Associates) and fixed in 80% ethanol at 4°C. Cells were centrifuged and washed in 1% 

BSA, 0.1% Tween-20 in PBS, and were either labeled with Mouse anti-Phospho-MPM2 

for 3hr at RT, pelleted and labeled with Goat anti-Mouse Alexa 488 for 30 min and/or 

resuspended in PI/RNAase staining buffer (BD Pharmingen) for 30 minutes at 37°C. 

20,000 events were analyzed on a BD FACSCalibur using CellQuest and FlowJo 

software. 

DNA Fragmentation Analysis 

Neutral comet assays were performed with the CometAssay kit (Trevigen) according to 

manufacturer’s instructions. 72 hours post-transfection, cells were irradiated with the 

indicated doses and incubated for 30 min. Cultures were then trypsinized and diluted to 

1x105 cells/ml in PBS, mixed with molten LMAgarose at a 1:10 ratio, and spotted on 

glass slides. After solidification, slides were immersed in lysis solution at 4°C for 30 min, 

and equilibrated in chilled neutral electrophoresis buffer for 30 min. Electrophoresis was 

performed in neutral electrophoresis buffer for 20 min with a electric field of 1 V/cm. 

Slides were further treated with DNA Precipitation Solution followed by 70% ethanol for 

30 min each at room temperature. After air-drying, cells were stained with SYBR Green 

(1 mg/ml). Comet images were captured with an epifluorescence microscope (Zeiss 

Axioplan 2E). Comet tails were measured according to pixel length with ImageJ. 

DR-GFP Assay 

MCF7-DR GFP stable cells were derived as previously described116, transfected with 

indicated siRNAs and assayed 72 hr post-transfection. To measure the repair of I-SceI-

generated DSBs, the I-SceI plasmid was mixed with Lipofectamine 2000 at a ratio of 1:2. 
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The percentage of cells that were GFP-positive was quantitated with flow cytometric 

analysis on a Becton Dickinson FACScan 48 hr post- I-SceI transfection. 

 

DNA Fiber Assay 

Fiber assays were performed as previously described117. Briefly, exponentially growing 

cells were pulsed with 50 mM 5-iododeoxyuridine (IdU) for 20 min, washed three times 

with phosphate-buffered saline (PBS), treated with 2 mM hydroxyurea (HU) for the 

indicated intervals, washed three times with PBS, incubated in fresh medium containing 

with 50 mM5-chlorodeoxyuridine (CldU) for 20 min, and then washed three times in 

PBS. DNA fiber spreads were produced with a modified procedure described 

previously101. IdU and CldU-labeled cells were mixed with unlabeled cells in a ratio of 

1:10. 2 ml cell suspensions were then dropped onto a glass slide and mixed with a 20 ml 

hypotonic lysis solution (10 mM Tris-HCl, pH 7.4, 2.5 mM MgCl2, 1 mM 

phenylmethylsulfonyl fluoride [PMSF], and 0.5% Nonidet P-40) for 8 min. Air-dried 

slides were fixed, washed with 1x PBS, blocked with 5% bovine serum albumin (BSA) 

for 15 min, and incubated with primary antibodies against IdU and CldU (rat monoclonal 

antibody [MAb] anti-IdU [1:150 dilution; Abcam] and mouse MAb anti-CldU [1:150 

dilution; BD]) and secondary antibodies (anti-rat Alexa 488 [1:150 dilution] and anti-

mouse Alexa 568 [1:200 dilution]) for 1 h each. Slides were washed with 1x PBS with 

0.1% Triton X-100 and mounted with Vectashield mounting medium without DAPI. 
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Metaphase Spread Analysis 

Control or Sec8 siRNA transfected U2OS cells were irradiated with 1 Gy of ioninizing 

radiation, incubated for 2 hr and then exposed to Colcemid (Sigma–Aldrich) (0.1 lg per 

ml). After 3 hr Colcemid treatment, cells were harvested.  Metaphase spreads were 

prepared and analyzed as described previously118,119. 50 metaphases were scored/sample, 

and each sample was analyzed three times. Mean and standard deviation is from three 

independent experiments.  

Clonogenic Survival Assay 

Control or Sec8 siRNA transfected U2OS cells were re-plated into 60-mm dishes in 5.0 

ml of medium, incubated for 7 hr and subsequently exposed to graded doses (0, 2, 4, 6, 

10 Gy) of ionizing radiation (Cs137, dose rate 1 Gy per min). Cells were incubated for 12 

days, and fixed in methanol:acetic acid (3:1) prior to staining with crystal violet. Only 

colonies containing >50 cells were counted. Survival fractions were reported as a mean of 

three independent experiments. 

qRT-PCR 

Control or Sec8 siRNA transfected cells were collected and RNA was extracted using a 

Qiagen RNAeasy (#74104) kit. cDNA was made using 100 ng of RNA for all samples 

using iScript reagents from BioRad. ATF2 or RNF20 TaqMan probes (Applied 

Biosystems) were used for real-time analysis on a Roche LightCycler. Expression levels 

were calculated comparing the CT values of target genes to b-Actin (used as an internal 

control) and the fold change by comparing the CT values of untreated versus treated 
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samples. The experiment was done in triplicate. 

siRNA Sequences 

siGenome pools were purchased from Dharmacon for the following genes: SEC8 

(EXOC4), SEC3, SEC5, SEC6, SEC10, SEC15, EXO70, TP53BP1, TP53, ULK1, 

BECN1, HUWE1, and UBR5. Control siRNA was the Non-Targeting Pool #2 (Cat #: D-

001206-14-05). EXO84 was custom designed with the following sequence: 5’-

GCCACUAAACAUCGCAACUdTdT-3’ 

Plasmids and Reagents 

Myc-Sec821, Flag-53bp1120 pCMV-I-SceI121 were described previously. Aphidicolin was 

diluted in DMSO at a stock concentration of 2 mg/ml. Hydroxyurea was diluted in 

DMSO. CPT was diluted in PBS. 

Antibodies 

Mouse anti-HA (sc-7392) and Rabbit anti-Myc (sc-789) were purchased from Santa Cruz 

Biotechnology, Inc. Rabbit anti-Flag (#F2555) Mouse anti-βActin (#A1978), and Mouse 

anti-Flag (#F1804) were purchased from Sigma-Aldrich, Inc. Rabbit anti-53bp1 (A300-

272A) was purchased from Bethyl Laboratories. Mouse anti-γH2AX (#16-193), Mouse 

anti-Phospho-MPM2 (#05-368), and Rabbit anti-Tip60 (#07-038) were purchased from 

Millipore. Mouse Sec8 was provided by Charles Yeaman122-124. Rabbit anti-ATF2 

(#9226), Rabbit anti-H2B (#8135), Rabbit anti-H2BK120ub (#5546), Rabbit anti-

H3K4me3 (#9751), and Rabbit anti-H3K79me3 (#4260) were purchased from Cell 

Signaling Technology. Rabbit anti-Phospho ATF2 (S490/498) (#PAB9605) was 
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purchased from Abnova. Mouse anti-Rad51(#ab213) was purchased from Abcam. 

Sec3 Network Representation 

Network visualization of SGA genetic correlations with Sec3 was downloaded from 

DRYGIN database (http://drygin.ccbr.utoronto.ca/). 

Image Editing 

Images were edited and enhanced for visual purposed using ImageJ, Photoshop, and 

Microsoft PowerPoint. Quantification was performed on unaltered images. 

Statistical Analysis 

P values were calculated by two-tailed t-test. All data were analyzed using Graphpad 

Prism 5 & 6. 
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CHAPTER FOUR 
Future Directions and Concluding Remarks 

 
 

TBK1-Exocyst-AKT Network in Cancer 

The exocyst complex, as a spatial and temporal signaling platform, is involved in many 

cellular processes. Our investigation of how the exocyst complex is altered in cancer cell 

biology has yielded insight into additional roles for the exocyst. Our data has given 

mechanistic insight into the importance of the exocyst complex in driving aberrant AKT 

activation mediated by RalB and TBK1. This study has solidified TBK1 as a potential 

therapeutic target in cancer and uncovered a previously unknown connection between 

innate immunity and the AKT pro-survival pathway. Expansion of pre-clinical models of 

TBK1 inhibition is necessary in the development of TBK1 inhibitors and determination 

of their utility as a cancer therapeutic.  

 

A major unanswered question that remains is: What is the mechanism that determines 

TBK1 dependency? Our lung cancer panel is an excellent platform to examine 

commonalities between cell lines that are sensitive to TBK1 inhibition and cell lines that 

are insensitive to TBK1 inhibition. Utilizing the mutation status and microarray data of 

mRNA expression levels will allow us to find potential biomarkers that predict 

sensitivity. This will allow us to test whether there is a functional dependence on these 

alterations that provides a mechanistic basis for TBK1 sensitivity in a subset of non-small 

cell lung cancers. We still do not fully understand the mechanistic contribution of TBK1 

to the AKT pathway, and there may be additional functions for TBK1 and the exocyst in 
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the AKT axis that contributes to oncogenesis. This can be studied through biochemical 

assays that seek to identify additional TBK1-exocyst interacting proteins. One method to 

accomplish this would be to immunoprecipate TBK1 and perform mass spectroscopy 

analysis to determine additional interacting partners that could be substrates of TBK1 that 

are aberrantly regulated in cancer. This would allow for strengthening of TBK1 pre-

clinical model, and further understanding of TBK1 driven cancer cell survival. 

 

Exocyst in DNA Repair 

This study found an unexpected connection between DNA repair proteins and the exocyst 

complex. Given that genomic instability is associated with cancer, we have uncovered an 

additional role for the exocyst complex in suppressing tumorigenic activity by regulating 

histone modifications that are important in directing repair proteins. We have hints, with 

the interaction with 53bp1, that localization of proteins may also be another layer of 

exocyst regulation. Thus, like previously characterized functions of the exocyst, it seems 

likely that spatial regulation of interacting proteins mediated by the exocyst is important 

in normal protein function.  

 

There are several outstanding questions that warrant further investigation. Although, we 

do have evidence to suggest that histone modifications alter repair choice, we still do not 

have a firm grasp of how depletion of Sec8 results in elevated protein levels of histone 

modifiers ATF2 and RNF20. Depletion of Huwe1, an E3 ligase that functions in DNA 

repair, upregulated ATF2, which suggests that regulation of Huwe1, might be facilitated 
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by exocyst interaction. Direct biochemical evidence is needed to further expound on this 

regulation. One way to test this would be to immunoprecipitate Sec8 and probe for 

Huwe1 by western blot to validate the interaction. Additionally, an examination of 

Huwe1 under Sec8 depleted conditions would allow us to determine whether depletion of 

Sec8 lowers the protein levels of this E3 ligase that may contribute to the post-

translational upregulation of ATF2 and RNF20/RNF40.  

 

An additional question not addressed is whether the exocyst complex as a whole 

contributes to proper maintenance of DNA repair, such that can be explained by Sec8 

depletion, or if there are specific subunits that have specific effects in regulating DNA 

repair. Our previous observations suggest divergence in respect to alteration of γH2AX in 

response to irradiation with single subunit depletion. Therefore a careful examination of 

single subunit exocyst depletion with siRNAs would enable us to understand exocyst 

contribution to DNA repair, particularly in experiments such as colony formation, comet 

assay, metaphase spreads, and Rad51 foci which would measure recombination and 

repair choice.  

 

Furthermore, DNA repair consists of several pathways, but we only examined the 

response to irradiation and replication-coupled DNA damage. We do not yet know 

whether the exocyst complex is involved in other types of repair such as base-excision 

repair or inter-strand crosslink repair. Therefore, a study utilizing reagents to elicit these 

types of damage such as Mitomycin C or ultraviolet light under Sec8 depleted conditions 
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would be useful in further elaborating the role of the exocyst complex in this context. It 

seems likely that they exocyst complex may contribute to these types of repair as well, 

since there are proteins such as FANCD2, ERCC2, and ERCC3 that are involved in these 

pathways that are predicted to interact with the exocyst.  

 

Moreover, we do not fully understand the contribution of Sec8 to oncogenesis. We have 

evidence that mutation and deletion of Sec8 is associated with colorectal cancer, but 

given the observation of increased IR survival, but increased genomic instability, it is not 

clear what the outcome of Sec8 depletion would be in regards to the process of 

oncogenesis. One way to address this would be to utilize mice that harbor conditional 

deletion of Sec8, which would allow for study of Sec8 contribution to oncogenesis after 

irradiation. Several questions could be answered using this model, such as whether Sec8 

deletion is sufficient to drive oncogenesis and whether it is necessary to sensitize the 

mouse to tumorigenesis by introducing other oncogenic mutations such as p53 depletion 

or KRAS overexpression.  

 

Exocyst Integration Into Broader Biological Contexts 

This study provides the first integration of the exocyst complex into the DNA repair 

pathway, and adds to the growing number of biological contexts to which the exocyst 

participates in. Previous work from our lab has coupled nutrient sensing to the regulation 

of autophagy, a process that modulates nutrient availability, mediated by the exocyst 

complex. It is likely that there are additional levels of regulation between previously 
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characterized exocyst functions and the newly characterized role for the exocyst in DNA 

repair. 

 

One such integration could be between cytokinesis and resolution of chromosome 

bridges, which can arise from incomplete segregation of chromosomes or unrepaired 

DSBs, that are a source of genomic instability125,126. One potential barrier to genomic 

instability by chromosome bridges is to delay abscission. This is mediated by the Aurora 

B kinase stability, which is necessary to stabilize mitotic kinesin-like protein 1 (Mklp1) 

to suppress furrow regression, which takes place at the midbody 125. It has also been 

shown that DDR proteins, such as Rad50 can localize to chromosome bridges and the 

midbody, and in the case of Rad50 are necessary for chromosome bridge formation after 

DNA damage, which may represent a barrier to aberrant cytokinesis127. The exocyst also 

localizes to the midbody and is required for abscission. The function of exocyst 

involvement in abscission is thought to be primarily through delivery of secretory 

vesicles at the midbody that mark the site of abscission14. Our exocyst PPI predicts an 

interaction with Rad50, therefore, an additional level of integration may be the spatial 

regulation of DDR proteins to sites of chromosome bridges and the midbody in order to 

allow for proper resolution of missegregated chromosomes. This may also integrate with 

p53 as missegregated chromosomes cause a p53-dependent cell cycle delay that allows 

for repair and suppression of genomic instability128, which may explain the upregulation 

of p53 targets we see upon Sec8 depletion in p53-positive cells. Thus, an additional level 
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of integration of the exocyst may be to facilitate proper localization and activation of 

DDR proteins to the midbody in order to suppress aberrant cytokinesis. 

 

An additional level of integration worth considering is the coupling of the host defense 

response recognition of double-stranded DNA viruses and DDR proteins, which bind to 

DNA that has been damaged. In response to foreign DNA, cells have evolved a host 

defense response that results in upregulation of anti-viral proteins via interferon 

regulatory factor-3 (IRF-3)129. This response is mediated by TBK1, which is activated by 

transmembrane protein 173 (TMEM173, also known as STING). As previously 

discussed, TBK1 interacts with the exocyst and this interaction with the exocyst is critical 

for its function in the host defense response22. Although, much is known about the 

transcriptional activation of anti-viral genes in response to foreign cytosolic DNA, little is 

known on how cells initially recognize cytosolic DNA. Recent reports have implicated 

protein kinase, DNA-activated, catalytic polypeptide (PRKDC, also known as DNA-PK) 

as a bona fide sensor of foreign cytosolic DNA that activates the innate immune 

response130. PRKDC is activated in response to DNA damage and can phosphorylate 

γH2AX98,131, strongly establishing PRKDC in the DNA damage response pathway. 

However, it was shown that the kinase activity of PRKDC was dispensable for innate 

immune response activation130. PRKDC also localizes with STING and TBK1, thus 

suggesting the necessity of a signaling platform to mediate the recognition and 

subsequent activation of the host defense response in the presence of foreign DNA. Our 

exocyst PPI predicts an interaction with PRKDC. Given that it has already been shown 
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that the exocyst, by way of TBK1 and STING, participates in signal transduction 

cascades in response to foreign DNA, a way to facilitate the initial recognition of foreign 

DNA and the downstream host defense response would be spatial regulation mediated by 

the exocyst, thus potentially adding another layer of integration. 

 

Emerging evidence suggests proteins involved in primary ciliogenesis mediate regulation 

of the DNA damage response and suppression of genomic instability132. This is quite 

intriguing as it is well established that the exocyst complex localizes to the primary 

cilium133,134. Primary cilia are involved in many biological processes from renal structure 

to sensory of light134,135. Interestingly mutations in cilia and/or their related centrosome 

proteins produce a disease class labeled ciliopathies. Ciliopathies share a broad disease 

spectrum, but have commonalities in their clinical features such as microcephaly, growth 

delay or even perinatal lethality, and renal failure in the form of polycystic kidney disease 

(PKD)135. A related disease that shares some of the same clinical features as well as 

common mutations in centrosome and DDR proteins is called Seckel Syndrome. 

Mutations in ATR (Ataxia Telangiectasia and Rad3 related), a key kinase involved in 

DNA single-stranded break repair, have also been coupled to Seckel Syndrome136. ATR 

has also been shown to localize to the cilia of photoreceptors suggesting potential need 

for DDR proteins in maintenance of proper cilia137. Interestingly, depletion of the exocyst 

subunit Sec10 has been implicated as being pathogenic in the etiology of PKD in 

zebrafish. It was shown that Sec10 was necessary for the proper localization of 

polycystin-2 (PKD2), a protein involved in calcium transport and calcium signaling in 
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renal epithelial cells, whose mutations also cause PKD138. Of note, is the finding that 

Sec10 depletion resulted in a less severe phenotype than PKD2, which may suggest 

subunit specific contributions that facilitate localization of the PKD2, but that this is not 

completely necessary for PKD2 function. Mutations in replication licensing factor, CDT1 

(chromatin licensing and DNA replication factor 1), have also been implicated in the 

etiology of a Seckel-like syndrome by impacting cilia formation139. Centrosome proteins, 

CEP152 (centrosomal protein 152kDa) and PCNT (Pericentrin), both which have 

mutations linked to Seckel syndrome have been implicated in DNA repair140,141. Cell 

lines deficient in both CEP152 and PCNT show altered cell-cycle dynamics, however, 

γH2AX foci in response to DNA damage was normal with PCNT mutation yet elevated 

with CEP152 mutation, suggesting potential divergence in function within this disease 

context. However, both showed increased genomic instability, which may be associated 

with their centrosome function140,141. Our exocyst PPI predicts an interaction with CDT1, 

CEP152, and PCNT. Interestingly, in a study that sought to uncover novel candidate 

genes involved in the etiology of Meckel-Gruber syndrome, a severe perinatal lethal 

ciliopathy with clinical features such as occipital encephalocele, dysplastic kidneys, and 

polydactyly, one such candidate identified was Sec8. This was uncovered by exome 

sequencing of consanguineous families with Meckel-Gruber syndrome6. Given that less 

severe forms of ciiliopathies result from dysregulation of proteins that potentially interact 

with the exocyst, it must be considered that Sec8 dysregulation could alter the function of 

all or some of these proteins resulting in the severe ciliopathy that is associated with Sec8 

mutation. Although the exocyst and centrosome protein have been firmly established now 
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in the DNA repair pathway and proper cilia function, little is known on how DDR 

proteins function in ciliogenesis. Given that the exocyst links these two biological 

processes, it is worth considering that the modulation of the exocyst may be an excellent 

tool to further uncover the function of DDR proteins in the maintenance of cilia, 

ciliogenesis, and DNA damage. 

 

In summary, this work has helped to further illuminate the relevance of the exocyst 

complex as a spatial and temporal signaling platform important in driving responses to 

diverse cellular events. I have identified an additional role for the exocyst complex as a 

regulator of histone modifications important in driving efficient DNA repair and 

suppression of genomic instability. This newly revealed regulation of DNA repair by the 

exocyst may provide additional insight into the emerging observations of DNA damage 

protein involvement in pathways not canonically associated DNA repair, such as 

cytokinesis, host defense response, and maintenance of cilia. It is my hope that this work 

can become the basis for others to further explore the contribution of the exocyst complex 

in normal cell biology and in disease settings.
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