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An essential kinase in innate immune signaling, TBK1 couples pathogen surveillance 

to induction of host defense mechanisms.  The pathological activation of TBK1 in cancer can 

overcome programmed cell death cues, enabling cells to survive oncogenic stress.  The 

mechanistic basis of TBK1 prosurvival signaling, however, has been enigmatic.  Here we 

show that TBK1 directly activates AKT by phosphorylation of the canonical activation loop 

and hydrophobic motif sites independently of PDK1 and mTORC2.  A population of AKT is 

bound to components of the exocyst complex.  Upon mitogen stimulation, triggering of the 

innate immune response, re-exposure to glucose, or oncogene activation, TBK1 is recruited 



 

to the exocyst, where it activates AKT.  In cells lacking TBK1, insulin activates AKT 

normally, but AKT activation by these exocyst-dependent mechanisms is impaired.  

Discovery and characterization of a 6-aminopyrazolopyrimidine derivative, as a selective low 

nanomolar TBK1 inhibitor, indicates this regulatory arm can be pharmacologically perturbed 

independently of canonical PI3K/PDK1 signaling. Thus, AKT is a direct TBK1 substrate that 

connects TBK1 to prosurvival signaling. Additionally, biochemical and cell biological 

evidence indicates critical roles of TBK1 and its analog IKKε in the amino acid-dependent 

activation of mTORC1. TBK1 and IKKε are activated by amino acids and both proteins 

interact with mTORC1. In TBK1 and/or IKKε-deficient cells, mTORC1 activation by amino 

acids is impaired. Of note, we also discovered a set of TBK1 substrates and interacting 

proteins participating in amino acid-dependent mTORC1 signaling. In conclusion, our results 

suggest that TBK1 not only supports physiological and oncogenic activation of AKT, but 

also plays a central role in the regulation of mTORC1 activation in response to amino acids. 

In addition, our studies reveal novel mTORC1 components and provide new insights into the 

regulation of the mTORC1 signaling network. 
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CHAPTER ONE 
 
 

INTRODUCTION 

 
HUMAN CANCER 

Maintenance of cell and tissue homeostasis in multi-cellular organisms is sophisticatedly 

and tightly regulated by signal transduction networks. Failure to control the dynamic balance of 

proliferation and cell death results in severe human diseases, such as cancer and 

neurodegenerative disorders. During the evolution of cancer, aberrant signaling pathways 

contribute to several key biological processes by which cancer cells acquire the capacity of 

uncontrolled proliferation and malignancy to escape from tumor suppressor-mediated 

surveillance network, increase cell mass to sustain rapid proliferation, induce angiogenesis for 

supply nutrients and oxygen to the tumor, inhibit cell death, acquire cellular immortality, and 

invade/metastasize to proximal or distal tissues (Hanahan and Weinberg 2011).  

In the cancer arena, two broad sets of genes, tumor suppressor genes (e.g. p53 and PTEN) 

and oncogenes (e.g. Ras and myc), play a fundamental role in tumorigenesis. Inactivation of 

tumor suppressor genes caused by genomic instability, epigenetic modification, and post-

translational modification results in gene silencing, loss-of-function mutation, and inactivation, 

which prevents tumor suppressor-mediated cell cycle arrest and apoptosis and therefore leads to 

aberrant cell growth and proliferation. Activation of oncogenes generally occurs through several 

distinct mechanisms, such as gene amplification, over-expression, fusion, and gain-of-function 

mutation, which sustains proliferative signals and induces cellular transformation (Pelengaris, 

Khan et al. 2002, Shaw and Cantley 2006, Salmena, Carracedo et al. 2008, Vousden and Prives 

2009).   
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In addition to previously mentioned oncogenes, the small GTPase Ras is the first 

oncogene independently identified by several laboratories in 1982 (Der, Krontiris et al. 1982, 

Goldfarb, Shimizu et al. 1982, Parada, Tabin et al. 1982, Pulciani, Santos et al. 1982, Shih and 

Weinberg 1982).  Activity of Ras and other small GTPases, such as Ral and Rheb, are controlled 

by guanine nucleotide exchange factors (GEF) and GTPase-activating proteins (GAP). GDP-

bound Ras is activated by GEFs which facilitate the substitution of GTP for GDP, and then 

active GTP-bound Ras promotes cell proliferation, survival, and differentiation by stimulating 

three major downstream effector pathways, including RalGEF/Ral, PI3K/AKT and 

Raf/MEK/ERK kinase cascade (Karnoub and Weinberg 2008). Ral, Ras-like guanyl nucleotide-

binding proteins, has two family members, RalA and RalB, which are constitutively activated in 

most cancer cells.  RalA has been shown to participate in anchorage-independent cancer cell 

growth.  Although RalA and RalB are more than 90% identical in amino acid level, the function 

of RalB, in contrast to RalA, is required for cancer cell survival but is not essential for the 

proliferation of non-tumorigenic epithelial cells (Chien and White 2003, Bodemann and White 

2008). Recent findings indicate that the RalB/Sec5 effector complex directly recruits and 

activates TBK1 in the innate immune response, whereas cancer cells hijack this 

RalB/Sec5/TBK1 pathway to deflect apoptosis (Chien, Kim et al. 2006). However, the role of 

TBK1-mediated cancer cell survival and proliferation remains ill-understood.  
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AKT SIGNALING PATHWAY 

The PI3K-AKT axis is one of the most recognized signaling pathways, which participates 

in a range of physiological processes and disease settings, including cell growth, proliferation, 

survival, angiogenesis and metabolism. Active PI3K converts PIP2 to PIP3, which functions as 

signaling intermediates to regulate several important biological processes, including membrane 

trafficking, signal transduction, cell movement, cell growth, proliferation, and complex 

metabolic processes. After PIP3 docks at the plasma membrane, it recruits AKT to the plasma 

membrane, where AKT is subsequently phosphorylated by PDK1 at Thr308 residue and by 

either mTORC2 or other hydrophobic motif kinases at Ser473 residue. Cumulative evidence 

suggest that phosphorylation of AKT at Thr308 and Ser473 is critical for full activation of the 

AKT kinase in response to upstream signaling (Manning and Cantley 2007, DeBerardinis, Lum 

et al. 2008, Chalhoub and Baker 2009, Engelman 2009).  

In humans, there are three AKT genes, AKT1, AKT2 and AKT3, which play a non-

redundant role in numerous cellular and organismal processes, such as animal size and 

metabolism. From a peptide structure aspect, the three AKT isoforms share very similar domain 

structures that are composed of an N-terminal pleckstrin homology (PH) domain, a kinase 

domain (KD), and a C-terminal regulatory domain known as hydrophobic motif (HM) (Figure 

1.1). AKT1 is expressed quite ubiquitously in almost all tissues, whereas AKT2 is preferentially 

expressed in insulin-responsive tissues and lymphocytes. Expression of AKT3 is confined in the 

brain region. Genetic mouse models further confirm that spatial expression of AKT in those 

tissues is critical for the development and physiology of those tissues. Membrane targeting of 

AKT relies on the PH domain that binds to PIP3 concentrated at the plasma membrane.  Since 
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PIP3 is required for AKT membrane localization, PIP3 phosphatases, PTEN, SHIP1 and SHIP2, 

negatively regulate AKT signaling (Matheny and Adamo 2009, Song, Salmena et al. 2012).  

 

 

Activation of AKT 

It’s been well documented that Ras and receptor tyrosine kinases activate PI3K-AKT 

pathway in both physiological and pathological conditions. It’s been proposed that 

phosphorylation of AKT at both Ser473 and Thr308 and AKT membrane localization are 

required for full activation of AKT (Manning and Cantley 2007). More than 15 years ago, 

several groups reported that PDK1 directly phosphorylates AKT at Thr308. Nevertheless, 

identification of kinases targeting AKT-HM took several years. Mounting evidence suggests that 

multiple kinases are involved in phosphorylation of AKT at Ser473 in a stimuli-dependent and 

cell type-specific manner (Figure 1.1 and 1.2). Among those AKT-HM kinases, mTORC2 

composed of mTOR, Rictor, Sin1, GβL, and Protor1, is the most fully characterized AKT-HM 

Figure 1.1 AKT domain structure and its regulatory network. 
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kinase and activates AKT by directly phosphorylating AKT at Ser473 when cells are exposed to 

insulin and other growth factors (Liao and Hung 2010, Vasudevan and Garraway 2010, Zoncu, 

Efeyan et al. 2011).  

 

Regulation of AKT by E3 Ubiquitin Ligases 

Yang and co-workers found that TRAF6 directly mediates AKT ubiquitination and is 

indispensible for AKT membrane targeting and activation after IGF-1 stimulation (Yang, Wang 

et al. 2009). Overexpression of TRAF6 enhances K63-linked ubiquitination of AKT in 

HEK293T cells, and also specifically drives phosphorylation of AKT at Thr308 that leads to the 

activation of AKT as indicated by GSK3β phosphorylation. In vitro ubiquitination experiments 

Figure 1.2 Cell-type and stimuli-specific regulation of AKT. 
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also reveal that TRAF6 is a direct E3 ligase for AKT.  Moreover, IGF1-induced AKT 

ubiquitination and phosphorylation is largely impaired in TRAF6 knockdown and knockout 

cells. Importantly, suppression of TRAF6 expression by shRNAs reduces tumorigenicity in a 

xenograft model that uses human PC-3 prostate tumor cells. Substitution of glutamate to lysine 

on AKT enhances ubiquitination of AKT at the PH domain and inhibits AKT phosphorylation 

and kinase activity, which is primarily due to promote AKT membrane targeting. Taken together, 

these findings suggest that TRAF6 is a potential drug target candidate for hyperactivation of 

AKT signaling.  

In addition to TRAF6, Skp2-SCF complex is another E3 ligase directly controlling AKT 

ubiquitination, membrane localization, and activation (Chan, Li et al. 2012). Interestingly, the 

Skp2-SCF complex, but not TRAF6, is required for EGF-mediated AKT phosphorylation and 

activation, suggesting that different growth factor receptors may engage distinct E3 ligases to 

activate AKT signaling. Similar to TRAF6 deficient cells, AKT ubiquitination and membrane 

targeting is disrupted in Skp2 knockdown cells, emphasizing that K63-linked ubiquitination is a 

crucial step for AKT activation. Downregulation of Skp2 by shRNAs results in reduction of 

glucose uptake and glycolysis in vitro and in vivo, which has been associated with AKT activity. 

Loss of Skp2 in the MMTV- HER2 breast mouse model reduces activation of AKT signaling and 

malignancy. Moreover, higher expression levels of Skp2 are associated with higher AKT 

phosphorylation and poor prognosis in HER2 positive tumors. Importantly, silencing of Skp2 

renders HER2 overexpression cells and tumors sensitive to Herceptin treatment. Taken together, 

these findings suggest that Skp2 is not only pivotal for the ErbB-mediated AKT activation and 

oncogenic transformation, but also an emerging diagnostic marker and drug target for HER2-

positive breast tumors.  
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Suppression of AKT 

In addition to PIP3 phosphatases, protein phosphatases, PP2A and PHLPP1/PHLPP2, 

also inhibit AKT activity via direct dephosphorylation. PP2A-mediated dephosphorylation of 

AKT at Thr308 reduces AKT activity (Sato, Fujita et al. 2000, Ugi, Imamura et al. 2004, Kuo, 

Huang et al. 2008). However, PHLPP1 and PHLPP2 selectively target AKT isoforms. For 

example, PHLPP1 preferentially dephosphorylates AKT2 and AKT3, whereas PHLPP2 

specifically dephosphorylates AKT1 and AKT3 (O'Neill, Niederst et al. 2013). Nevertheless, 

how these protein phosphatases are controlled remains not fully understood. AKT activity is also 

controlled by several negative feedback regulation loops. AKT-mediated mTORC1 activation 

results in S6K-dependent phosphorylation and degradation of IRS1 protein, which abrogates 

insulin/IGF1 signaling and thus reduces mTORC2-dependent AKT-Ser473 phosphorylation and 

AKT activity (Harrington, Findlay et al. 2004, Shah, Wang et al. 2004). Moreover, it’s been 

proposed that S6K also phosphorylates Rictor at Thr1135 to negatively regulate the capability of 

mTORC2 to phosphorylate AKT at Ser473 (Boulbes, Chen et al. 2010, Julien, Carriere et al. 

2010, Treins, Warne et al. 2010). Nevertheless, the physiological significance of the 

phosphorylation of Rictor-Thr1135 remains largely unknown. Another AKT substrate FOXO1 

also participates in the negative feedback loop by controlling the expression of Rictor. Activation 

of AKT inhibits FOXO1 transcription activity, which suppresses FOXO1-mediated expression of 

Rictor and thus reduces mTORC2-AKT signaling (Chen, Jeon et al. 2010).  
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DOWNSTREAM ACTIONS OF AKT 

Cell survival and cell cycle 

AKT regulates many different cell biological processes by directly targeting more than 

dozens of downstream substrates. One of the key roles of AKT is the regulation of cell survival 

by suppressing proapoptotic proteins, such as BAD and pro-caspase-9 (Blume-Jensen, Janknecht 

et al. 1998, Cardone, Roy et al. 1998). AKT also promotes the cytoplasmic retention of FOXO 

proteins, which prevents FOXO protein-induced expression of proapoptotic genes, such as 

TRAIL and TRADD (Zhang, Tang et al. 2011). Furthermore, AKT promotes the progression of 

cell cycle and cell proliferation by inhibiting p21CIP1, p27KIP1 and GSK3β. Phosphorylation of 

E3 ligase MDM2 by AKT promotes its nuclear translocation where it mediates ubiquitination 

and degradation of p53 via a proteasome-dependent mechanism (Liao and Hung 2010, 

Vasudevan and Garraway 2010). (Figure 1.3) 

 
AKT and mTORC1 signaling 

Besides inducing gene transcription, AKT supports protein translation and cell growth 

mainly through the downstream effector mTORC1. TSC2 and PRAS40 and DEPTOR are known 

negative regulators of mTORC1, whereas only TSC2 and PRAS40 are AKT immediate 

substrates (Dan, Sun et al. 2002, Inoki, Li et al. 2002, Potter, Pedraza et al. 2002, Sancak, 

Thoreen et al. 2007, Thedieck, Polak et al. 2007, Wang, Harris et al. 2007, Peterson, Laplante et 

al. 2009). Phosphorylation of TSC2 by AKT suppresses its GAP activity toward Rheb, a key 

component of mTORC1, which leads to accumulation of active GTP-bound Rheb that binds to 

mTORC1 complex and activates the mTORC1 pathway (Zoncu, Efeyan et al. 2011). PRAS40 

was first identified as an AKT substrate, whereas studies later demonstrated that PRAS40 not 

only inhibits mTORC1 through direct binding, but also acts as mTORC1 substrates (Wang, 
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Harris et al. 2008). Phosphorylation of PRAS40 by AKT and mTORC1 induces its dissociation 

from mTORC1 complex, which relieves its inhibitory effect on mTORC1 activity. 

 

AKT and angiogenesis 

Phosphorylation of eNOS by AKT promotes nitric oxide secretion and angiogenesis. 

AKT is not only an important signaling protein downstream of VEGF, but also significantly 

contributes to expression of VEGF through an mTORC1-HIF1 axis. Therefore, AKT functions 

as a central hub promoting angiogenesis through feed-forward amplification loops (Vasudevan 

and Garraway 2010).  

  

 
Figure 1.3 AKT signaling networks. 
that relay extracellular cues to cytoplasmic signaling cascades.  Cell-type and 
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AKT and metabolism 

AKT regulates glucose homeostasis by a variety of mechanisms. AKT directly 

phosphorylates phosphofructokinase 2 (PFK2) to enhance glycolysis (Deprez, Vertommen et al. 

1997). AKT also promotes the translocation of glycolytic enzyme hexokinase 2 (HK2) to the 

outer mitochondrial membrane, which is critical for HK2-dependent glucose phosphorylation 

and proliferative effects (Wolf, Agnihotri et al. 2011). When adipose tissue and skeletal muscle 

cells are exposed to insulin, AKT phosphorylates Rab-GTPase-activating protein AS160 (AKT 

substrate 160KD, also known as TBC1D4) and TBC1D1 to promote glucose uptake by 

enhancing trafficking of intracellular glucose transporter GLUT4 storage vesicles to the cell 

surface. Inhibitory AKT phosphorylation on AS160 and TBC1D1 at several sites induces 14-3-3 

binding to AS160 and TBC1D1, which suppresses their GAP activities. This leads to the 

accumulation of GTP-bound Rab, which promotes the trafficking and tethering of GLUT4 

storage vesicles to the plasma membrane. Consequently, this robust process increases the level of 

GLUT4 at the cell surface to import glucose in response to acute insulin exposure (Sano, Roach 

et al. 2008, Stockli, Fazakerley et al. 2011). Studies from Sano and colleagues reveal that Rab10 

is the target of the AS160 and is essential for insulin-induced translocation of GLUT4 to the 

plasma membrane in adipocytes (Sano, Eguez et al. 2007, Sano, Roach et al. 2008). Besides 

AS160, the phosphoinositide 3P-5-kinase PIKfyve is also an AKT substrate that has been linked 

to GLUT4 translocation and glucose uptake. Phosphorylation of PIKfyve by AKT may facilitate 

the sorting of GLUT4 from internalized endosomes into GLUT4 storage vesicles (Berwick, Dell 

et al. 2004, Welsh, Hers et al. 2005).    

In addition to GLUT4, another widely distributed glucose transporter GLUT1 is also 

regulated by AKT signaling at the transcription level. Zhou and colleagues suggest that TBC1D1 
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may contribute to the expression of GLUT1 gene through the AKT downstream effector 

mTORC1 (Zhou, Jiang et al. 2008). In TSC2 mutant cells, hyperactive mTORC1 up-regulates 

the expression of GLUT1 gene and glucose uptake.  Interestingly, expression of GLUT1 also 

elevates mTORC1 activity by a TSC2 and AMPK-independent mechanism, suggesting that there 

is a novel feed-forward amplification loop between mTORC1 and GLUT1 (Buller, Loberg et al. 

2008, Buller, Heilig et al. 2011). Furthermore, mTORC1-mediated up-regulation of HIF1 also 

contributes to GLUT1 expression in Peutz-Jeghers syndrome patients and LKB1-deficient mice 

(Shackelford, Vasquez et al. 2009).  

As mentioned previously, AKT2 is preferentially expressed in insulin responsive tissues 

such as liver, kidney, heart and skeletal muscle, which indicates that AKT2 may play an 

important role in insulin signaling. AKT2 deficient mice show significant diabetic phenotype, 

including insulin resistance, glucose intolerance, and reduced level of circulating leptin (Cho, 

Mu et al. 2001, Garofalo, Orena et al. 2003). It’s been reported that mutation of AKT2 

contributes to severe insulin resistance and diabetes in humans (George, Rochford et al. 2004).  

However, AKT1 or AKT3 knockout mice do not display any significant diabetic phenotype. 

Instead, AKT1 deficient mice show growth retardation, which phenocopies the mice growing in 

an mTORC1 suppressive background. Brains of AKT3 knockout mice are smaller compared to 

the wild-type mice (Hay 2011).   
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AKT pathway in cancer 

Frequent activation of AKT signaling has been found in more than 50% of human cancer 

(Altomare and Testa 2005). Among all three AKT isoforms, AKT2 is the only one frequently 

amplified or overexpressed in human tumors (Stephens, Tarpey et al. 2012). However, activating 

mutation of RTK (e.g EGFR and HER2), Ras and PI3K, and inactivation of tumor suppressor 

(e.g. PTEN and NF1/2) in human cancer all leads to the activation of AKT.  Although it’s quite 

uncommon that mutation of AKT results in cancer, several studies identified somatic mutation 

on the AKT PH domain, indicating that the AKT (E17K) mutation found in human cancers 

promotes anchorage-independent growth and cellular transformation. This oncogenic AKT 

(E17K) mutant is constitutively activated and localized to the plasma membrane. Of note, 

membrane recruitment of this mutant is resistant to the inhibition of PI3K by LY2940002 

(Carpten, Faber et al. 2007, Sasaki, Okuda et al. 2008, Boormans, Korsten et al. 2010, Do, 

Salemi et al. 2010, Poduri, Evrony et al. 2012, Salhia, Van Cott et al. 2012).  

 

TBK1/ IKKε SIGNALING NETWORK 

The atypical IκB kinase family members TANK-Binding Kinase 1 (TBK1 as known as 

NAK and T2K) and its analog IκB kinase ε (IKKε as known as IKKi), share 61% sequence 

identity at the amino acid level, and have been defined as a central hub in cell regulatory 

networks responsive to inflammatory cytokines and pathogen surveillance receptors. The role of 

TBK1 and IKKε in innate immune response is originally reported as central modulators 

regulating the transcriptional activity of interferon regulatory factor 3/7 (IRF3/7) host defense 

gene expressions. TBK1 is constitutively expressed in normal cells and highly up-regulated in a 

panel of human tumor samples and cancer cell lines, whereas IKKε expresses is an immediate 
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early gene product in response to LPS, viruses, and cytokines. After viral or bacterial infection, 

TBK1 and IKKε phosphorylate several residues at the c-terminal regions of IRF3, and then 

activated and dimerized IRF3 translocates into the nucleus to induce the transcription of 

interferon and interferon-stimulated genes to mediate innate immune and antiviral responses to 

defend a host (Fitzgerald, McWhirter et al. 2003, Hacker and Karin 2006, Hiscott 2007, Kawai 

and Akira 2007, Chau, Gioia et al. 2008).  

 

Roles of TBK1 and IKKε in innate immune response 

TBK1 are IKKε were initially identified as upstream kinases regulating NF-κB activity 

via genetic and biochemical experiments. At developmental stage E14.5, TBK1 knockout mice 

show severe liver degeneration, which photocopys p63, IKKβ and NEMO knockout mice (Beg, 

Sha et al. 1995, Li, Van Antwerp et al. 1999, Pomerantz and Baltimore 1999, Bonnard, Mirtsos 

et al. 2000, Rudolph, Yeh et al. 2000, Tojima, Fujimoto et al. 2000). Overexpression of TBK1 

and IKKε also induce NF-κB activity and phosphorylation of p65 at Ser536 (Buss, Dorrie et al. 

2004). However, in TBK1 and IKKε (but not IKKα and IKKβ) single knockout MEFs, classical 

NF-κB response remains intact with respect to degradation of IκB and DNA binding activity of 

NF-κB. Of note, a small group of NF-κB target genes is still affected in TBK1 or IKKε knockout 

MEFs (Bonnard, Mirtsos et al. 2000). In stimulated T cells, IKKε phosphorylates p65 at Ser468 

and leads to activation of NF-κB signal (Mattioli, Geng et al. 2006). These data suggests that 

TBK1 and IKKε may partially contribute to NF-κB by regulating transcription of a specific set of 

NF-κB downstream genes in some type of cells or tissues. However, there is no doubt that TBK1 

and IKKε mainly contribute to the innate immunity by regulating transcription factors IRF3 and 

IRF7.  
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Pathogen surveillance sensors and adaptors are required for proper innate immune 

responses and also participate in the regulation of TBK1 and IKKε activity. For example RIG-1 

and MDA-5 are well-known cytosolic RNA sensors that activate TBK1 and IKKε through 

mitochondrial adaptor MAVS-TRAF3 or MAVS-STING pathways. Upon association with 

MAVS, STING, a mitochondria and ER protein, may function as a scaffold protein to recruit 

TBK1 and IRF3(Arnoult, Soares et al. 2011). TLR3 is localized at the endosomes and senses 

dsRNA, whereas TLR4 is a plasma membrane protein responding to bacterial LPS.  Both ligand-

bound TLRs recruit TRIF-TRAF3 to activate TBK1 and IKKε (O'Neill 2008). Cytosolic DNA 

sensors, DAI and RNA polymerase III activate TBK1 in a STING-dependent manner (Takaoka, 

Wang et al. 2007, Ablasser, Bauernfeind et al. 2009, Chiu, Macmillan et al. 2009, Ishikawa, Ma 

et al. 2009). Clearly, scaffolding proteins, such as TRAF3, STING, TANK, NAP1, and 

SINTBAD, play an important role in promoting TBK1 and IKKε activity in response to 

pathogens (Chau, Gioia et al. 2008, Bowie 2012). The DEAD-box helicase 3 (DDX3) inhibited 

by some viruses is also critical for TBK1 and IKKε-mediated innate immunity (Schroder, Baran 

et al. 2008, Soulat, Burckstummer et al. 2008). Moreover, association of TBK1 with autophagy 

adaptors, including p62, NDP52, and optineurin, contributes to the autophagic clearance of 

bacteria (Weidberg and Elazar 2011). There are several negative regulators involved in TBK1-

IRF3 axis, including SHIP2, SIKE, CYLD, and A20 (Zhao 2013). However, TBK1-mediated 

signal transduction in both physiological and pathological settings remains largely unknown.  

 

TBK1 in cancer 

TBK1 is highly expressed in sarcoma, lung, breast, ovarian tumors, and mutation of 

TBK1 has been reported in a wide range of human malignancies, including glioblastoma, breast, 
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colon, uterine, and lung cancer (Cerami, Gao et al. 2012) (Figure 1.4). Nonetheless, it remain 

unclear what is the impact of those mutations on the function of TBK1 in tumorigenesis, 

although it has been reported that heterozygous TBK1 mutations diminish TLR3 immunity and 

cause herpes simplex encephalitis in childhood (Herman, Ciancanelli et al. 2012). TBK1 has 

been reported to support angiogenesis and malignant transformation (Korherr, Gille et al. 2006, 

Clement, Meloche et al. 2008, Shen and Hahn 2011). Our laboratory has reported that the 

RalB/Sec5 effector complex directly recruits and activates TBK1 in TLR-mediated innate 

immune responses. Moreover, cancer cells hijack this RalB/Sec5/TBK1 pathway to deflect 

apoptosis. In this disease setting, depletion of TBK1 or Sec5 is selectively toxic. RalB activation 

promotes TBK1/Sec5 assembly and phosphorylation of Sec5 by TBK1. Furthermore, studies 

using TBK1 knockout MEFs shows that TBK1 is required for fibroblasts to tolerate acute 

oncogenic stress caused by overexpression of K-Ras (Chien, Kim et al. 2006). Functional 

genomics approach also identified the dependency of TBK1 on K-Ras-driven cancer, indicating 

that a group of K-Ras-expressed lung cancer cell lines are highly addicted to a TBK1-mediated 

survival pathway and that TBK1-driven NF-κB activation is required for the survival of this 

group of tumors (Barbie, Tamayo et al. 2009). TBK1 also contributes to anti-apoptotic signaling 

by mediating NF-κB-dependent expression of PAI-2 and transglutaminase 2, which suppresses 

the conversion of pro-caspase 3 to caspase 3 (Delhase, Kim et al. 2012). Recent findings also 

indicate that TBK1 signals to a noncanonical NF-κB pathway through TAX1BP1/NDP52-

modulated autophagy, which promotes cell survival and proliferation (Newman, Scholefield et 

al. 2012).  (Figure 1.5)  
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Figure 1.5 TBK1 signaling networks.  

Figure 1.4 TBK1 domain structure and mutations of TBK1 found in human 
cancers. Arrows indicate individual mutations. (IF-D: in-frame deletion)  
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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 receptors (Fitzgerald, McWhirter et al. 2003, Hacker and Karin 

2006, Kawai and Akira 2007).  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 types 

(Hacker and Karin 2006, Hiscott 2007, Kawai and Akira 2007, Chau, Gioia et al. 2008). 

In cancer cells, pathological TBK1 activation supports oncogenic transformation by 

suppressing a programmed cell death response to oncogene activation (Bodemann and White 

2008).  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 culture (Chien, 

Kim et al. 2006, Korherr, Gille et al. 2006).  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 settings (Barbie, Tamayo et al. 

2009). 
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While IRF3 is a direct TBK1 substrate that clearly accounts for much of the role of 

TBK1 in support of innate immune signaling (Fitzgerald, McWhirter et al. 2003, Sharma, 

tenOever et al. 2003), TBK1 substrates that mediate cancer cell 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 signaling (Chien, Kim et al. 2006, Barbie, Tamayo et al. 2009), but may be 

important for pro-angiogenic signaling (Korherr, Gille et al. 2006).  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.  
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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 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 defects (Chien, Kim et al. 2006), 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 phosphorylation (Downward 

2003, Mitin, Rossman et al. 2005, Manning and Cantley 2007).  In contrast, despite 

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

oncogenic Ras (Figure 2.1A).  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 2.1B).  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 
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compared to controls (Figure 2.1C).  Collectively, these observations suggest TBK1 supports 

AKT pathway activation in multiple regulatory contexts.   

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 pathway (Moskalenko, Henry et al. 

2002, Chien and White 2003, Chien, Kim et al. 2006).  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 2.1D).  The association of AKT with the 

exocyst was validated by expression co-IP (Figure 2.1E) 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 2.1C).  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 2.1F). 
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Figure 2.1.  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-RasG12V 
(Chien, Kim et al. 2006).  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) 
 

(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, Aresta 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 
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) 
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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 2.2).  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 2.2A).  In contrast, AKT-responsiveness to EGF or glucose was impaired in the 

absence of TBK1 (Figure 2.2B,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 2.2F).  Complementation of 

TBK1-/- MEFs using human wild-type TBK1 rescued AKT activation by EGF and glucose 

(Figure 2.2C,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 2.2G).  

However, TBK1-/- MEFs were refractory to EGF-induced proliferation (Figure 2.2H) and 

sensitized to apoptosis upon serum or glucose withdrawal (Figure 2.2I). Together, these 

observations reveal a stimulus-selective contribution of TBK1 to AKT pathway activation. 
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Figure 2.2. 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 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.  

 
(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.   
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To examine the TBK1-AKT relationship in cellular level, we perform 

immunofluorescence staining. My data suggests that expression of wild-type TBK1 protein 

in Mia-Paca2 and HCC44 is sufficient to induce the phosphorylation of AKT on Serine 473. 

However, expression of TBK1 kinase-dead protein slightly reduced phosphorylation of AKT 

(Figure 2.3). 

  

 

 

Figure 2.3 TBK1 regulates phosphorylation of AKT at Ser473. Mia-Paca2 and 
HCC44 cells were transfected with either a wildtype or a kinase-dead mammalian Myc-
TBK1 expression vector as indicated. After 24 hours, cells were fixed and stained with 
anti-Myc (9E10, Santa Crzu) mouse monoclonal antibody and Anti-AKT-pS473 (D9E, 
Cell Signaling) to view Myc-TBK1 and AKT-pS473.  
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Examination of full-length and truncated proteins indicated that TBK1 and AKT can 

be reciprocally isolated in either TBK1 or AKT immunoprecipitates (Figure 2.4A) and that 

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

2.4B,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 2.2).  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 2.4D).  

Sorbitol exposure was used as an osmolarity control (Figure 2.4D, 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 

2.4E).  
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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 2.5A).  

Remarkably, TBK1 expression was sufficient to drive AKT activation in the face of 

pharmacological inactivation of the PI3K family (Figure 2.5B).  Moreover, TBK1 induced 

AKT activation loop (T308) and hydrophobic motif (S473) phosphorylation in cells in the 

absence of PDK1 (Figure 2.5C,D) or the mTORC2 subunits Sin1 (Figure 2.5E) or Rictor 

Figure 2.4. 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) 

 
(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) 
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(Figure 2.5F).  These observations indicate that TBK1 is sufficient to induce AKT activation 

independently of the canonical PDK1/mTORC2 collaboration (Alessi, James et al. 1997, 

Sarbassov, Guertin et al. 2005, Guertin, Stevens et al. 2006, Jacinto, Facchinetti et al. 2006, 

Shiota, Woo et al. 2006, Manning and Cantley 2007, Engelman 2009). 

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 2.5G).  Moreover, this correlated with a 100-fold increase in AKT1 specific activity 

as detected using a GSK3α/β−derived peptide substrate (Figure 2.5G), and with significant 

accumulation of phosphorylation of AKT autosubstrate sites (Figure 2.5H) (Li, Lu et al. 

2006).  Endogenous TBK1 immunoprecipitated from MEFs also directly phosphorylated 

recombinant AKT (Figure 2.5I).  Consistent with a role for TBK1 in EGF-induced AKT 

activation in MEFs (Figure 2.2B) TBK1 kinase activity was enhanced by EGF stimulation 

(Figure 2.5I).  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 

independent of AKT kinase activity (Figure 2.5J).  As expected, TBK1 induction of AKT 

autosubstrate site phosphorylation only occurred with catalytically intact AKT (Figure 2.5J).  

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 2.5K). 
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Figure 2.5.  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 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) 
 

(Continued) 
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Figure 2.5.  TBK1 directly activates AKT. (Continued) 
(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 
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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The observation that these kinases associate through their respective catalytic 

domains (Figure 2.4B,C), prompted us to examine the consequence of AKT on TBK1 

activation.  We found that expression of AKT markedly enhanced TBK1 activation as 

monitored by accumulation of phosphorylation of the autoactivating TBK1 substrate site 

S172 (Figure 2.6A) (Kishore, Huynh et al. 2002, Clark, Plater et al. 2009).  Tandem mass 

spectrometry analysis of TBK1 peptides revealed two novel candidate phosphorylation sites 

on S510 and S716 (Figure 2.6B).  The flanking residues for both sites indicated conservation 

with known AKT substrate sites (ScanSite) (Obenauer, Cantley et al. 2003).   Consistent with 

this, TBK1 immunoisolated from cell culture reacts with the AKT substrate-site selective 

anti-phosphopeptide antibody (Zhang, Zha et al. 2002), while mutation of either S510 or 

S716 alone reduces reactivity, and mutation of both S510 and S716 sites together eliminates 

this reactivity (Figure 2.6C).  Importantly, mutation of the candidate AKT substrate sites also 

markedly impairs accumulation of active TBK1 in cells as indicated by loss of S172 

autoactivation site phosphorylation (Figure 2.6C bottom panels).  Finally, we found that 

incubation with purified recombinant AKT1 in vitro was sufficient to enhance activation of 

recombinant TBK1 as indicated by accumulation of S172 phosphorylation (Figure 2.6D).  

This was observed using either enzymatically active AKT or AKT initially lacking activation 

site phosphorylation.  The later displayed reduced mobility upon incubation with TBK1 as 

would be expected from the capacity of TBK1 to induce AKT activation site 

phosphorylation. Thus there is likely a direct and reciprocal activation loop between AKT 

and TBK1. 
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Figure 2.6.  AKT activates TBK1. 
(A)Whole cell extracts from TBK1-/- MEFs expressing TBK1 and/or AKT as 

indicated were probed for accumulation of phosphorylation of the autoactivating 
TBK1 substrate site S172.  
 

(B) CID MS/MS spectra from TBK1 peptides purified from cell lysates.  Top panel: 
CID MS/MS spectum of DDEQFVs(172)LYGTEEYLHP with a precursor ion 
of 1061.43(2+). Sufficient b and y ions were detected to identify Ser172 as the 
phosphorylated site. Middle panel: CID MS/MS spectrum of 
LSs(510)SQGTIETSLQDIDSR with a precursor ion of 1008.95(2+) . Sufficient 
fragment ions (especially the y15 and y16-H3PO4) were detected to identify 
Ser510 as the phosphorylated site. Bottom panel: CID MS/MS spectrum of 
FGs(716)LTMDGGLR with a precursor ion of 617.26(2+). Sufficient b and y 
ions (especially the b3-H3PO4) were detected to  identify Ser716 as the 
phosphorylated site. “y” designates ions that contain the C-terminal region of the 
peptide generated from amide bond cleavage by CID. “b” designates ions that 
contain the N-terminal region of the peptide generated from amide bond cleavage 
by CID. 

 
(C) The indicated TBK1 variants were expressed in HEK293T cells followed by 

immunoprecipitation to detect reactivity with the phosphorylated AKT substrate 
site-specific antibody.  This antibody selectively reacts with phosphorylated AKT 
consensus substrate sites (labeled as TBK1-PAS).  Whole cell extracts were 
probed for accumulation of autophosphorylated TBK1.  

 
(D) Recombinant His6-TBK1 (100ng) was incubated with either unactivated (U) or 

activated (A) His6-AKT (100ng) in kinase reaction buffer for 30min at 30°C. The 
products were assayed for accumulation of the TBK1 autophosphorylation site 
(S172) using phospho-specific antibodies.  
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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 mutation (Forbes, Tang et al. 2009).  Two of three hairpins resulted in 

detectable TBK1 depletion by 2 days post transduction with concomitant reduction in AKT 

activation (Figure 2.7A).  By 6 days post transduction, the viability of TBK1 depleted cells 

was severely compromised (Figure 2.7B), but could be rescued by expression of an 

artificially activated myristoylated AKT fusion protein (Figure 2.7C).  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 2.7D) and 

progression (Figure 2.7E) 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-Raf (Forbes, Tang et al. 2009).  MDA-MB-231 

cells, transduced with shRNA-expressing lentivirus, were implanted into the mammary fat 

pad of immune compromised mice and tumor growth was followed (Figure 2.7F).  By 45 

days post-implantation, control samples had progressed substantially (Figure 2.7G) and 

metastasized to other organs (Figure 2.7H).  In contrast, TBK1-depleted samples progressed 

very poorly and failed to metastasize (Figure 2.7F,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. 
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Figure 2.7.  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, Chan 
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. 
 

(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. 
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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, BX795 (Bamborough, Christopher et al. 2006, Clark, Plater et 

al. 2009), has significant activity against both TBK1 and PDK1, which limits its application 

to these studies (Bain, Plater et al. 2007).  Therefore, we isolated additional chemical TBK1 

inhibitors from a biochemical screen of ~250,000 small molecules.  A 6-

aminopyrazolopyrimidine derivative (Compound II, Figure 2.8A) 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 2.8B).  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 

2.8C). Consistent with selective activity on canonical TBK1 pathway activation (Sato, 

Sugiyama et al. 2003, Yamamoto, Sato et al. 2003), Compound II effectively blocked TLR3-

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 

2.8D).  This later response has been defined as TBK1-independent (Sato, Sugiyama et al. 

2003, Perry, Chow et al. 2004, Chien, Kim et al. 2006).  Concordant with our observations in 

TBK1-/- MEFs, a 30-minute pretreatment of wild-type MEFs with Compound II impaired 

AKT activation by glucose (Figure 2.8E).  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 
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blunt baseline AKT activity (Figure 2.8F).  Notably, Compound II had no activity against the 

canonical AKT kinases PDK1 and mTOR in vitro (Figure 2.8B), 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 2.8G).  

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 2.8H).   

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

µM of the PI3K inhibitor LY294002 (Figure 2.8H). 
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Figure 2.8.  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. 

 
(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 
immunoblotted to detect consequences on AKT pathway activation. (Molecular 
size: cleaved-PARP: 89KDa; others as described) 
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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 

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 2.9A).  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 Ras (Singh, Greninger et al. 2009).  However, this relationship also 

failed to specify TBK1-sensitivity (Figure 2.9A, 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 2.9B).  In addition, TBK1-dependent lines were selectively sensitive to 
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induction of apoptosis upon a 24-hour exposure to 2 micromolar Compound II as compared 

to TBK1-independent lines (Figure 2.9C).  Compound II exposure strongly suppressed 

accumulation of active AKT in all TBK1-sensitive NSCLC lines tested (H358, H1993, and 

HCC44).  In contrast the TBK1-independent cell lines H2073 and H441 maintained chronic 

AKT activation in the presence of Compound II (Figure 2.9D).  Calu1, which displays 

intermediate sensitivity to TBK1 depletion (Figure 2.9A), also displayed intermediate 

sensitivity to Compound II-dependent inhibition of AKT activation (Figure 2.9D).  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 (Figure 2.10). 
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Figure 2.9.  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.  
 

(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. 
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Figure  2.10 TBK1-AKT signaling networks. 
that relay extracellular cues to cytoplasmic signaling cascades.  Cell-type and 
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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 viability (Chien, Kim et al. 2006, 

Barbie, Tamayo et al. 2009).  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. 

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) 

(Alessi, James et al. 1997, Sarbassov, Guertin et al. 2005, Manning and Cantley 2007, 

Engelman 2009).  This collaborative action is required for AKT activation by insulin (Hresko 

and Mueckler 2005), though the mechanism of mTORC2 activation in this context is 

currently unknown (Manning and Cantley 2007).  Our observations suggest that the 

contribution of TBK1 to AKT activation is non-redundant to the PDK1/mTORC2 pathway.  
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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 domains (Grindstaff, Yeaman et al. 1998, Guo, Sacher et al. 

2000).  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 intermediates (Chien, Kim et al. 2006, Bodemann and 

White 2008, Ishikawa and Barber 2008, Ishikawa, Ma et al. 2009).  The recruitment of TBK1 

to the exocyst in response to AKT 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 agonists (Jacinto, 

Facchinetti et al. 2006, Bozulic and Hemmings 2009). 
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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 is 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.  

In addition to somatic mutations found in human cancers, heterozygous TBK1 

mutations have been reported in patients suffered from childhood herpes simplex virus-1 

(HSV-1) encephalitis (HSE). Both TBK1 mutations (D50A and G159A) result in lost-of-

function mutants through different mechanisms. TBK1-D50A mutation reduces TBK1 

protein stability, which leads to haploinsufficiency. However, TBK1-G159A mutation 

impairs TBK1 kinase activity and mutant proteins behave in a dominant-negative fashion. 

Importantly, these observations suggest that pharmacological inhibition of TBK1 for 

therapeutic intervention in human cancers may not have substantial side effects since both 

patients carrying TBK1 lost-of-function mutations are healthy before suffered from HSE 

(Herman, Ciancanelli et al. 2012) (Figure 2.11).  
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Figure 2.11. Both mutant TBK1 alleles are loss-of-function but through different 
mechanisms. HEK293T cells were transfected with control vector or either WT or 
mutant TBK1 expression constructs. Myc-FLAG-tagged TBK1 was immunoprecipitated 
from HEK293T cells. Immunoprecipitates were assayed for TBK1 kinase activity, in 
vitro, using recombinant AKT as substrate, and the phospho-AKT-Ser473 antibody to 
detect substrate phosphorylation (Kinase Assays).   
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MATERIAL 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 described (Chien, Kim 

et al. 2006), 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 described (Ericson, Gan et al. 2010).  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) as described (Whitehurst, Bodemann et al. 2007).  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). 
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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 described (Seth, Sun et al. 2005).  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) (An, Zhao et al. 2006).  Wild-type and kinase-dead HA-AKT1, and myristoylated-

HA-AKT1 were generously provided by Dr. Philip N. Tsichlis (Tufts Medical Center) 

(Bellacosa, Chan et al. 1998).  GST-AKT1 full-length and truncation mutants were 

generously provided by Dr. Keqiang Ye (Emory University School of Medicine) (Ahn, Rong 

et al. 2004, Tang, Jang et al. 2007).  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) (Matern, Yeaman et al. 2001).  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 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 
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kindly provided by Dr. Charles Yeaman (University of Iowa) (Matern, Yeaman et al. 2001) 

and anti-Exo70 mouse monoclonal antibodies were generously provided from Dr. Shu-Chan 

Hsu (Rutgers University) (Vega and Hsu 2001).  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, 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 
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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 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 
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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 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 
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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 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 
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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 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 
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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.  

 

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 (Fromont-

Racine, Rain et al. 1997) and pGADGH (Bartel, Chien et al. 1993) plasmids, respectively. 60 

million clones (6-fold the complexity of the library) were screened with each bait using a 
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mating approach with Y187 (matα) and CG1945 (mata) yeast strains as previously described 

(Fromont-Racine, Rain et al. 1997).  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 described (Formstecher, Aresta et al. 2005).  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 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 interactions (Rain, Selig et al. 2001, 

Wojcik, Boneca et al. 2002). 

 

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 
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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 techniques (Roland, 

Dineen et al. 2009).  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 

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 pancreas (Dineen, Lynn et al. 2008). 

  

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 
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(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). 

 

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 
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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’- 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:  CCGGGTATTTGATGTGGTCGTGTA 

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

TCTCGAGAACACGCATGATATTTCCTGGTTTTT);  

pLKO.1-shTBK1-6 (Clone ID: TRCN0000003186: CCGGCGGGAACCTCTGAATACCA 

TACTCGAGTATGGTATTCAGAGGTTCCCGTTTTT);  

pLKO.1-shGFP: GCCCGCAAGCTGACCCTGAAGTTCATTCAAGAGATGAACTTCA 

GGGTCAGCTTGCTTTTT) 

  



 

65 

CHAPTER THREE 
 
 

AMINO ACID SENSING AND REGULATION OF mTORC1 
 
 

INTRODUCTION 

mTORC1 Signaling 

Dynamic balance of cell growth and cell death is sophisticatedly and tightly regulated 

by various molecular mechanisms in eukaryotic cells. Among these signaling pathways, 

mechanistic/mammalian target of rapamycin complex 1 (mTORC1) is the master regulator of 

cell growth. Thus, deregulation of mTORC1 pathway is frequently observed in human 

cancers and metabolic disorders. During the development of human cancer, deletion or 

suppression of tumor suppressors, including NF1, PTEN, TSC1/2, and LKB1, as well as 

activating mutation or amplification of oncogenes, such as receptor tyrosine kinases, Ras and 

PI3K, all lead to the activation of mTORC1 pathway. Moreover, autophagy, nutrients (e.g. 

glucose and amino acids), stress resulted from hypoxia, energetic imbalance, inflammation 

and DNA damage, are known to regulate mTORC1 activity. Collectively, these findings not 

only show the complexity of mTORC1 signaling network, but also demonstrate the 

biological significance of mTORC1 pathway in molecular, cellular and organismal aspects 

(Shaw and Cantley 2006, Polak and Hall 2009, Howell and Manning 2011, Proud 2011, 

Zoncu, Efeyan et al. 2011, Inoki, Kim et al. 2012) 

 

.   

 



66 

 

Molecular components of mTORC1 

mTOR is a conserved Ser/Thr protein kinase belonging to the PIKK family and forms 

mTORC1 and mTORC2 by associating with adaptor proteins, Raptor and Rictor 

respectively, which are required for complex assembly and determination of substrate 

specificity. mTORC2 contains five core components (mTOR, mLST8, Rictor, mSIN1, and 

PROTOR) and one suppressor (DEPTOR), whereas mTORC1 is composed of three core 

components (mTOR, mLST8 and Raptor) as well as two negative regulators (DEPTOR and 

PRAS40) (Sengupta, Peterson et al. 2010, Yecies and Manning 2011, Efeyan, Zoncu et al. 

2012).  

 

mTORC1 and protein synthesis 

Ribosomal S6 kinase (S6K) and eukaryotic initiation factor 4E-binding protein 1 (4E-

BP1) are the most well-known mTORC1 substrates participating in mTORC1-mediated 

protein translation. mTORC1 activates S6K by directly phosphorylating multiple residues at 

the c-terminal region of S6K. Upon activation, S6K then phosphorylates 40S ribosomal 

protein S6, elongation factor 2 kinase (eIF2K), eIF4A-binding protein (eIF4B), and 

programmed cell death protein 4 (PDCD4) that binds to and inhibits eIF4A. Association of 

4E-BP1with eIF4E negatively regulates eIF4E-modulated translation initiation. 

Phosphorylation of 4EBP1 by mTORC1 disrupts this 4EBP1-eIF4E complex, and then 

released eIF4E recruits translation initiation factors and ribosomal subunits to the 5’end of 

mRNA to activate mRNA translation.  To stimulate protein synthesis, mTORC1 also 

enhances ribosome biogenesis and expression of 5’-terminal oligo pyrimidine (5’TOP) 



67 

 

mRNAs that include ribosomal proteins, translation and elongation factors. Besides 5’TOP 

mRNA, mTOR also stimulates a subset of mRNAs to promote cell growth and metabolism. 

These mRNAs contain complex secondary structure of 5’UTR and encode transcription 

factors (e.g. Myc and HIF1), growth factors (EGF, IGF, and FGF) and cyclin D, which are all 

well recognized proteins involved in both physiological settings and tumorigenesis 

(Wullschleger, Loewith et al. 2006, Ma and Blenis 2009, Sengupta, Peterson et al. 2010, 

Topisirovic and Sonenberg 2011, Yecies and Manning 2011). 

 

mTORC1 and autophagy 

Autophagy is a recycling process to maintain the homeostasis of proteins and 

organelles, which is mediated by an ULK1-ATG13-FIP200 protein complex and lysosome-

dependent catabolic machinery (Ganley, Lam du et al. 2009, Hosokawa, Hara et al. 2009, 

Jung, Jun et al. 2009). Mounting evidence suggests that the Ying-Yang relationship between 

mTORC1 and autophagy is critical for the equilibrium of catabolic and anabolic cell growth. 

Upon nutrient deprivation or environmental stresses, ULK1 negatively regulates mTORC1 

activity by disrupting mTORC1 complex and hindering the mTORC1 substrate accessibility 

by phosphorylating Raptor (Dunlop, Hunt et al. 2011, Jung, Seo et al. 2011). In the nutrient-

rich environment, however, mTORC1 inhibits ULK1 kinase activity by directly 

phosphorylating ULK1 and ATG13 (Chan 2009, Hosokawa, Hara et al. 2009). Recent 

findings suggest that RalB, Sec5, and Exo84 exocyst subcomplexes play an essential role to 

function as a platform to mobilize mTORC1 and ULK1 in response to nutrient availability 

(Bodemann, Orvedahl et al. 2011). In the presence of nutrients, transcription factor EB 
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(TFEB), which contributes to lysosome biogenesis, is phosphorylated and inhibited by 

mTORC1. Nevertheless, in nutrition-deficient conditions, TFEB is released due to 

suppression of mTORC1. Thus TFEB shuttles into the nucleus to coordinate lysosome 

biogenesis by inducing lysosomal genes (Pena-Llopis, Vega-Rubin-de-Celis et al. 2011, 

Martina, Chen et al. 2012, Roczniak-Ferguson, Petit et al. 2012, Settembre, Zoncu et al. 

2012, Martina and Puertollano 2013).  

 

mTORC1 and metabolism 

Accumulation of building blocks is a key step for cell growth and proliferation. 

mTORC1 pathway controls numerous metabolic pathways, including glycolysis, lipid and 

amino acid metabolisms as well as de novo pyrimidine synthesis and pentose phosphate 

pathway. For example, mTORC1 modulates glycolysis through regulating transcription 

factors Myc and HIF-1(Yecies and Manning 2011). Several reports also suggest that 

mTORC1 coordinates lipid metabolism by regulating SREBPs through lipin1 and S6K1 

(Porstmann, Santos et al. 2009, Laplante and Sabatini 2010, Peterson, Sengupta et al. 2011, 

Yecies and Manning 2011, Owen, Zhang et al. 2012, Shao and Espenshade 2012). Recent 

findings also suggests that mTORC1-S6K axis contributes to de novo pryrimdine synthesis 

by phosphorylating S1859 on CAD (carbamoyl-phosphate synthetase 2, aspartate 

transcarbamoylase, dihydroorotase). Thus, activated CAD facilitates de novo pyrimidine 

synthesis by catalyzing the first three steps in this reaction (Ben-Sahra, Howell et al. 2013, 

Robitaille, Christen et al. 2013).  
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Regulation of mTORC1 

Growth factors (e.g. EGF, Insulin, IGF-1) activate mTORC1 mainly by promoting the 

phosphorylation and inhibition of TSC2 that associates with TSC1/TBC1D7 and functions as 

a GAP of small GTPase Rheb (Dibble, Elis et al. 2012). AKT as well as MAPK and RSK 

directly phosphorylate TSC2, which disrupts the TSC complex and leads to accumulation of 

GTP-loaded Rheb that subsequently activates mTORC1 (Mendoza, Er et al. 2011). AMPK is 

responsive to reduced AMP/ATP ratio, caused by glucose deprivation and hypoxic stress. 

Upon stimulation, AMPK directly phosphorylates and activates TSC2 to suppress 

mTORC1(Inoki, Zhu et al. 2003). Phosphorylation of Raptor by AMPK also suppresses 

mTORC1 activity (Gwinn, Shackelford et al. 2008). REDD1, a HIF-1 target gene and stress 

response protein, negatively regulates mTORC1 in response to hypoxic stress, DNA damage, 

and energy depletion while the molecular mechanism underlying REDD1-mediated 

mTORC1 inhibition remains unclear (DeYoung, Horak et al. 2008, Horak, Crawford et al. 

2010, Vadysirisack, Baenke et al. 2011, Wolff, Vega-Rubin-de-Celis et al. 2011, Tan and 

Hagen 2013). IKKβ-mediated phosphorylation and inhibition of TSC1 also induce mTORC1 

activity (Lee, Kuo et al. 2007). Recent phosphoproteomic studies indicate that mTORC1 

substrate Grb10 is a negative regulator of the growth factor-mediated mTORC1 signaling 

(Hsu, Kang et al. 2011, Yu, Yoon et al. 2011). The assembly of TTT-RUVBL1/2 complex is 

required for mTORC1 lysosomal localization and dimerization. Metabolic catastrophe caused 

by depletion of glucose and glutamine results in the disassembly of TTT-RUVBL1/2 

complex, which leads to the inactivation of mTORC1 (Kim, Hoffman et al. 2013).   
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mTORC1 and amino acid sensing 

mTORC1 integrates signaling inputs from nutrients, growth factors, stress, and 

environmental cues. During anabolic processes, one of the limiting steps of protein synthesis 

is amino acid availability. Not surprisingly, amino acids, such as leucine, glutamine, and 

arginine, harness mTORC1 activity to promote cell growth. Recent findings shed new light 

on the molecular mechanism underlying amino acid-induced mTORC1 activation. Upon 

exposure to amino acids, vATPase signals to lysosomal Ragulator complex (p18, p14, MP1, 

HBXIP and C7orf59) which controls the nucleotide exchanges of Rag heterodimeric. By 

Ragulator-dependent switch of GDP-RagA/B-GTP-RagC/D to GTP-RagA/B-GDP-RagC/D, 

Rag heterodimers recruits mTORC1 to lysosomes, where mTORC1 is activated and 

phosphorylates its downstream substrates (Wang and Proud 2011, Efeyan, Zoncu et al. 2012, 

Jewell, Russell et al. 2013). Recent studies suggest autophagic adaptor, p62, which binds to 

polyubiquitin chains and LC3, participates in amino acid-induced mTORC1 signaling by 

interacting with mTOR and Raptor to mobilize the mTORC1 complex to lysosomes and also 

facilitate the formation of active Rag heterodimer (Duran, Amanchy et al. 2011, Moscat and 

Diaz-Meco 2011). Additionally, it’s been reported that SLC1A5 promotes glutamine uptake 

to create an intracellular glutamine pool that is required for bi-directional transporter 

SLC7A5, by pumping out glutamine, to facilitate leucine influx to activate mTORC1 

(Nicklin, Bergman et al. 2009). Moreover, leucine and glutamine signal to Rag GTPase to 

activate mTORC1 via glutaminolysis and production of α-ketoglutarate (Duran, Oppliger et 

al. 2012). Interestingly, recent findings suggest Leucyl-tRNA synthetase (LRS) contributes to 
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mTORC1 signaling by functioning as an intracellular leucine sensor (Han, Jeong et al. 2012). 

Furthermore, G protein-coupled taste receptors TAS1R1 and TAS1R3 support mTORC1 

signaling by sensing extracellular amino acids and promoting the translocation of mTORC1 

to lysosomes (Han, Jeong et al. 2012, Wauson, Zaganjor et al. 2012, Wauson, Zaganjor et al. 

2013).  

 

IKKε: an innate immune response and cancer gene 

IKKε, like TBK1, is a family member of the non-canonical IKK protein kinases and 

activates IRF3 and IRF7 to mediate the interferon response to bacterial and viral infection. 

Unlike TBK1, which is ubiquitously expressed in human cells, IKKε protein is inducible in 

lymphoid and other cell types upon exposure to pathogens. Although IKKε was initially 

identified as an amplified and overexpressed breast cancer oncogene that deflects apoptosis 

by activating the NF-κB pathway, amplification and overexpression of IKKε gene has been 

observed in a variety of human tumors, including pancreatic ductal adenocarcinoma, glioma, 

prostate, ovarian and non-small cell lung cancers (Boehm, Zhao et al. 2007, Barbie, Tamayo 

et al. 2009, Guo, Shu et al. 2009, Cheng, Guo et al. 2011, Guan, Zhang et al. 2011, Guo, 

Coppola et al. 2011, Li, Chen et al. 2012). IKKε is critical for cells to tolerate DNA-damage-

induced apoptosis via the NF-κB pathway. In response to DNA damage, sumoylated IKKε 

translocates to the nucleus, where it colocalizes with PML nuclear bodies and phosphorylates 

p65 (Renner, Moreno et al. 2010).  These findings implicate IKKε as a potential therapeutic 

target in chemoresistance. Another known IKKε substrate is tumor suppressor CYLD. IKKε 

directly phosphorylates CYLD at Ser418 both in vitro and in vivo to suppress CYLD 
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deubiquitinase activity, which is critical for IKKε -mediated cellular transformation (Hutti, 

Shen et al. 2009). During innate immune response, CYLD negatively regulates RIG-I-IKKε 

/TBK1 axis by controlling RIG-I ubiquitination. Loss of CYLD results in constitutive 

activation of IKKε and TBK1 as well as interferon hyper-production upon viral infection 

(Friedman, O'Donnell et al. 2008, Zhang, Wu et al. 2008). Nevertheless, it remains unclear if 

CYLD suppresses tumorigenesis by negatively regulating oncogenic IKKε and TBK1 

signaling.  

William Hahn and colleagues demonstrated that IKKε is essential for breast cancer 

cell survival and the gene encoding IKKε is frequently amplified in human breast tumors.  

IKKε can substitute for PI3K-AKT signaling in malignant transformation, implicating that 

IKKε may activate the AKT pathway or IKKε may share some downstream signaling 

components with the AKT pathway (Boehm, Zhao et al. 2007). Accumulating evidence 

indicates that IKKε directly phosphorylates AKT at both Thr308 and Ser473 in vitro and 

activates AKT in cells via an mTORC2-independent pathway, whereas it remains 

controversial if PI3K plays a critical role for IKKε -mediated AKT phosphorylation and 

activation (Guo, Coppola et al. 2011, Xie, Zhang et al. 2011). Of note, pharmacological 

inhibition of PI3K does not suppress phosphorylation of AKT in IKKε-overexpressed human 

lung cancer cell line H1299 and IKKε knockout cells.  Moreover, IKKε -induced AKT 

activation is resistant to AKT inhibitor API-2, a small molecule inhibitor targeting the AKT 

PH domain, and IKKε -mediated AKT phosphorylation is independent of AKT PH domain 

and PDK1 protein. Expression of dominant negative p85a mutant only selectively inhibits 

insulin-induced AKT phosphorylation but has no effect towards IKKε expression-induced 
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AKT phosphorylation (Guo, Coppola et al. 2011). Notably, insulin-induced AKT 

phosphorylation in IKKε expressing HeLa cells is reduced only by PI3K inhibitors, 

LY294002 and Wortmannin, but not by mTOR kinase inhibitor Torin 1 (Xie, Zhang et al. 

2011). However, it remains unclear whether endogenous IKKε activates AKT through a 

PI3K-dependent mechanism or not. Importantly, increased IKKε protein expression is 

associated with elevated phosphorylation of AKT in human primary breast tumors and AKT 

signaling is required for IKKε-mediated malignant transformation (Guo, Coppola et al. 

2011). 

 

RESULTS 

TBK1 contributes to mTORC1 activity by amino acids 

While I was examining potential signaling pathways that may be regulated by TBK1 

through a gain-of-function approach, I found that expression of wildtype, but not kinase-

dead, TBK1 was sufficient to drive auto-phosphorylation of mTOR at Ser2481 (Figure 

3.1A). Coimmunoprecipitation assays also indicated that both wildtype and kinase-dead 

TBK1 interact with mTOR, and phosphorylation of mTOR at Ser2481 and Ser2448 was 

enhanced when mTOR associated with wild-type TBK1 (Figure 3.1B). It’s been shown that 

mTORC1-associated mTOR Ser2481 autophosphorylation depends upon the presence of 

amino acids and phosphorylation of Ser2448 is dependent upon S6K activity (Chiang and 

Abraham 2005, Varma and Khandelwal 2007, Copp, Manning et al. 2009, Vazquez-Martin, 

Oliveras-Ferraros et al. 2009, Rosner, Siegel et al. 2010, Soliman, Acosta-Jaquez et al. 2010). 

These results prompted me to examine the functional relationship between TBK1 activation 
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and mTORC1 activity by amino acids. I hypothesized that TBK1 may participate in the 

amino acid-mediated mTORC1 signaling.  

 

 

To examine whether amino acids regulate TBK1 activity, I first performed expression 

co-immunoprecipiation experiments and then analyzed the phosphorylation of TBK1-Ser172 

that has been used as a marker of TBK1 kinase activity. My data demonstrated that addition 

of amino acids robustly induced phosphorylation of Ser172 on wildtype, but not kinase-dead, 

TBK1, implicating that amino acids stimulate TBK1 activity and phosphorylation of TBK1-

Ser172 depends upon intact TBK1 kinase activity. Consistent with previous results, I found 

Figure 3.1.  TBK1 drives mTORC1 activation. 
(A)HEK293T cells were transfected with plasmids encoding wild-type (WT) or 

kinase-dead (KD) TBK1 as indicated.  Two days post-transfection, whole cell 
lysates were assessed for TBK1 expression and accumulation of phosphorylated 
mTOR as indicated.  
 

(B) Myc-FLAG-tagged TBK1 was expressed in HEK293T cells as indicated and then 
immunoprecipitated from HEK293T cell extracts.  Immunoprecipitates were 
probed for the presence of TBK1, mTOR, and phosphorylation of mTOR at 
Ser2448 and Ser2481.    
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that mTOR associated with TBK1 even in the amino acid-starved cells. Both wildtype and 

kinase-dead TBK1 associated with mTOR, whereas only wildtype TBK1 immunoprecipitates 

contained active mTOR, as indicated by Serine 2448 phosphorylation. Importantly, 

mTORC1 component Raptor also interacted with TBK1 (Figure 3.2). I also found that 

autophagy kinase ULK1 and exocyst proteins, Sec5 and Exo70, were recruited to TBK1 in an 

amino-acid dependent manner. Taken together, my data suggest that significant amounts of 

endogenous mTOR and Raptor are recruited to TBK1 in response to amino acids, and also 

implicates that TBK1 may play a novel role in regulating amino acid-mediated mTORC1 

activation through a kinase-dependent mechanism.  

 

  

Figure 3.2. TBK1 is stimulated by amino acids and recruits mTORC1. Myc-FLAG-
tagged TBK1 was expressed in HEK293T cells as indicated. Two days post-transfection, 
amino acids were depleted for 50 minutes and then cells were stimulated with amino acid 
as indicated.  Immunoprecipitates were probed for the presence of indicated proteins.    
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To examine native TBK1/mTOR complex assembly, I tested the capacity of 

endogenous TBK1 to coimmunoprecipitate endogenous mTOR upon amino acids exposure. 

In amino acid starved condition, TBK1 interacts with mTOR. Furthermore, upon amino acid 

stimulation TBK1 recruited more endogenous mTOR that also displayed higher activity as 

indicated by phosphorylation of Ser2448 (Figure 3.3A).  

To assess the contribution of TBK1 to amino acid-induced mTORC1 activation, the 

responsiveness of TBK1 and IKKε double knockout MEFs to amino acids was evaluated. 

Amino acid-mediated mTORC1/S6K activity was impaired in the TBK1 and IKKε-deficient 

MEFs (Figure 3.3B). Consistent with this observation, amino acid-induced mTORC1 

signaling was also partially blunted in TBK1 knockout MEFs (unpublished data from 

Jonathan Cooper, Michael White Lab). Depletion of TBK1 by siRNA in HeLa cells blunted 

amino acid-induced mTOR activation (Figure 3.3C), indicating that TBK1 is a novel 

component of the mTORC1 signaling pathway.  
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Figure 3.3.  TBK1 interacts with mTORC1 and supports mTORC1 activation.  
(A)HEK293T cells were plated in DMEM containing 10% FBS. After 24 hours, 

cells were washed twice by EBSS and then incubated with EBSS. Before EAA 
treatment, cells were preincubated with additional 2mM L-Glutamine and 10 uM 
Insulin for 1hr. EAA-treated cells were harvested and lysed. 
Immunoprecipitation was performed using anti-TBK1 antibody. 
Immunoprecipitates were probed for the presence of indicated proteins. 
 

(B) WT and DKO (TBK1-/- and IKKɛ-/-) cells were plated in DMEM containing 
10% FBS. After 24 hours, cells were washed twice by EBSS and then incubated 
with EBSS. Before EAA treatment, cells were preincubated with additional 2mM 
L-Glutamine for 1hr. EAA-treated cells were harvested and lysed directly by 1x 
SDS sample buffer at indicated time-points.  

 
(C)HeLa cells were plated overnight in DMEM containing 10% FBS, and then 

transfected with the indicated siRNAs. After 3 days, cells were washed twice by 
EBSS and then incubated with EBSS. Before EAA treatment, cells were 
preincubated with additional 2mM L-Glutamine for 1hr. EAA-treated cells were 
harvested and lysed directly by 1x SDS sample buffer at indicated time-points.  
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IKKε contributes to amino acid-induced mTORC1 signaling.  

I previously demonstrated that TBK1 contributes to amino acid-induced mTORC1 

activation. It’s been well documented that TBK1 and IKKε not only share high degrees of 

amino acid sequence homology, but also modulate common substrates, such as IRF3/IRF7 

and AKT. Moreover, my preliminary experiments also demonstrated that knockdown of 

IKKε partially impaired amino acid-mediated mTORC1 signaling. (Figure 3.3B, C) These 

observations led me to examine whether IKKε supports mTORC1 activity by amino acids. 

 

IKKε interacts with mTORC1 

To investigate the biochemical relationship between IKKε and mTORC1, co-

immunoprecipitation was performed using lysates from amino acid-treated HEK293T cells. 

IKKε immunoprecipitates from amino acid starved cells contained mTORC1 components, 

mTOR and Raptor, as well as mTORC1 substrate S6K. Of note, autophagy-initiating kinase 

ATG1/ULK1 were found in the same immunoprecipitates. Moreover, amino acids 

stimulation disrupted the interaction between IKKε and mTORC1/S6K/ULK1, which 

demonstrated distinct dynamics of IKKε/mTORC1 complex assembly in contrast to previous 

studies observed in TBK1/mTORC1 complex formation (Figure 3.4A). To investigate the 

endogenous interaction of IKKε-mTOR complex, I examined the capacity of endogenous 

IKKε to coimmunoprecipitate endogenous mTOR upon amino acid exposure. I found that 

mTOR associated with IKKε in amino acid starved HEK293 cells (Figure 3.4B).  Although I 

previously demonstrated that amino acid stimulation significantly induced the dissociation of 
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IKKε-mTOR complex, my endogenous coimmunoprecipitation experiments revealed that 

mTOR-IKKε interaction was only modestly disrupted. 

 

  

 

Figure 3.4.  IKKε interacts with mTORC1.  
(A)Myc-FLAG-tagged IKKε was expressed in HEK293T cells as indicated. Two 

days post-transfection, cells were washed twice by EBSS and then incubated 
with EBSS. Before EAA treatment, cells were preincubated with additional 
2mM L-Glutamine for 1hr. EAA-treated cells were harvested and lysed. 
Immunoprecipitation was performed using anti-IKKε antibody. 
Immunoprecipitates were probed for the presence of indicated proteins. 
 

(B) HEK293T cells were plated in DMEM containing 10% FBS. After 24 hours, 
cells were washed twice by EBSS and then incubated with EBSS. Before 
EAA treatment, cells were preincubated with additional 2mM L-Glutamine 
and 10 uM Insulin for 1hr. EAA-treated cells were harvested and lysed. 
Immunoprecipitation was performed using anti-TBK1 antibody. 
Immunoprecipitates were probed for the presence of indicated proteins. 
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Amino acids elevate IKKε kinase activity 

To evaluate the effect of amino acid exposure to IKKε activity, I examined the 

autophosphorylation of IKKε at Ser172, which is positively correlated to IKKε specific 

kinase activity. After ten minutes of amino acid stimulation, I found that phosphorylation of 

IKKε-Ser172 was robustly induced and peaked at thirty minutes post-treatment. Moreover, 

phosphorylation of S6 also showed similar kinetics upon amino acid addition (Figure 3.5). 

These observations suggest that amino acids are a novel IKKε stimulus through an unknown 

mechanism and implicate that IKKε may play a role in amino acid-dependent mTORC1 

activation. 

 

 

Knockdown of IKKɛ suppresses mTORC1 signaling 

To further evaluate the contribution of IKKε to mTORC1 regulation, I depleted IKKε 

and RagA by pooled siRNA in HeLa cells (Figure 3.6A). Amino acid-induced mTOR 

activation was strongly diminished as indicated by blunted phosphorylation of S6 and S6K. 

Similar results were demonstrated in IKKε knockdown HEK293 cells (Figure 3.6B). To 

validate these results, multiple siRNAs against IKKε were examined in HeLa cells. 

Consistent with my results using pooled siRNAs, all three individual siRNAs impaired amino 

Figure 3.5.  Amino acids stimulate IKKε.  
HEK293T cells were plated in DMEM containing 
10% FBS. After 24 hours, cells were washed twice by 
EBSS and then incubated with EBSS. Before EAA 
treatment, cells were preincubated with additional 
2mM L-Glutamine and 10µM Insulin for 1hr. EAA-
treated cells were harvested and lysed directly by 1x 
SDS sample buffer at indicated time-points.  
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acid-mediated mTOR activation to a similar extent (Figure 3.6C). Suppression of both TBK1 

and IKKε by a TBK1/IKKε dual inhibitor from GlaxoSmithKline (GSK) substantially 

blocked mTORC1 activation by amino acids (Figure 3.6D). Collectively, my data suggest 

that IKKε may play an important role in the mTORC1 pathway, although it remains elusive 

how IKKε senses amino acid levels inside the cells and how IKKε contributes to amino acid-

mediated mTORC1 signaling.   
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Figure 3.6.  IKKε supports mTORC1 activation by amino acids.  
(A)HeLa cells were plated overnight in DMEM containing 10% FBS, and then 

transfected with the indicated siRNAs. After 3 days, cells were washed twice 
by EBSS and then incubated with EBSS. Before EAA treatment, cells were 
preincubated with additional 2mM L-Glutamine for 1hr. EAA-treated cells 
were harvested and lysed directly by 1x SDS sample buffer at indicated time-
points.  
 

(B) HEK293T cells were plated in DMEM containing 10% FBS. After seeded 
overnight, cells were washed twice by EBSS and then incubated with EBSS. 
Before EAA treatment, cells were preincubated with additional 2mM L-
Glutamine and 10uM Insulin for 1hr. EAA-treated cells were harvested and 
lysed directly by 1x SDS sample buffer at indicated time-points.  

 
(C)HeLa cells were plated overnight in DMEM containing 10% FBS, and then 

transfected with the indicated siRNAs. After 3 days, cells were washed twice 
by EBSS and then incubated with EBSS. Before EAA treatment, cells were 
preincubated with additional 2mM L-Glutamine for 1hr. EAA-treated cells 
were harvested and lysed directly by 1x SDS sample buffer at indicated time-
points. 

 
(D)HeLa cells were plated overnight in DMEM containing 10% FBS, and then 

transfected with the indicated siRNAs. After 3 days, cells were washed twice 
by EBSS and then incubated with EBSS. Before EAA treatment, cells were 
preincubated with additional 2mM L-Glutamine for 1hr and treated with GSK 
inhibitor for 30mins. EAA-treated cells were harvested and lysed directly by 
1x SDS sample buffer at indicated time points. 
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Candidate-based mini screen 

 To understand the molecular mechanism by which TBK1 and IKKε contributes to 

amino acid-induced mTORC1 pathway, I decided to perform a small-scale screen by 

knocking down known TBK1/IKKε interacting proteins and substrates. Depletion of several 

candidate genes significantly suppressed amino acid-mediated mTORC1 activation as 

indicated by phosphorylation of S6 or S6K. For example, knockdown of positive controls 

(taste receptor TAS1R1/TAS1R3 and amino acid transporter SLC7A5/SLC1A5/SLC3A2), 

TBK1/IKKε adaptor protein NAP1, suppressor CYLD, small GTPase RalA, and exocyst 

components Sec3, Sec6, Sec8, Sec10, and Sec15, dramatically impaired amino acid-mediated 

mTORC1 signaling. However, depletion of adaptor protein NEMO; suppressors SIKE, 

SHIP2, and A20; autophagy proteins ATG7 and ATG9, and innate immune response proteins 

p62, NDP52, optineurin, and STING; only modestly inhibit amino acid-induced mTORC1 

activation. Interestingly, suppression of adaptor protein TANK and exocyst proteins Exo70 

robustly enhanced amino acid-dependent mTORC1 activity.  
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Figure 3.7.  A novel set of TBK1 substrates and interacting proteins contributes to 
mTORC1 activation by amino acids. HeLa cells were plated overnight in DMEM 
containing 10% FBS, and then transfected with the indicated siRNAs. After 3 days, cells 
were washed twice by EBSS and then incubated with EBSS. Before EAA treatment, 
cells were preincubated with additional 2mM L-Glutamine for 1hr. EAA-treated cells 
were harvested and lysed directly by 1x SDS sample buffer at indicated time points. 
Significance was evaluated by T-Test. *, indicates p<0.05. 
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The MAP3K3-MAP2K5-ERK5 kinase cascade supports amino acid-induced mTORC1 

activation. 

Innate immunity modulator TBK1 contributes to autophagic clearance of cytosolic 

bacteria by phosphorylating autophagic receptor p62 at Ser403, which is critical for p62-

mediated cargo capture and degradation (Pilli, Arko-Mensah et al. 2012). In addition to its 

role in autophagy, p62 supports amino acid-mediated mTORC1 activation by functioning as 

a scaffold protein to mediate heterodimerization of Rag proteins and to recruit mTORC1 to 

lysosomes. Of note, genetic depletion of p62 only impairs activation of mTORC1 by amino 

acids, but not insulin, suggesting p62 is a critical regulator of amino acid sensing in the 

mTORC1 pathway and p62 supports mTORC1 signaling in a context-specific manner 

(Duran, Amanchy et al. 2011). Nevertheless, it remains unclear how p62 senses the level of 

amino acids inside the cells and how p62 is regulated in response to amino acids. Although 

we previously demonstrated that TBK1 supports amino acid-induced mTORC1 activation, it 

remains unknown whether TBK1 mediates mTORC1 activation through a p62-dependent 

mechanism and whether p62 is regulated by another unidentified upstream kinase in response 

to amino acids. It has been shown that MAP3K3 and MAP2K5 both interact with p62 

through PB1 domain (White 2012). Thus, I hypothesize that MAP3K3 and MAP2K5 may act 

as p62 upstream kinases and contribute to amino acid-dependent activation of mTORC1 via 

p62. 

To investigate whether MAP2K5 contributes to amino acid-induced mTORC1 

activation, I evaluated the responsiveness of HeLa cells to amino acids in the presence of a 

specific MAP2K5 inhibitor (BIX02189) (Tatake, O'Neill et al. 2008). Chemical perturbation 
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of MAP2K5 robustly suppressed amino acid-mediated mTORC1 activation (Figure 3.8A). 

Interestingly, like depletion of p62, BIX02189 did not affect mTORC1 activation by insulin 

(unpublished data from Malia Potts, Michael White Lab). Moreover, knockdown of 

MAP2K5 and p62 by pooled siRNAs substantially reduced amino acid-mediated mTORC1 

signaling (Figure 3.8B).  Depletion of MAP3K3 and ERK5, a MAP2K5 substrate, by 

siRNAs also showed similar results as knockdown of MAP2K5 (Figure 3.8C). These 

findings were validated by multiple siRNAs targeting individual genes. Knockdown of 

MAP2K5 and MAP3K3 by multiple single siRNAs blunted mTORC1 activation by amino 

acids (Figure 3.8D). However, it remains unknown how this MAP3K3-MAP2K5-ERK5 

kinase cascade participates in amino acid-induced mTORC1 activation and what is the 

biochemical relationship between this kinase cascade and p62/mTORC1 complex. Of note, I 

also found that ULK1 immunoprecipitated with MAP2K5 from cycling cells (Figure 3.8E). 

Since there is a Yin-Yang relationship between mTORC1 complex and ULK1, it would be 

critical to understand whether MAP3K3-MAP2K5-ERK5 kinase cascade directly regulates 

ULK1 rather than mTORC1 complex, or like p62, contributes to both autophagy and amino 

acid-mediated mTORC1 activation.  
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DISCUSSION 

 My results suggest that TBK1 and IKKε as well as some of their interacting proteins 

and exocyst components, including NAP1, CYLD, Sec3, Sec6, Sec8, Sec10, and Sec15, 

support amino acid-induced mTORC1 signaling. Moreover, my data also indicates that the 

MAP3K3-MAP2K5-ERK5 kinase cascade participates in mTORC1 activation by amino 

acids.  

Several groups reported that AKT is directly phosphorylated and activated by TBK1 

and IKKε in response to growth factors and other stimuli, which disrupts the TSC1/TSC2 

inhibitory complex, allowing for GTP-bound Rheb to stimulate mTORC1 activity (Guo, 

Coppola et al. 2011, Joung, Park et al. 2011, Ou, Torres et al. 2011, Xie, Zhang et al. 2011, 

Figure 3.8.  MAP2K5 supports mTORC1 activation by amino acids. 
(A)HeLa cells were plated in DMEM containing 10% FBS. After seeded 

overnight, cells were washed twice by EBSS and then treated with EBSS 
containing either DMSO or indicated concentration of BIX compound 
(BIX02189) for 2hr. Before EAA treatment, cells were preincubated with 
additional 2mM L-Glutamine for 1hr. EAA-treated cells were harvested and 
lysed directly by 1x SDS sample buffer at indicated time points. 
 

(B) , (C) and  (D) HeLa cells were plated overnight in DMEM containing 10% 
FBS, and then transfected with the indicated siRNAs. After 3 days, cells were 
washed twice by EBSS and then incubated with EBSS. Before EAA 
treatment, cells were preincubated with additional 2mM L-Glutamine for 1hr. 
EAA-treated cells were harvested and lysed directly by 1x SDS sample buffer 
at indicated time points. 

 
(E) HeLa cells were plated overnight in DMEM containing 10% FBS, and then 

transfected with the indicated siRNAs. After 3 days, cells were washed twice 
by EBSS and then incubated with EBSS. Before EAA treatment, cells were 
preincubated with additional 2mM L-Glutamine for 1hr and treated with GSK 
inhibitor for 30mins. EAA-treated cells were harvested and lysed directly by 
1x SDS sample buffer at indicated time points. 
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Mahajan and Mahajan 2012). Here, my results suggest that in addition to TBK1-AKT-TSC 

axis, TBK1 and IKKε may activate mTORC1 signaling through an alternative route. This 

hypothesis is supported by the results that amino acid-induced phosphorylation of AKT at 

Ser473 shows no significant difference between wildtype and TBK1/ IKKε double knockout 

MEFs, whereas mTORC1 activation by amino acids is impaired in TBK1/ IKKε dual 

deficient cells as indicated by phosphorylation of S6. However, it remains unclear how 

TBK1 and IKKε contribute to mTORC1 signaling. Since both proteins are kinases, one 

possibility is that TBK1 and IKKε directly phosphorylate and regulate mTORC1 key 

components. My data suggest that upon amino acids stimulation, the scaffold protein Raptor 

is not only recruited to active TBK1 complexes as indicated by TBK1-pS172, but also shows 

a significant band shift by western blot, implying that Raptor is phosphorylated by an 

unknown upstream kinase. It’s been demonstrated that upon energy stress AMPK suppresses 

mTORC1 by direct phosphorylation of Raptor on Ser722/Ser792, suggesting that Raptor is a 

potential target for signal transduction (Gwinn, Shackelford et al. 2008). Moreover, p62 is 

also a direct substrate of TBK1 and participates in autophagy-dependent bacterial clearance 

(Pilli, Arko-Mensah et al. 2012). It would be important to examine whether Raptor, p62, and 

other core mTORC1 components are TBK1 (or IKKε) direct substrates in response to amino 

acids. It is also important to determine whether TBK1 and IKKε crosstalk to taste receptors 

TAS1R1 and TAS1R3, Leucyl-tRNA synthetase, and amino acid transporters (Nicklin, 

Bergman et al. 2009, Duran and Hall 2012, Elorza, Soro-Arnaiz et al. 2012, Han, Jeong et al. 

2012, Wauson, Zaganjor et al. 2012, Wauson, Zaganjor et al. 2013).  



92 

 

 The scaffold proteins, TANK, NAP1, and SINTBAD are all required for IRF3-

mediated interferon production by TBK1 and IKKε and perform similar functions in TBK1 

and IKKε activation due to structural similarities (Chau, Gioia et al. 2008, Kumar, Kawai et 

al. 2009). NAP1 and SINTBAD are required for TBK1 recruitment to ubiquitin-coated 

bacteria recognized by autophagy receptor NDP52 and p62 (Thurston, Ryzhakov et al. 2009, 

Weidberg and Elazar 2011). Moreover, expression of NAP1 is sufficient to activate TBK1 

(Fujita, Taniguchi et al. 2003). My results suggest that NAP1 may play a unique role in 

mTORC1 signaling by amino acids. However, it remains unclear if NAP1 supports mTORC1 

activation through a TBK1-dependent mechanism.  

 TBK1 somatic and germline mutations were found in human cancers and HSE 

patients respectively (Cerami, Gao et al. 2012, Herman, Ciancanelli et al. 2012). However, 

the consequences of TBK1 mutations in cancer are poorly defined. It would be critical to 

determine the cell biological and biochemical properties of those mutations and to investigate 

the roles of those mutants in tumorigenesis. Furthermore, it would be important to examine 

the metabolic profiles of human patients carrying TBK1 loss-of-function mutations.  

The exocyst is a conserved multi-protein complex composed of eight subunits 

including Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84. Mounting evidence 

indicates that exocyst is a downstream effector of Ral proteins contributing to basolateral 

membrane protein targeting (Bodemann and White 2008). Recent studies suggest that sub-

exocyst complexes may exist and participate in autophagy and cancer cell survival (Chien, 

Kim et al. 2006, Bodemann, Orvedahl et al. 2011). For example, RalB-Sec5 is selectively 

required for cancer cell to suppress apoptosis.  RalB-Exo84 sub-complex is required for 
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autophagosome assembly upon nutrient deprivation. Here, my results show that five out of 

eight exocyst complex proteins, including Sec3, Sec6, Sec8, Sec10, and Sec15, are required 

for amino-acid induced mTORC1 signaling, suggesting the existence of novel exocyst sub-

complexes. Of note, Sec3 and Exo70 both interact with TBK1, whereas only Sec3 is required 

for both AKT signaling by serum and mTORC1 pathway by amino acids, indicating that 

Sec3 functions diversely in different contexts (Ou, Torres et al. 2011). Further investigation 

would be required to determine how this exocyst sub-complex supports amino acid-induced 

mTORC1 activity. Nevertheless, it’s been shown that Sec5 sub-complex is required for 

STING and TBK1 targeting to perinuclear vesicles upon exposure to intracellular DNA 

(Ishikawa, Ma et al. 2009). It’s possible that exocyst sub-complexes may participate in the 

activation of mTORC1 by targeting mTORC1 complex to lysosomes, where mTORC1 is 

activated by amino acids.  

Autophagic receptor p62 is required for the activation of mTORC1 by amino acids, 

but not by insulin (Duran, Amanchy et al. 2011). Interaction among MAP3K3, MAP2K5, 

and p62 depends on PB1 domain and MAP2K5 is also a direct substrate of MAP3K3 (White 

2012). My data suggest that p62-interacting proteins MAP3K3 and MAP2K5 are also 

involved in amino acid-induced mTORC1 activation. It’s possible that MAP3K3 and 

MAP2K5 contribute to mTORC1 activity through p62. Furthermore, amino acid-mediated 

mTORC1 signaling is impaired when MAP2K5 is pharmacologically inhibited. However, 

MAP2K5 inhibitor has no effect toward insulin-stimulated mTORC1 activation, which 

phenocopies the results obtained from p62 deficient MEFs and suggests critical roles of p62 

and MAP2K5 in mTORC1 signaling by amino acids. (Duran, Amanchy et al. 2011) 
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(Unpublished data from Malia Potts, Michael White Lab). Thus, there are several important 

questions remain unanswered. For example, is p62 a substrate of MAP2K5 and MAP3K3 

upon amino acids exposure? Does p62 also recruit MAP2K5 and MAP3K3 to the lysosomes 

in the presence of amino acids? Do MAP2K5 and MAP3K3 modulate mTORC1 activity by 

phosphorylating and regulating mTORC1 key components or ULK1? Are enzymatic 

activities of MAP2K5 and MAP3K3 altered upon exposure to amino acids? It would be 

critical to answer these questions in order to understand how MAP2K5 and MAP3K3 

contribute to amino acids-mediated mTORC1 signaling. 

In conclusion, my observations reveal a novel group of TBK1 interacting proteins and 

substrates contributing to mTORC1 activation by amino acids (Figure 3.9).  

 

Figure  3.9. Amino acid sensing and regulation of mTORC1 
that relay extracellular cues to cytoplasmic signaling cascades.  Cell-type and 
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CHAPTER FOUR 
 
 

CONCLUDING REMARKS 
 

 

 Dissecting the molecular mechanisms underlying oncogene-driven cell 

transformation is key for personalized therapeutic intervention. I found that the innate 

immune response kinase TBK1 contributes to cancer cell survival by directly engaging AKT 

signaling. My data suggest that TBK1 is required for AKT activation in a context-dependent 

manner. I also showed that TBK1 directly phosphorylates AKT on both the activation loop 

Thr308 and the hydrophobic motif Ser473, which leads to the activation of AKT kinase 

activity and connects TBK1 to prosurvival signaling. Furthermore, I demonstrated that 

pharmacological perturbation of TBK1, by a novel class of chemical inhibitors, impairs 

oncogenic AKT activation and cancer cell survival. In conclusion, my findings suggest that 

AKT is an immediate effector of TBK1 and demonstrate that a non-canonical TBK1-AKT 

axis supports oncogenic transformation. In addition, I discover a novel set of proteins, 

including TBK1, IKKε, exocyst proteins, and MAP2K5/MAP3K3, supporting mTORC1 

activation by amino acids. By investigating the molecular mechanisms underlying oncogenic 

transformation, I hope my work contributes to prediction of clinical outcomes and provides 

novel therapeutic opportunities.  
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