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ABSTRACT OF THE DISSERTATION 

Characterizing the Mechanistic Target of Rapamycin Complex 2 Pathway in Glioblastoma 

Multiforme 

by 

Naphat Chantaravisoot  

Doctor of Philosophy in Microbiology, Immunology & Molecular Genetics 

University of California, Los Angeles, 2015 

Professor Fuyuhiko Tamanoi, Chair 

 

The Mechanistic Target of Rapamycin Complex 2 (mTORC2) has been involved in 

multiple cellular processes that drive normal cells to maintain metabolic activities, survive, 

develop and proliferate properly. In diseased cells, mTORC2 plays an important role as a key 

regulator in tumorigenesis, promoting cell growth, supporting their irregular or metastatic 

abilities. In this dissertation, I focus my attention on glioblastoma multiforme (GBM) which is 

one of the most highly metastatic cancers. GBM has been associated with a high level of the 

mechanistic target of rapamycin complex 2 (mTORC2) activity. We aimed to observe roles of 

mTORC2 in GBM cells especially on actin cytoskeleton reorganization, cell migration and 

invasion, and further determine new important players involved in the regulation of these cellular 

processes.  

My work has elucidated the functions of mTORC2 especially in the regulation of motility 

that glioblastoma cells use to support their highly migratory and invasive characters. Inhibition 
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of mTORC2 by PP242, an ATP-competitive mTOR kinase inhibitor, blocks cell proliferation, 

disrupts focal adhesion, and alleviates cell migration and invasion. In addition, the treatment of 

RICTOR siRNA knocks down mTORC2 activity and significantly alters actin distribution as 

revealed by phalloidin staining. To gain insight into molecular basis of the mTORC2 effects on 

cellular cytoskeletal rearrangement and locomotion, I further affinity purified mTORC2 from 

GBM cells and identified proteins of interest by mass spectrometry. Two major proteins that are 

associated with this mTORC2 multiprotein complex were identified as Filamin A (FLNA) and 

Myosin-9 (MYH9). Characterization of mTORC2 and its binding partners was performed to 

clarify their localization inside the cells under normal or inhibitory conditions. I performed the 

complex dissociation experiment to show that FLNA and MYH9 bind to RICTOR, not mTOR. 

Colocalization of FLNA with mTOR, RICTOR and MYH9 was observed suggesting that all of 

them are associated and physically located nearby.    

In addition, my work demonstrated that the overall amounts of FLNA protein as well as 

phosphorylated FLNA are high compared with other cells. This is later found to be due to 

hyperactivated mTORC2 in GBM. FLNA can be phosphorylated in vitro by purified mTORC2 

similarly to its known substrate, AKT. Upon treatments of RICTOR siRNA or PP242, 

phosphorylated FLNA levels at the regulatory residue (Ser2152) decrease. This treatment also 

damages colocalization of actin filaments and FLNA. Moreover, treatments with PP242 or 

RICTOR siRNA can alleviate phosphorylated MYH9 level at the regulatory residue (Ser1943). 

The significant alteration of the colocalization of actin filaments and MYH9 can also be 

observed. Altogether, the results support FLNA and MYH9 as downstream effectors of 

mTORC2 controlling GBM cell motility. These new mTORC2-FLNA and mTORC2-MYH9 

signaling pathways play important roles in motility and invasion of GBM cells.   
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Ultimately, the discovery of FLNA and MYH9 as novel substrates of mTORC2 will 

prominently expand the area of studies in both normal, and cancer cells including other disease-

causing cells especially the ones that are highly motile.  
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1.1 Preface 

Among the most deleterious and prevalent diseases, cancer has recently become a major 

cause of death. Currently, cancer therapy consists of surgery, radiation and chemotherapy. Each 

of these methods leads to various types of problems. For example, surgery as the most invasive 

method can provide a complete removal in some cases, but at the same time it can promote 

cancer recurrence whenever cancer cells are not completely removed. Radiation therapy mostly 

results in strong side effects. On the other hand, even though chemotherapeutics provide 

beneficial outputs, they give rise to a lot of side effects as well.  

  The limitations of current cancer therapy caused by drug resistance and cancer recurrence 

have been untangled and solved continuingly for over a decade. More promising results have 

been acquired in many cases but at the same time, we are facing new kinds of problems that 

cancer cells have also been developing new strategies to fight against inhibitors. Therefore, in 

order to develop a novel method for the next generation of cancer treatments, we have to 

understand the underlying mechanisms and basic knowledge of cancer biology since each type of 

cancer is specific and has its own complication in multiple signaling pathways. Moreover, apart 

from the medical advancement and development of new therapeutics, the understanding of the 

abnormalities specific to each cancer type has to be investigated in parallel. Although researchers 

pay a lot of attention to fully unravel the hidden paradox of as many disorders as possible, we 

still need to keep examining because the cells are evolving themselves as well to overcome the 

eradicating mechanisms by new generation targeted inhibitors.  

mTOR signaling pathway has attracted attention because of its pivotal role in protein 

synthesis, cell proliferation, and cell migration. Aberrant activities of versatile mTOR complexes 

are involved in multiple complications, causing cells to behave irregularly, and finally resulting 
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in diseases especially cancers. The significance of mTOR signaling to cancer has been well 

established that it is highly activated in a variety of cancers, and a number of activating mTOR 

mutations have also been found. Studies of mTOR signaling in various types of cancers are 

necessary for helping us to verify its unknown function and evaluate the effectiveness of the 

current treatments. Knowledge obtained from these studies should provide further insight into 

the significance of mTOR signaling as a main target in cancer therapy.  
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1.2 Introduction to the dissertation 

The Mechanistic Target of Rapamycin (mTOR) signaling pathway  

The mechanistic target of rapamycin (mTOR) is a serine-threonine protein kinase that 

belongs to the phosphoinositide-3-kinase-related kinase family 1. The gene has been 

evolutionarily conserved among species from yeast to mammalian organisms. Originally, TOR 

was discovered in yeast cells as a target of the compound with antiproliferative properties called 

rapamycin that is produced by bacteria 2. Later, a homolog of TOR, mTOR, was identified in 

mammalian cells 3. mTOR is associated with several proteins to form two structurally and 

functionally distinct complexes; mTORC1 and mTORC2. Both complexes share the catalytic 

mTOR, mammalian lethal with sec-13 protein 8 (mLST8, or GβL)4, DEP domain containing 

mTOR-interacting protein (DEPTOR) and the Tti1/Tel2 complex 5,6. In contrast to the shared 

components, regulatory-associated protein of mammalian target of rapamycin (RAPTOR) 7 and 

prolin-rich Akt substrate 40kDa (PRAS40) (Oshiro N, et al. 2007) are exclusive to mTORC1, 

whereas mTORC2 has rapamycin-insensitive companion of mTOR (RICTOR) 8, mammalian 

stress-activated map kinase-interacting protein 1 (mSIN1 or SIN1) 9 and protein observed with 

rictor 1 and 2 (PROTOR1/2) 10 as specific components. mTORC1 is acutely sensitive to 

rapamycin while mTORC2 is resistant to acute treatment but sensitive to chronic rapamycin 

treatment 11. mTORC1 is activated upon stimulation of growth factors, nutrients, and energy 

stages to play a central role in controlling protein, nucleotide, lipid synthesis, ribosome 

biogenesis, cell growth and proliferation 12,13.On the other hand, mTORC2 promotes cell 

survival, apoptosis, and actin cytoskeleton reorganization in response to growth factors. 

Activating signals upstream of mTORC1 from several inputs including growth factors, nutrients, 

hypoxia commonly regulate mTORC1 activity by inhibiting the TSC1/TSC2 complex of which 
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function is a GTPase-activating protein (GAP) of GTP-binding protein Rheb (Ras homologue 

enriched in brain). Moreover, signals from AKT, ERK1/2, GSK3, AMPK, HIF-1/REDD1 etc. 

can also activate mTORC1 through suppression of the TSC1/2 complex 14. In contrast, until now 

it is still unclear how and through what signaling pathways mTORC2 is regulated. Some relevant 

evidence includes the PI3K product, Phosphatidylinositol (3,4,5)-triphosphate (PIP3), which was 

reported to stimulate mTORC2 kinase activity directly 15 and GPCRs regulate mTORC2-

mediated chemotaxis in Dictyostelium discoideum through Ras signaling complex independently 

of PI3K 16. Figure 1.1 shows the canonical mTOR signaling pathway including major 

components of mTORC1 and mTORC2 and their known functions. 

Over thirty years after mTOR discovery, with plenty of in-depth researches, extensive 

studies in a variety of areas were performed. Both complexes dependently and independently 

participate in various physiological conditions ranging from general cellular mechanisms 

including growth, proliferation and survival to carcinogenesis, suggesting that that these two 

distinct multicomponent complexes are very important and challenging for scientists to unravel 

them. 17. Malfunctioning mTOR and its signaling pathway occur in human diseases, including 

metabolic diseases (i.e. diabetes, and obesity), neurodegenerative disorders (i.e. Alzheimer’s, 

Parkinson’s, and cognitive defects), inflammatory diseases, and cancers 18.  

 

mTOR Complex 2 and its functions 

The mTOR complex 2 (mTORC2) consists of the four main components which are 

mTOR, RICTOR, SIN1 and mLST8 (GβL), and including other closely associated proteins such 

as PROTOR1/2, DEPTOR, TTI1 and TEL2 11. The complex is insensitive to nutrients like amino 

acids but stimulated by growth factors such as insulin and EGF that bind to their receptors 19,20. 
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Although the complex was originally claimed as rapamycin resistant, later on inhibition of 

mTORC2 activity in some cell lines by prolonged rapamycin treatment were reported in vitro 

and in vivo 21. mTORC2 regulates several kinases of AGC family including AKT, serum and 

glucocorticoid-induced protein kinase 1 (SGK1), and protein kinase C alpha (PKCα) by direct 

phosphorylation at their hydrophobic motifs 22. Among all downstream targets, AKT and its 

signaling pathway is the most characterized target of mTORC2. After stimulation, the complex is 

critical for AKT activation resulting in the phosphorylation of AKT residue Ser473 23. Activated 

AKT further signals downstream to contribute to events such as cell survival, apoptosis, lipid and 

glucose metabolisms, and via mTORC1 to promote cell proliferation, and protein synthesis 12,13. 

Defective AKT is implicated in the pathogenesis of diseases especially cancer 23,24. On the other 

hand, mTORC2 has also been shown to control actin cytoskeleton reorganization independent of 

AKT 8,25. Together with other related downstream effectors like Rho GTPase, Rac1, and Cdc42, 

mTORC2 has been shown to regulate cell shape, migration by affecting actin cytoskeleton 

reorganization 8,14,26. Though mTORC2-AKT cascade has been more deeply studied, 

mechanisms that mTORC2 use to regulate the PKCs which control morphology and motility of 

cells are incompletely characterized. 

 

mTORC2 and actin cytoskeleton reorganization 

Actin cytoskeleton reorganization is one of the most important and processes involved in 

almost all cellular activities. Although the mechanisms have not been completely known, one 

player that has been broadly studied is the PKC protein family. In budding and fission yeast, 

TORC2 is critical for cell polarity and regulation of actin cytoskeleton 26. Consistent with results 

from yeast, mTORC2 was shown to affect actin polymerization based on results of RICTOR 
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knockdown or knockout 14.  One mechanism is by phosphorylating the hydrophobic motif of 

SGK1 and several isoforms of PKCs 27–29 that are important for transcription regulation, actin 

cytoskeleton reorganization 30. Moreover, mTORC2-mediating actin polymerization is required 

for the regulation of both long-term memory formation and long-term synaptic plasticity in mice 

31. Depletion of mTOR or RICTOR but not RAPTOR was recently demonstrated to impair 

migration, invasion, and stress fiber formation of highly migratory Tsc2-/- mouse embryonic 

fibroblast cells 32. However, mechanisms that mTORC2 use to regulate morphology and motility 

of cells are still poorly understood. 

 

mTORC2 regulates cell migration 

According to multiple investigations from yeast to mammals that mTORC2 plays an 

important role in cell shape control, microfilament formation, actin cytoskeleton reorganization 

through PKCα-mediated activation of small G-proteins, mTORC2 has been speculated to be one 

of the regulators of cell migration 14. In addition to studies on mTORC2 function in regulating 

actin cytoskeleton rearrangement and cell migration of several cell lines; NIH3T3, glioma cell 

lines, and Hela cells 25,27,33, Liu et al. also reported the role of mTORC2 during neutrophil 

chemotaxis and its effect on actin and myosin networking. All results have reinforced researchers 

to further determine functions of mTORC2 in defective cells with acquired invasive and highly 

migratory properties 34.   

  Although rearrangement of actin has been identified under mTORC2 signaling pathway 

as a final output through PKC kinases activation 35–37, there are several other proteins 

participating in cytoskeletal network activities responsible for cell motility, focal adhesion and 

cancer invasion. However, none of them have been reported to be related to mTORC2. This 
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raises a new hypothesis that mTORC2 might be involved in the regulation of other actin 

cytoskeleton associated proteins in addition to PKCs.  

 

mTORC2 in cancer 

  Cancers arise from genetic and epigenetic alterations leading to overgrowing cells that 

can escape control mechanisms responsible for the promotion of normal functions in cells 38. The 

importance of mTOR pathway in pathogenesis of various types of cancers has been investigated 

for more than a decade. Oncogenic activation of mTOR signaling promotes cancer cell growth, 

survival, proliferation, cell-cycle progression, angiogenesis, and metastasis through several 

abnormal events such as loss of tumor suppressor genes, mutations in genes upstream of mTOR 

complexes. Protein synthesis is a central role in tumor formation that is affected. Deregulation of 

AKT signaling can also lead to activated mRNA translation of specific pro-oncogenic and 

oncogenic proteins 39. Inhibition of mTORC2 and depletion of RICTOR were shown to diminish 

cancer cell growth, proliferation, and/or invasiveness in several types of highly metastatic 

cancers such as glioblastoma multiforme (GBM), many subtypes of breast cancer, myeloma, 

renal cell carcinoma, clear cell carcinoma of the ovary 40, hepatocellular carcinoma (HCC) 41,42, 

T-cell and B-cell leukemia 43, non-small cell lung cancer (NSCLC) 44. 

Recently, increasing number of studies have provided evidence that mTORC2 initiates 

metabolic reprogramming, so-called a hallmark of cancer, that can provide energy and 

macromolecules to highly stimulate cancer growth, metabolism, and drug resistance 20. mTORC2 

regulates Warburg effect in glioblastoma multiforme by upregulating c-Myc transcription and 

protein levels via acetylation of FoxO 30. On the other hand, mTORC2 activation is also essential 

downstream of WNT-induced osteoblast differentiation 45. The outcome of these studies provides 
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a valuable clue to understand the mechanisms of action for the development of cancer 

therapeutics. Overall results imply that mTORC2 can become a new focus or a novel target for 

drug discovery in the future 20.  

 
Glioblastoma multiforme (GBM)  

  Glioblastoma multiforme (GBM) is classified as a grade IV type for malignant gliomas 

according to the World Health Organization (WHO) system 46. It is one of the most lethal tumors 

based on survival and recurrence rates after diagnosis and resistant to both chemo- and 

radiotherapeutics. In the past, most cases after initial treatments of GBM such as surgery, radio- 

and chemotherapy are occasionally followed by recurring tumors which eventually progress to 

death 47. Diagnostic symptoms of patients with glioma generally include headaches; nausea or 

vomiting; altered speech, vision, balance, or hearing; changes in mood and personality; seizures; 

and memory loss.  According to histological classification, grade IV gliomas or GBMs are 

characterized by nuclear atypia, angiogenesis, necrosis, mitotic figures, and abnormal increase in 

the cell numbers 48. GBM tumors can be divided into primary and secondary tumors depending 

on whether they preexisted as lower grade gliomas prior to the diagnosis of this grade IV tumor 

type. The main genetic alterations are, for example; 1) EGFR mutations or overexpression, 2) 

deletion of PTEN (chromosome 10q loss of heterozygosity (LOH)), 3) hypermethylation of the 

DNA-repair enzyme MGMT gene (encoding for O-6-methylguanine-DNA methyltransferase) 

48,49 

  More recently, researchers have been trying to identify molecular classifiers such as 

molecular markers or molecular abnormalities to determine subtypes of high-grade gliomas. The 

classifications have been developed in order to improve the approaches for targeted therapy to 

overcome the problems of low median survivals, drug resistance, and recurrence 49. Moreover, 
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personalized medicine has become a new area of study. It might be a good match for GBM 

according to the cancer’s heterogeneity characteristics or other diseases with wide varieties of 

genetic alterations.  

The epidermal growth factor receptor (EGFR) is one of the key contributors that 

contribute to cancer hallmarks in GBM 50. EGF receptor amplification, overexpression and 

activating mutations are commonly observed in GBM patients and the EGFR variant III 

(EGFRvIII) is the most common type of mutation conferring constitutive signals to many 

pathways downstream, mainly PI3K-AKT-mTOR, and MAPK 51–55.  

To understand the uncontrollable and complicated systems underlying biology of 

glioblastoma, making it the strongest and most metastatic kind of brain cancers and contributing 

to resistance against most types of treatments, is necessary for developing new targeting 

strategies. Furthermore, linkage between PI3K/mTOR and MEK/ERK pathways was reported to 

be involved in maintaining self-renewal ability of glioblastoma stem-like cells 56 highlighting the 

importance of both major cascades supporting growth and survival of brain cancer cells. 

 

mTORC2 and GBM 

In brain cells, mTORC2 has been implicated as one of the main regulators. Abnormality 

of mTORC2 signaling pathway is linked to malignant glioma and has been broadly studied 57–60. 

Several mutations, ablations, deregulated signaling pathways including mTORC2 are found to be 

key characteristics of malignant glioma 29. Also, mTORC2 is believed to maintain neuron 

morphology and synapse function which is lacking or deregulated in brain diseases 61. 

Furthermore, hyperactivated mTORC2 with RICTOR overexpression was evidenced in various 

types of brain cancers. Masri et al. 62 showed that elevated mTORC2 activity promotes 
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tumorigenesis, tumor growth and proliferation. Levels of RICTOR protein and mTORC2 activity 

can be related to specific stages of cancer invasiveness 33,62. The mTORC2 has been linked to 

metabolic reprogramming in GBM including glycolytic metabolism, glutaminolysis, lipogenesis, 

and nucleotide and ROS metabolism 30. These activations of several pathways by mTORC2 are 

believed to cause resistance to signaling inhibitors 20. Recently, TORC2 in yeast and mTORC2 

have also been reported to be new important players in DNA damage control and genome 

stability. These processes are essential for survival of cancer cells during stress-mediated DNA 

damage and also for cancer development 63–66. mTORC2 has emerged as a key regulator in 

GBM. Since its pivotal roles in metabolic reprogramming, drug resistance 20,67, and also a 

remarkable known role in controlling growth and proliferation 68 have been investigated and 

strongly established, mTORC2 has become another novel drug target for cancer therapy 

especially for GBM. Inhibiting mTORC2 is now becoming more interesting and valuable 30. 

 

mTOR inhibitors : Development and drug resistance  

Since the mTOR signaling pathway is activated in most types of cancers, it has been a 

focus of anticancer therapeutics and drug discovery research. A variety of mTOR inhibitors have 

been developed and they have been examined extensively to prove the idea that mTOR 

complexes inhibition is necessary to suppress tumor formation 69.  

At the beginning, TOR protein kinase was named after the antifungal compound secreted 

by Streptomyces hygroscopicus called “rapamycin” that was identified in 1975. Because of the 

fact that the compound targets this protein in yeast, it has then been called “target of rapamycin” 

41, followed by the discovery of its homolog in mammalian cell, mTOR 3. Later on, rapamycin 

became popular and widely used as an immunosuppressant and as a drug in cancer therapy 
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because it can inhibit growth, proliferation and sometimes angiogenesis of the tumors via 

inhibition of mTOR signaling pathway. The mechanism of inhibition was investigated and 

revealed that rapamycin binds to its associated protein called FKBP12 (FK506 binding protein), 

and then together binds to FRB domain located next to the kinase domain 41,3,70,71. 

 Rapamycin (sirolimus) showed promising outcome in the treatment of endometrial 

cancers and mantle cell lymphoma by inhibiting tumor cell proliferation. Therefore, analogs of 

rapamycin were developed and became FDA-approved 71. However, results from rapalogs 

treatments were not always satisfying and unpredictable. To determine rapamycin sensitivity had 

been a critical problem for a long time until Grabiner et al reported the identification of 

mutations in c-terminal region of mTOR kinase for predicting rapamycin sensitivity 72. 

Rapamycin resistance caused by negative feedback mechanism downstream of mTORC1 leads 

to activation of PI3K-AKT signaling which is involved with mTORC2 activity. This had been 

claimed as a major cause of unsuccessful consequences 73,74. Instead of inhibiting mTORC2, 

rapamycin further enhanced phosphorylation of AKT that is a downstream effector of mTORC2. 

As a result, cancers with hyperactivated mTORC2 would not be affected by rapalogs or could be 

recurring afterwards such as GBM 75.  

Consequently, the second generation of mTOR inhibitors was developed. They are ATP-

competitive inhibitors that target the catalytic site of mTOR kinase (Figure 1.2). PP242, a 

pyrazolopyrimidine, is among the earliest mTOR kinase inhibitors (TORKinibs) being 

developed. Aspel et al. published the discovery of this dual inhibitor in 2008 with the in vitro 

IC50 against mTOR equals to 8 nm and excellent selectivity. As expected, PP242 can effectively 

shut down phosphorylation of all targets of mTORC1, including the rapamycin-insensitive 

residues of 4E-BP1 (T37/46), and mTORC2 76,77. There are multiple other TORKinibs being 
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developed and broadly studied as well as PP242. They are OSI-027, MLN0128 (INK128), a serie 

of inhibitors with morpholino-pyrazolopyrimidine core from Wyeth (WAY-600, WYE-687, 

WYE-354), Ku-0063794, AZD8055 & AZD2014, and Torin 1 & Torin 2 78,79. Newer drugs 

usually came out with improved quality such as higher potency or better specificity. All of the 

drugs mentioned above have been reported to have antitumor activities, induce suppression of 

tumor growth or increase cell death in vivo using several types of xenografts in various cancer 

models 80–84. However, currently only a few TORKinibs have progressed through preclinical 

stages to phase I clinical trials; MLN0128, OSI-027, AZD8055, and AZD2014. Finally, only 

AZD8055 has advanced to the latest stage. It was tested in patients with advanced solid tumors, 

and lymphoma. The best results observed were patients with stable disease even though p-AKT 

and p4E-BP1 levels were still decreased 85,86. 

 

mTOR inhibitors and therapy resistance in cancer 

 Signaling through PI3K/AKT/mTOR pathway is a major regulator contributing to 

tumorigenesis and promoting tumor growth, proliferation, motility, survival and metabolism. It 

drives resistance to various anti-cancer treatments 87. Defining resistance mechanisms limiting 

the efficacy of small molecule inhibitors are important for development of next generation of 

inhibitors. The understanding of responsible mechanisms can also help determine whether 

combination therapy strategies will give successful outcome.   

 In spite of significant advances in molecular targeted therapies, traditional chemotherapy 

drugs remain one of the components of treatment regimens to treat most types of cancer. mTOR 

is one major contributor to the resistance to chemotherapy with activation of the pathways which 

are associated with reduced sensitivity to chemotherapy drug 87. Moreover, in cancers with 
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overexpression or mutational activation of RTKs such as GBM with constitutively activated 

EGFR signaling, mTOR is playing a central role through AKT-SREBP1 pathway in resistance to 

inhibitors targeting EGFR 88. Oncogenic EGFR in GBM also activates mTORC2-NF-κB 

pathway stimulating chemotherapy resistance 67. On the other hand, mTORC2 was reported to be 

responsible for cisplatin-resistant ovarian cancer cells through AKT activation and stabilization 

89.  

 More recently, Grabiner et al. identified 33 MTOR mutations leading to pathway 

hyperactivation from tumor genome sequencing data. These mutations are clustering in six 

locations in the c-terminal half of mTOR. They can be found in multiple types of cancer but 

more prominent in kidney cancer 72. The assembly of the complex is not affected by these 

mutations but decrease binding capacity to DEPTOR. This idea of using hyperactivating mTOR 

mutations as biomarkers can be incorporated into future studies to evaluate the success rate or 

sensitivity to mTOR ATP-competitive inhibitors. Investigation whether mutation closer to the 

kinase domain might change the conformation of the components of the complexes (mTORC1 

and mTORC2) is necessary for drug development. In addition, prediction of drug resistance or 

recurrence of cancer might also be possible in the future.  
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1.3 Dissertation 

 In my dissertation I describe four associated parts of the project that help us further 

understand mTORC2 functions and their underlying mechanisms. The project aims to investigate 

how important mTORC2 is in glioblastoma multiforme (GBM) cell lines focusing on its role in 

actin cytoskeleton reorganization. First of all, I start out with the general observation on effects 

of mTOR inhibition in different cell lines and then narrowed down to GBM because it has highly 

resistant, high mTORC2 activity and invasive characteristics. Next, I examine various types of 

inhibitors and evaluated the efficiency of those drugs on GBM’s cell proliferation. Later, I 

choose to use PP242 as the main inhibitor of the dissertation and defined its effects on mTORC2 

inhibition which result in defective phosphorylation events among downstream effectors of 

mTOR signaling pathway, lessen cell proliferation, migration impairment and diminished 

invasive property. In addition, I also observe negative feedback to MAPK pathway occurring 

when mTORC2 is inhibited. This might help partially explain why GBM is resistant to potent 

inhibitors and might be a take-home message for the development of combination therapy in the 

future. The results of this part are presented in CHAPTER II along with the literature review, 

methods used, and the discussion of how impact mTORC2 and mTOR inhibition is in GBM.  

Secondly, I am interested in characterizing the mTORC2 pathway since it has been 

poorly clarified especially towards the axis of actin cytoskeletal networking regulation. 

Therefore, I attempted to isolate mTORC2 complexes from GBM cells and also tried to 

generalize the findings with the use of non-cancerous cells (HEK293T). Purified mTORC2 

components are identified and that led to the discovery of new mTORC2 associated proteins. I 

also address a hypothesis that the new binding proteins found with the complex; Filamin A 

(FLNA) and Myosin-9 (MYH9) might be involved with mTORC2-related roles in migration and 
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invasion of GBM. Furthermore, I show the evidence of colocalization of mTORC2, FLNA and 

MYH9 around the cell membrane to confirm that these newly identified proteins are related to 

mTORC2 specifically. Furthermore, I also characterize the complex and determine that the new 

binding proteins interact with RICTOR. I present the results of this part in CHAPTER III along 

with the literature review, methods used, and the discussion of how important the identification 

of new mTORC2 associated partners are.   

Thirdly, I decide to further characterize functions of mTORC2-bound proteins beyond the 

preliminary characterization described in CHAPTER III. Next, I define the relationship between 

mTORC2 and FLNA. In GBM, not only mTORC2 activity is elevated, as detected by the level 

of endogenous pAKT, but the amount of pFLNA is significantly high compared to its level in 

non-cancerous cells (HEK293T). It turns out that FLNA acts as another downstream effector of 

mTORC2. The kinase assay is performed to prove that mTORC2 can phosphorylate FLNA at the 

residue Ser2152. Multiple other experiments are carried out, including the use of RICTOR 

siRNA and mTOR inhibitor PP242 to show that they can decrease phosphorylated FLNA level. 

Moreover, I show how PP242 and RICTOR siRNA affect FLNA phosphorylation inside the 

cells. As a result, actin cytoskeleton is damaged and actin-FLNA linkage, known to structure the 

cells into defined cell shapes, cell sizes and promote cell motility during development and 

cellular activities, is disrupted. I present the results of this part are presented in CHAPTER IV 

along with the literature review, methods used, and the discussion of how the new mTORC2-

FLNA signaling and FLNA overexpression may contribute to acquired aggressive characteristics 

in GBM.  

Lastly, I continue to investigate the relationship between another protein, MYH9, and 

mTORC2 whether it is also acting as a downstream effector of mTORC2. Phosphorylation of 
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MYH9 at three important regulatory residues on the c-terminal tail end; Ser1803, Ser1916, and 

Ser1943 contributes to filament assembly control that promotes cancer cell migration. Hence, I 

carry out the experiments to determine whether the inhibition of mTORC2 can alleviate MYH9 

phosphorylation events in GBM. The outcome suggests that mTORC2 is responsible for MYH9 

phosphorylation at residue Ser1943 but not Ser1803 and Ser1916. And further elucidate that the 

mTORC2-mediated phosphorylation events of both FLNA and MYH9 occur independently of 

PKCα, another general substrate of mTORC2. Inhibition by PP242 causes MYH9 to turn into a 

10S assembly-incompetent form according to the results from immunofluorescence labeling. 

Colocalization of MYH9 and actin is impaired. The results of this last part are presented in 

CHAPTER V along with the literature review, methods used and the discussion of how to 

expand the understanding of mTORC2-FLNA and mTORC2-MYH9 in GBM that might be 

useful for the explanation of similar events in other types of cancer. My proposed findings in this 

dissertation are included into the schematic picture shown in Figure 1.3.  
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1.4 Specific aims of the dissertation 

1. To investigate the significance of mTORC2 in GBM.  

 To achieve this piece of information, in CHAPTER II of this dissertation, the treatments 

of PP242, an ATP-competitive inhibitor of mTOR, and RICTOR siRNA to knock down 

mTORC2 activity are described. The results are compared with other inhibitors against different 

target proteins to show how critical mTORC2 is in cell proliferation of GBM. I demonstrate that 

mTORC2 inhibition affects cell proliferation, activation of downstream targets, actin 

cytoskeleton and focal adhesions of GBM cells. Moreover, migratory and invasive properties of 

GBM cells are significantly interfered.  

 

2. To identify new mTORC2 associated proteins.  

 In CHAPTER III of this dissertation, I explain the objectives of this aim which are to 

purify mTORC2 from GBM cells by affinity purification using FLAG-magnetic beads, and to 

characterize the proteins of interest. Proteins that are larger than RICTOR size on SDS-gel 

electrophoresis are identified by mass spectrometry. I provide the evidence of the identification 

of two new mTORC2 binding partners; FLNA and MYH9. These two novel components are 

interacting with RICTOR, not mTOR. Finally, I show that RICTOR, mTOR, FLNA and MYH9 

all localize in the same area around the plasma membrane. I demonstrate the conclusive evidence 

that FLNA and MYH9 only colocalize with mTORC2, but not mTORC1.  

 

3. To examine roles of FLNA in relation to mTORC2-mediated cell migration and 

invasion in GBM.  
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 Since I observe that overall amounts of FLNA protein and phosphorylated FLNA, as well 

as phosphorylated AKT are high in GBM compared to HEK293T both in whole cell lysate and 

isolated complexes, I decide to investigate whether mTORC2 activity is a cause of highly 

activated FLNA in GBM in CHAPTER IV of this dissertation. I suspect that FLNA might 

potentially become another mTORC2 downstream target functioning in actin cytoskeleton 

rearrangement of GBM apart from PKCs. Results from in vitro kinase assays support this idea 

that mTORC2 can phosphorylate FLNA likewise its known substrate, AKT. My hypothesis is 

true in both GBM and HEK293T cells. In addition, upon treatments of RICTOR siRNA or 

PP242, phosphorylated FLNA levels at its regulatory residue (Ser2152) decrease. The treatments 

also disrupt colocalization of actin filaments and FLNA and promote nuclear localization of 

FLNA. Overall results from this part support FLNA as a new downstream effector of mTORC2 

controlling GBM cell motility.  

 

4. To examine roles of MYH9 in relation to mTORC2-mediated cell migration and 

invasion in GBM. 

 In CHAPTER V of this dissertation, I continue to examine whether MYH9 is also a 

downstream substrate of mTORC2 and to observe effects of mTORC2 inhibition on 

phosphorylation of MYH9 and its localization. I show that PP242 treatment depletes the level of 

pMYH9 at the specific residue Ser1943 in the c-terminal tail region while other regulatory 

residues (Ser1803 and Ser1916) are not affected. Finally, I also demonstrate that mTORC2 

inhibition promotes the presence of inactive MYH9 conformer (assembly-incompetent form).     
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1.5 Figures 

 

Figure 1.1  The mTOR Signaling Pathway. This figure is reprinted with permission from 

Hardt et al. 90 Copyright (2011) Blackwell Publishing Ltd. 
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Figure 1.2 Rapamycin, Rapalogs, and ATP-competitive mTOR kinase inhibitors 

(TORKinibs). Two types of mTOR inhibitors; rapamycin and rapalogs that bind FKBP12 then 

interact with FRB domain of mTOR, and ATP-competitive inhibitors binding directly to mTOR 

kinase domain.  
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Figure 1.3 Scheme showing mTORC2 and its downstream targets (including newly 

identified proteins; FLNA and MYH9). mTORC2 and the downstream effectors including 

PKCs, FLNA, and MYH9 are involved in cell migration and invasion.  
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CHAPTER II 

 

SIGNIFICANCE OF MTORC2 IN GLIOBLASTOMA MULTIFORME CELLS 
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2.1 Introduction 

Inhibition of mTORC1 and mTORC2 in cancers 

The idea of targeting mTOR signaling pathway in cancer cells was established when the 

critical functions of mTOR complexes and the concept of mTOR signaling as a central regulator 

of cells have emerged 59. Moreover, mTOR and its signaling pathway are found mutated or 

irregularly functioning in diseased cells especially in cancers. According to the fact that mTOR 

has remarkable functions in the forms of mTORC1 and mTORC2, responsible for several 

cellular processes that are growth, proliferation, survival, protein synthesis, ribosome biogenesis, 

nucleic acid synthesis, stimulation of metabolic pathways (i.e. glycolysis, pentose phosphate 

pathway, and de novo lipid synthesis) metabolic reprogramming, actin cytoskeleton 

reorganization, cell motility, genomic stability 18,38,65,91,92, there is no doubt that mTOR 

complexes are among the most important protein complexes in the cells. Therefore, 

abnormalities occurring within the pathway such as hyperactivation in addition to activating 

mutations are observed in cancers and can initiate cancer formation or tumorigenesis 90,93. 

GBM accounts for the highest proportion of primary malignant brain tumors occurring in 

adults. In the past, most cases after initial treatments of GBM such as surgery, radio- and 

chemotherapy are occasionally followed by recurring tumors which eventually progress to death 

46,47. Since mTOR signaling pathway is important for cell growth and proliferation, and 

inhibition of mTOR contribute to successful results in treating other cancers 94, rapamycin has 

been tested in malignant glioma cell lines for the first time over a decade ago. Promising effects 

to sensitize cancer cells to fractionated radiation therapy were presented 95. 

Later on, studies of rapamycin and rapalogs administration to patients with GBM in 

clinical trials have been performed 96,97. The study of phase I trial of rapamycin treatment for 
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patients with recurrent PTEN-deficient GBM reported that rapamycin has anticancer activity 98. 

But at the same time, dramatic resistance to various targeted drugs and recurrence of cancer have 

also been reported 99–101. Later on, the mechanisms of escape from mTOR inhibition were 

suggested after the unsuccessful results from many phase I and II clinical trials had been 

obtained 51.  

Simultaneously, combination therapy has come into the focus of researchers because it 

might help block other alternative pathways that the cancer can use them to support its growth 

and survival. Wang et al. investigated the effects of combination therapy between EGFR and 

mTOR inhibitors n GBM cell lines and demonstrated enhancement compared to the 

monotherapy. Their studies provided strong rationale for the therapy in GBM patients 102. At the 

same time, another pilot study of combination therapy of EGFR and mTOR inhibitors (gefitinib 

or erlotinib and sirolimus, respectively) in recurrent malignant glioma patients was performed. 

Though receiving relatively positive results, the treatment did not exhibit potent effects in 

clearing cancer but helped maintain the status of the patients 103. In addition, combined anti-

hepatocyte growth factor (HGF)/c-Met and mTOR inhibition was examined preclinically and 

claimed to be promising in clinical trial step 104.   

While rapamycin and its analogs allosterically inhibit mTORC1, they show limited 

efficiency against mTORC2. Although prolonged rapamycin treatment can inhibit mTORC2 

activity in some cell lines 21, in GBM cells, rapamycin strongly inhibits mTORC1 in the 

nanomolar range but mTORC2 still exhibits insensitivity even at high dosage of drug 105. 

Because mTORC2 is resistant to acute treatment of rapamycin, this information has revealed the 

cause of resistance of many types of cancers to rapamycin and rapalogs. 
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mTORC2 as a major regulator of GBM cells 

After mTORC2 has emerged as a new player in human cancer 59, mTORC2 has also been 

implicated as a major regulator driving brain cells. It is involved in controlling essential cellular 

processes in both neuronal and non-neuronal cells. On the one hand, ablation of RICTOR 

exhibits morphological deficits, affects survival of neuronal cells both in culture and in 

transgenic mice, and disturbs PKCs activation resulting in defects in actin cytoskeleton 

regulation 29,61. On the other hand, brain cancer is associated with dysregulated mTORC2-related 

signaling pathways and depends much on them as well. It was investigated that overexpressing 

RICTOR causing hyperactivated mTORC2 was evidenced in various types of gliomas, and 

RICTOR protein level is relative to aggressiveness of the tumors 62.  

 

New generation of inhibitors and new approaches to target GBM 

As the new generation of mTOR kinase inhibitors has been identified, characterized and 

developed, more effective results were demonstrated. In addition, PI3K/mTOR dual inhibitor is 

another class of inhibitors that also performs more potently than the conventional drugs. Several 

groups reported outputs of treatments of TORKinibs in GBM. The newer generation of drugs has 

provided more effective results because they can inhibit both mTOR complexes specifically, not 

allosterically 79,106–108. Gini et al reported the efficacy of newly identified ATP-competitive 

mTOR kinase inhibitors, CC214-1 and CC214-2, in vitro and in vivo respectively. Both drugs 

gave promising results by enhancing cell death and blocking the growth of GBM expressing 

EGFRvIII in vitro and in vivo. They also identified the determinants of response (EGFRvIII and 

PTEN loss) and mechanism of resistance that is autophagy with elevated level of LC3B-II and 

p62 68. In GBM stem-like cells (GSCs), effects of AZD2014 were examined. The drug was 
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shown to inhibit both mTORC1/2 activities and enhance the radiosensitivity of GSCs 109.  The 

most recent metabolomics studies by Tanaka et al. in GBM cells expressing EGFRvIII define 

glutaminase (GLS) and glutamate in glutamine metabolism as key regulators in promoting 

mTOR inhibitor resistance resulting in cell survival in an α-ketoglutarate-dependent manner. 

Combination of mTOR and GLS inhibition promotes synergistic tumor cell death in vitro and in 

vivo 110. More studies will be performed in the future to confirm the long-term effectiveness of 

this strategy. 

However, up until now, there is still no conclusive answer for the question “What is the 

best approach to clear and cure GBM?” Therefore, attempts from many research groups to 

deconvolute the complicated signaling networks in GBM and create efficacious targeted 

therapeutic strategies to rule out this specific cancer are still continuingly ongoing. The latest 

metabolomics report highlights the importance of glutamine metabolism in drug-resisting GBM 

cells. This might be the solution to unwind the long-lasting problems about drug resistance in 

GBM patients. Nonetheless, according to the fact that resistance mechanisms of cancer cells 

including GBM against mTOR inhibitors have been characterized for several years and found 

involved with many signaling pathways, there are possibilities that cancer cells especially GBM 

have multiple mechanisms to bypass effects of inhibitors.    

 

Negative Feedback regulation from mTOR inhibition in GBM and other cancers 

  It has been relatively well known that mTOR inhibition causes negative feedback 

activation to AKT via phosphorylation of residue Thr308, ERK1/2 via phosphorylation at 

Thr202/Tyr204, and eIF4E survival signaling pathway observed with rapamycin, rapalogs or 

other TORKinibs. Rapalog therapy generates the feedback signal to AKT activation more 
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strongly than TORKinibs while feedback to ERK from TORKinibs is rigorous and becomes a 

cause of resistance 79.  

More specifically, PP242 was demonstrated to induce ERK activation in multiple 

myeloma cells via mTORC1/ 4EBP1/ eukaryotic translation initiation factor 4E (elF-4E)/ RAF 

pathway. This activation was claimed to be a mechanism of resistance. Moreover, MEK 

inhibitors could prevent PP242-mediated ERK activation and combination of PP242 to MEK 

inhibitors provided more effective results 111. Another study showed PP242-mediated increase in 

pMAPK levels in some breast cancer cell lines that have wild type PIK3CA. Combination 

between PP242 and MEK inhibitor (U0126) can elicit the inhibitory effects on these cancer cell 

growth in vitro and in vivo 112. Similarly, rapamycin and several TORKinibs (Ku-0063794, NVP-

BEZ235, PP242, and WYE-354) were shown to activate MAPK pathway in endothelial cells 

through mTORC1. The results were confirmed by showing that RAPTOR siRNA but not 

RICTOR siRNA provided similar results. When combined with U0126, the treatment reduced 

cell survival, proliferation, migration, and tube formation more significantly than a single-drug 

therapy 113.  

In contrary to studies from other cancer cell lines, although there were reports of 

feedback activation after the treatments of rapamycin and TORKinibs (PP242 and NVP-

BEZ235) to GBM cells and GBM stem-like cells (GSCs) but the mechanisms characterized were 

different from the known mTORC1/4E-BP1/eIF4E/RAF linkage. One of the first studies that 

focused on the crosstalk between mTOR and MAPK pathways in GBM was from Albert et al. 

They reported that rapamycin treated LN18 cells can induce phosphorylation of ERK and MEK. 

They suspected that mTORC1 inhibition might be responsible for the feedback signal 114. 

Another group published a study of the p70S6K-mediated cross-inhibitory regulation found after 
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the dual inhibition of PI3K/mTOR that elevated pERK levels in GSC line and patient-derived 

cancer stem-like cells (CSLCs) 56. In contrast, RICTOR depletion in LN18, LN229 and GBM 

primary cells led to MEK/ERK activation elevating the level of MMP-1 which is important for 

cancer cell invasion 115. Most recently, mTORC2 inhibition was demonstrated to activate p38 

MAPK via DUSP10/MKP5 in U87 cells 116.            

All in all, the existence of at least one crosstalk between PI3K/mTOR and MAPK 

pathways has been confirmed but results are still inconclusive. It is possible that there are more 

than two complicated linkages between mTORC1 and mTORC2 to various levels of signaling 

cascades causing heterogeneous results. High variability in patterns of signaling pathways is also 

observed. This might be one reasons why GBM has become much more resistant to most types 

of treatments, even the potent targeted inhibitors compared to other types of cancers.   

In this chapter, to gain further insight into the function of mTORC2, I first examine 

effects of inhibiting mTORC2 by using the mTOR kinase inhibitor PP242. This reveals alteration 

of cellular cytoskeleton as well as focal adhesion and inhibition of motility and invasion. 
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2.2 Results 

mTOR inhibitor PP242 inhibits mTORC2 activity  

 Three types of cell lines were examined in this experiment: Tsc2-/- mouse embryonic 

fibroblasts (MEF), breast cancer cell line (MCF7), and glioblastoma multiforme cell line 

(U87vIII). Tsc2-/- MEF is a model of diseases such as tuberous sclerosis complex (TSC), and 

lymphangioleiomyomatosis (LAM) with constitutively activated mTORC1 signaling pathway. 

MCF7 was shown to be responsive to treatments of either rapalogs or the small molecule kinase 

inhibitors 117. For GBM, I have chosen two U87-derived cell lines expressing normal EGF 

receptors (U87control – U87C) and EGFR mutant variant III (U87vIII). The latter cell line is 

believed to be a good model for GBM that expresses the most common mutated form of EGFR 

and representing constitutive signaling pathways downstream of EGFR including mTORC2. I 

treated three cell lines: Tsc2-/- MEF, MCF7, and U87vIII with rapamycin, a conventional 

inhibitor for mTOR, and PP242, an ATP-competitive mTOR kinase inhibitor. Treatment of these 

cells with PP242 causes significant decrease of mTORC2 and mTORC1 activities, as detected by 

the phosphorylation of AKT at Ser473 and S6 at Ser235/236, respectively (Figure 2.1A). In 

contrast, mTORC2 is relatively insensitive to rapamycin. These results were further confirmed 

using starvation condition. Under starvation, U87vIII cells have constitutively active mTOR 

pathway which can be fully enhanced upon nutrients and amino acids stimulation. The highly 

phosphorylated downstream effectors of both mTOR complexes were eliminated after a 3-hr 

treatment of PP242 (Figure 2.1B). The levels of total AKT and S6 remain the same.  

Next, I investigated the effects of rapamycin and PP242 on cell proliferation of three 

types of cells. As expected, proliferation of Tsc2-/- MEF that has highly activated mTORC1 can 

be inhibited by rapamycin and more efficiently by PP242 (Figure 2.2A,B). Rapamycin and 
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PP242 treatments are less effective in killing MCF7 cells compared to MEF but the significant 

decline in cell numbers is still observed at long time points and higher concentrations. 

Rapamycin could kill the maximum of 20% of cells after 72 hours of incubation while the 

number of killed cells for PP242 treatment went up to around 65% (Figure 2.2C,D). Resistance 

of rapamycin can been seen suggesting that mTORC2 is also playing a role in controlling cell 

proliferation in MCF7 cells. However, GBM cells exhibited complete resistance to rapamycin 

(Figure 2.2E). Although, PP242 treatment is more effective than rapamycin promoting partial 

inhibition with around 50% of killed cells after 72 hours incubation in 2.5 µM PP242, GBM cells 

seem to be very resistant to low concentrations of drug because the number of cells are 

increasing rapidly after 48 hours of drug administration (Figure 2.2F). Overall results have 

suggested that mTORC2 is playing a more important role in growth and proliferation of GBM 

cells than mTORC1. Also, these results have led me to suspect that there might be some 

complicated crosstalks between signaling pathways in GBM cells to compete with PP242 and 

bypass the effects of mTORC1/2 inhibition resulting in ineffective killings and promoting cell 

survival.  

Furthermore, to confirm that mTORC2 is a key regulator in GBM cells, I tried to treat 

cells with two more types of inhibitors: MEK inhibitor (U0126), and PI3K/mTOR dual inhibitor 

(BEZ235). Since MAPK pathway is overactivated in GBM cells as a result of endogenously high 

EGFR, I treated the cells with U0126 to inhibit MEK activity. However, the inhibitor did not 

only have no positive effect on cell proliferation inhibition, but also promote cell growth leading 

to higher cell numbers in U0126-treated groups (Figure 2.3A). For BEZ235-treated groups, the 

cell numbers declined to around 60% when treating with high concentration of the inhibitor (250 

nM) (Figure 2.3B). Therefore, BEZ235, inhibiting PI3K together with mTOR, does not have 
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higher inhibitory potency compared to mTOR inhibition alone. Comparison of the numbers of 

viable cells treated by different inhibitors is shown in Figure 2.3C.  

Due to the fact that mTORC2 is important to GBM cells while the complex’s functions 

and working mechanisms are still poorly determined and characterized. I decide to further 

investigate roles of mTORC2 in GBM towards the less understood axis, actin cytoskeleton 

reorganization control that is involved in most fundamental processes in cells. Ability of tumor 

cells to migrate and invade is actually one of the basic characteristics of cancers making them 

disseminate to secondary locations and become more metastatic. Thus, deciphering this aspect of 

mTORC2 will highlight the complex’s mode of action in GBM.   

 

mTOR inhibitor PP242 affects actin cytoskeleton and focal adhesion of GBM cells 

PP242 has significant effects on actin cytoskeleton and focal adhesion. As shown in 

Figure 2.4, phalloidin staining of GBM cells revealed the significant alteration of actin 

cytoskeleton. While actin cytosekeleton was detected predominantly on cell periphery without 

PP242 treatment, intracellular actin became predominant after the PP242 treatment. Besides, the 

thickness of membrane-bound actin filaments became significantly thinner and disordered. 

Staining with antibody against vinculin, a major component of focal adhesion, showed that cells 

lost their focal adhesions along the membrane after the PP242 treatment. I also found that anti-

vinculin staining overlaps with phalloidin staining at the membrane. These results demonstrate 

that the inhibition of mTORC2 is associated with significant changes in cellular actin 

cytoskeleton and focal adhesion.  
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mTOR inhibitor PP242 blocks cell migration and invasion capability of glioblastoma cells  

I found that PP242 has a major effect on motility of GBM cells. Figure 2.5A shows a 

schematic picture of the scratch wound healing assay used to investigate effects of mTORC2 

inhibition on cell migration. Prior to the assays, I confirmed that PP242 did not affect cell density 

after a 24-hr treatment (Figure 2.5B).  In Figure 2.5C, while U87vIII cells closed the gap caused 

by scratch wounding after 12 hours (control), PP242 treatment significantly inhibited gap closing 

in a dose-dependent manner, suggesting that cell movement was inhibited (compare the distance 

that cells moved at 12 hour after the scratch was made). This result is in contrast to the treatment 

with rapamycin that exhibited much weaker inhibition of motility. Since rapamycin 

predominantly affects mTORC1 under the condition used, inhibition of mTORC2 appears to 

contribute to the PP242 effects. Proliferation inhibition is less that 30% under this condition 

(data not shown). Also, treatment with MEK inhibitor U0126 did not exhibit significant 

inhibition of motility in this scratch wound assay. These results suggest that mTORC2 plays a 

major role in GBM cell migration.  

The effects of PP242 on the ability of GBM cells to invade through extracellular matrix 

were examined using modified transwell Boyden chambers filled with basement membrane 

extract shown in the diagram (Figure 2.6A). U87vIII cells were treated with PP242, U0126 or 

rapamycin for 6 hours followed by the incubation in no-serum media without drugs. Within this 

time frame, proliferation inhibition is minimal. Invaded cells on the membrane were detected by 

fixing and staining with crystal violet (Figure 2.6B). The data shown in Figure 2.6C indicate that 

GBM cells partially lost their invasive ability to penetrate through extracellular matrix (ECM) as 

numbers of cells successfully reached the membrane part of the chamber shown in the chart 

significantly decreased in PP242-treated groups. On the other hand, treatment with rapamycin 



	   34	  

did not exhibit effects on invasion. Similarly, effects of U0126 were significantly less than that 

observed with PP242. These invasion assay results suggest that inhibition of mTORC2 has 

significant effect on GBM invasion. 

 

mTOR inhibition in GBM causes negative feedback signals to MAPK pathway  

 Although PP242 can inhibit both mTORC1 and mTORC2 highly effectively, I observed 

MAPK pathway activation detected by phosphorylation of ERK most clearly in GBM cell lines, 

while the level of pERK after mTOR inhibition is slightly higher in a lung cancer cell line 

(A549), and is unchanged in MCF7 cells (Figure 2.7A-C). In order to see the clearest feedback 

effects, result from U87C is shown in Figure 2.7A (U87vIII have extremely high pERK to begin 

with, positive feedback activation most likely to exaggerate the pERK level even though low 

concentration of PP242 was used). Both rapamycin and PP242 induced increased levels of ERK 

in a concentration-dependent manner but stronger effects were observed with PP242 treatment. 

The results suggest that negative feedback regulation through a crosstalk between two pathways, 

mTOR and MAPK; occur when mTOR pathway is inhibited. According to previous studies in 

various PP242-treated cancer cells, this feedback activation can be caused by mTORC1 

inhibition, not mTORC2 inhibition through activation of RAF kinase, or by mTORC2 inhibition 

via activation of p38 MAPK. However, when I examined whether mTORC2 depletion can 

induce ERK activation by elevating pERK level, it appeared that when treating U87C cells with 

RICTOR siRNA, pERK level was significantly increased (Figure 2.8A). Moreover, I observed 

slight increase in the level of pMEK at two early time points (one and three hours after the 

incubation), while I did not observe increases in p-p38 MAPK level (data not shown) in PP242-
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treated GBM cells meaning that MEK activity is stimulated, and RAF1 kinase activity is slightly 

stimulated (Figure 2.8B). 

These results suggested that in GBM cells there might be more than one linkage conferring 

cross-inhibitory effects between mTOR/MAPK pathways. mTORC1 and mTORC2 are both 

participating in the regulation of feedback loops. 

 To figure out how hyperactivation of ERK can be alleviated, I examined if the 

combination of PP242 and U0126 would reduce the feedback activation effect. Figure 2.9A 

showed that pERK level in the combined group turned out to be lower than PP242 only but the 

positive effect was lessened after 24 hours.  However, since the total ERK level was decreased in 

the presence of U0126 after treating the cells for 24 hours. The ratio of pERK/ERK level was not 

diminished after 12 hours (Figure 2.9B).     

 Additionally, I further determined whether the combination of PP242 and U0126 affect 

cell proliferation of GBM cells more efficiently than PP242 treatment alone. Previously, figure 

2.3 showed that U0126 treatment did not inhibit cell proliferation. However, when combining 

U0126 to 0.63 µM PP242 as shown in figure 2.10A, cell proliferation was affected more 

efficiently than single-drug treatment at 48 and 72 hours of incubation. Otherwise, at high 

concentration of PP242 (2.5 µM), drug combination did not clearly show an additive effect over 

a single application (Figure 2.10C). Overall results demonstrate that in the combined group 

though ERK activation is attenuated, GBM cells can still proliferate almost similarly to the cells 

treated with PP242 alone. This event suggests that there might be other GBM-specific 

complicated signaling crosstalks which help support GBM growth and proliferation, prevail over 

inhibitory effects of inhibitors and promote drug resistance.  
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2.3 Discussion 

 In this chapter of the dissertation I demonstrate the effects of mTOR inhibition in cell 

lines that are representative of cells with hyperactivated mTOR signaling. I show that the second 

generation ATP-competitive mTOR kinase inhibitor, PP242, performs better in suppressing the 

activation of downstream targets detected by their phosphorylation states. PP242 inhibits kinase 

activities of both mTORC1 and mTORC2. The effect covers all residues that cannot be depleted 

by rapamycin treatment, or so-called rapamycin-insensitive residues (pThr37/46 of 4E-BP1). I 

further show the effectiveness of PP242 on cell proliferation of cancer cell lines and found that it 

can reduce viable cell numbers much more potently than rapamycin especially in aggressive 

cancer cell lines like MCF7 and U87 cells. However, I also observe that GBM cells are more 

resistance to the inhibitors. Even though we can see some positive effects in PP242-treated 

groups, the inhibitory effect is still not considered high and consistent especially when the GBM 

cells in low PP242 groups start to proliferate after 48 hours bringing the cell numbers up to 

almost equal to the control group (Figure 2.2D-E). Since GBM is known to acquire distorted and 

complicated signal transduction networks in addition to a variety of abnormalities and its highly 

resistance to PP242 that I examine, characterization of signaling pathways in GBM is very 

interesting and important for future studies regarding drug discovery for targeted therapy. In 

accordingly, mTORC2 signaling has been less characterized and its importance has been 

emphasized recently. Therefore, I choose to focus on this aspect and further investigate the 

functions of mTORC2 in GBM.   

Next, because mTORC2 is regulating actin cytoskeleton organization of cells, I propose 

that PP242-mediated mTOR inhibition would exhibit effects on actin filaments inside the cells. I 

find out that PP242 significantly alter and disorganize the arrangement of actin cytoskeleton. 
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Also, the focal adhesions along the cell membrane are found impaired. According to the fact that, 

actin cytoskeleton reorganization and focal adhesions are essential for cell motility that is a main 

step of all activities requiring physical movements of either intracellular organelles or the whole 

cell, defects in actin networking should lead to other failures of other processes such as cell 

migration and invasion. As expected, I obtain the results from migration and invasion assay that 

can further propose that mTORC2 is a master controller with the main responsibility in the 

control of actin cytoskeleton reorganization inside GBM cells. PP242 inhibits migration of 

U87vIII cells much more effectively that other inhibitors (rapamycin and U0126) suggesting that 

mTORC1 and MAPK pathways are not involved in the process. Similar to migration, cell 

invasion is strongly affected by PP242. Cells treated with PP242 are unable to invade from no-

serum environment through an extracellular matrix layer to reach the media supplemented with 

serum. The passage initiated by cancerous invasive ability is partially inhibited by PP242 in a 

dose-dependent manner. Overall results support the hypothesis and complete the specific aims to 

define mTORC2 roles in GBM. mTORC2 plays a critical role in cell motility and invasion in 

addition to other roles via AKT and mTORC1 signalings. Recently, researchers have proposed 

that targeting tumor cell motility machinery might be another strategy against invasion and 

metastasis that can be added to current cancer treatment targets on the list 118. To halt GBM cells 

and limit them from initial or secondary dissemination, mTORC2 can be a good candidate for 

molecular targeting. Nevertheless, better characterization and understanding of the signaling 

pathway is very important for future investigations.         

 Besides promising results from PP242, the presence of negative feedback signals 

occuring when mTOR is inhibited is another concern that needs to be solved in order to 

overcome the cancers. In GBM, similarly to previous results, I observe the activation of ERK 



	   38	  

when PP242 is applied and the effect is concentration-dependent. As mentioned earlier in the 

introduction part of this chapter, I suppose that there are at least two crosslinking bridges 

between both mTOR complexes to MAPK pathway either to RAF or MEK levels. From my 

results, though conclusive answers about the exact molecules involved in the process and their 

signaling directions are not completely identified, I find that both mTORC1 and mTORC2 are 

responsible for the negative feedback regulation. Finally, this event causes GBM to have higher 

level of rresistance compared to other types of cancers, and obstructs the combination therapy of 

mTOR and MEK inhibitor that was shown to provide successful results in other cancers.    
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2.4 Material and Methods 

Antibodies and other reagents 

Phalloidin-FITC, anti-Vinculin (VCL), and PP242 were obtained from Sigma Aldrich. 

Anti-AU1 agarose beads were from BETHYL Lab.Anti-phospho-AKT (Ser473), Anti-AKT, 

Anti-phospho-S6(Ser235/236), Anti-S6, Anti-phospho-ERK (Thr202/Tyr204), Anti-ERK, Anti-

phospho-MEK (Ser217/221), and Anti-MEK were obtained from Cell Signaling. Anti-RICTOR 

was obtained from BETHYL Lab. Cell Counting Kit-8 was obtained from Dojindo Molecular 

Technologies, Inc. 

Cell culture 

  Cells from glioblastoma multiforme cell line (U87 control- U87C), U87 overexpressing 

EGFR vIII (U87vIII), Tsc2-/- MEF, Lung carcinoma cell line (A549), Breast adenocarcinoma cell 

line (MCF7) were maintained in DMEM containing 10% (vol/vol) FBS, 1% (vol/vol) 

penicillin/streptomycin at 37°C with 5% (vol/vol) CO2. 

Drug treatment  

 U87C, U87vIII cells were cultured in DMEM containing 10% (vol/vol) FBS, 1% 

(vol/vol) penicillin/streptomycin at 37°C with 5% (vol/vol) CO2 until they reached 80% 

confluency. Cells were serum starved in serum-free media for 24 hours prior to treatments of 

different concentrations of rapamycin, PP242, U0126, and BEZ235 (NVP-BEZ235) in regular 

culturing media. Incubation time ranges from 1 to 48 hours.  

Western blotting 

 Cultured cells were lysed with a lysis buffer containing 0.2% Triton X-100 and protease 

inhibitor cocktail (EDTA-free PIC; Roche). The amount of total protein concentration in cleared 

lysate was determined by Bio-Rad protein assay. Equal protein extracts from various samples 
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were separated by electrophoresis on SDS-PAGE gel, and then transferred to a nitrocellulose 

membrane (GE Healthcare). The membrane was blocked in Tris-buffered saline containing 

0.05% Tween20 and 5% bovine serum albumin, then probed with primary antibodies followed 

by secondary antibodies (Horseradish peroxidase (HRP)-conjugated). The blot was incubated in 

Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from 

peroxidase activities to chemiluminescent substrates were developed and detected on films.  

Immunofluorescence 

U87vIII cells were fixed with 4% Paraformaldehyde, lysed with 0.2% Triton X buffer, 

blocked with 1% BSA, then incubated in primary antibodies (anti-FLNA, anti-VCL, anti-

RICTOR, anti-mTOR, FITC-phalloidin) overnight at 4°C or 3 hours at room temperature. Anti-

mouse Texas Red secondary antibody from Life Technology was used to detect FLNA and VCL. 

Nuclei of cells were stained by DAPI. FLNA, Actin filaments, RICTOR, VCL, were observed 

using a fluorescence microscope.   

Wound healing migration assay  

U87vIII cells were grown in a 30 mm plates in a single layer. A single scratch per plate 

was made using a small pipette tip creating a 1 mm wide linear gap. Phase contrast images of all 

sample groups were taken at hour 0 before drug administration. Cells were treated with PP242 

2.5 µM, rapamycin 100 nM, U0126 5 µM for 12 hours, then images were acquired again.  

Transwell invasion assay 

 U87vIII cells were serum starved for 24 hours prior to the experiment. One hundred 

thousand cells were treated with DMSO or drugs (rapamycin, PP242, or U0126) at different 

concentrations for 6 hours in serum-free DMEM. Then, the media was changed to new 200 µl of 

serum-free media without drugs. Cells in drug-free media were transferred to an upper chamber 
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of a 6.5 mm transwell insert with a 8.0 µm pore polycarbonate membrane (modified Boyden 

chamber) coated with 2-3 mg/ml basement matrix extract (BME) (Cultrex; Trevigen). In each 

lower chamber we added 500 µl of DMEM with 10% FBS. The 24-well plates were incubated at 

37°C for 24 hours. After that, DMEM and BME in the upper compartment were removed, and 

cells on the bottom of the membrane were washed in PBS. The membranes were then fixed in 

chilled methanol for 10 minutes following by crystal violet staining for 25 minutes. Cells were 

destained by acetic acid, and transferred to a 96-well plate. Absorbance representing relative cell 

numbers of each sample group was detected at 590 nm. Cell migration of each group was 

determined with the use of modified Boyden chamber without BME coating. Absorbance value 

from migrated cells of the control group (with DMSO) represented one hundred thousand cells. 

Absolute numbers of invaded cells under different conditions were calculated by comparing the 

ratio of absorbance values from invaded cells to migrated cells. 

Statistical analysis  

  Statistical analysis of cell invasion assay was performed using absolute numbers of 

invaded cells from sample groups. Statistically significant differences between two data sets 

were assessed with the two-tailed, unpaied Student’s t-test, with P-values of P < 0.05 sufficient 

to reject null hypothesis.  

siRNA treatment  

On-TARGET plus Smartpool Human RICTOR siRNA was purchased from Thermo 

(Cat# 016984-00). U87vIII cells were transfected using Lipofectamine RNAi max (Life 

Technologies) and RICTOR siRNA or siGENOME-non-targeting #1 (D-001206-13-05) for 24 

hours before changing the media. All samples were collected 48 hours after siRNA treatment. 

Western blotting was performed to show effects of RICTOR knockdown on FLNA 
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phosphorylation. For immunofluorescence experiment, siRNA transfected cells were transferred 

to 4-well chamber slides 24 hours after siRNA treatment and incubated for another 24 hours. 

Cells were then fixed, treated with anti-FLNA, anti-RICTOR, phalloidin, followed by secondary 

antibodies, and were observed under the fluorescent microscope. 

Cell Proliferation Assay  

The cell killing assay by different types of inhibitors (rapamycin, PP242, U0126, and 

BEZ235) was performed by using a cell-counting kit (CCK-8) from Dojindo. Cells were seeded 

in 96-well plates (2 × 103 cells/well for U87, and 5 × 103 cells/well for Tsc2-/- MEF, and MCF7) 

and incubated in fresh culture medium at 37°C with 5% (vol/vol) CO2 for 24 hours. The cells 

were treated with either a single inhibitor or two inhibitors in the combination treatments at 

indicated concentrations. Results are observed at three time points (24-hr, 48-hr, and 72-hr 

incubation). After each specific time point, the cells were washed with PBS to and incubated in 

DMEM with 10% CCK-8 solution for another 3 hours. The absorbance of each well was 

measured at 450 nm with a microplate reader (SpectraMax from Molecular Devices). Because 

the absorbance is propotional to the number of viable cells in the medium, the relative viable cell 

number of each group compare to a control group (treated with DMSO) was determined.  
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2.5 Figures 

 

Figure 2.1 PP242 inhibits mTORC1 and mTORC2 in different cell lines A. PP242 inhibits 

mTORC1 and mTORC2 activities effectively while rapamycin only inhibits mTORC1 activity. 

Tsc2-/- MEF, MCF7, and U87vIII Cells were treated with inhibitors for 24 hours and 

phosphorylation of AKT, S6 and 4E-BP1 was examined as described in Methods. B. U87vIII 

cells have constitutively active mTORC1 and mTORC2 activities in starved condition. 

Stimulation by amino acids and serum fully activate mTOR kinase activity. A 3-hr treatment of 

2.5 µM PP242 ablates phosphorylation of AKT and S6.  
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Figure 2.2 PP242 inhibits cancer cell proliferation more effectively than rapamycin. 

Efficiency of PP242 and rapamycin on cell proliferation inhibition of three cell lines are shown 

in a form of relative percentages of viable cells from groups varying in drug concentrations 

detected at three time points. A. Tsc2-/-  treated with rapamycin B. Tsc2-/-  treated with PP242 C. 

MCF7  treated with rapamycin D. MCF7 treated with PP242 E. GBM treated with rapamycin F.  

GBM treated with PP242 
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Figure 2.3 Effects of four types of inhibitors on cell proliferation of GBM cells. A. 

Percentages of viable U87 cells after treatments of U0126 at different concentrations (1.25 µM – 

10 µM) B. Percentages of viable U87 cells after treatments of BEZ235 at different 

concentrations (31 nM –  250 nM)  C. Percentages of viable U87 cells after treatments of 

rapamycin, PP242, U0126 and BEZ235 at the highest concentration used in earlier cell 

proliferation assays (100 nm, 2.5 µM, 10.0 µM, and 250 nm, respectively). PP242 and BEZ235 

show similar potency in killing U87 cells although both drugs do not show significant inhibitory 

effects.   
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Figure 2.4 PP242 exerts significant effects on actin cytoskeleton and focal adhesion of 

U87vIII cells. Actin cytoskeleton and focal adhesion of U87vIII cells treated with PP242 for 24 

hours were examined using immunofluorescence staining by Phalloidin (actin) and anti-vinculin 

(focal adhesion). Effects of PP242 on these processes were examined by treating cells with 

PP242. Effects on actin cytoskeleton rearrangement are clearly visible on the thickness of actin 

layers on surrounding cell membrane (arrows).  
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Figure 2.5 mTOR inhibition affects cell migration. A. Schematic diagram shows scratch-

wound assay. B. The treatment of PP242 at high concentration (5 µM) does not affect U87vIII 

cell density. Phase contrast pictures were taken at 24 hours after the treatment. C. Wound-

healing migration assay of U87vIII cells grown in a single layer. Space between a scratch is 

approximately 1 mm wide. Pictures were taken at 12 hours after the scratch was made for each 

sample. Migration of cells treated with PP242, rapamycin, or U0126 was examined. 

 

 



	   48	  

 

Figure 2.6 mTOR inhibition affects cell invasion. A. Schematic diagram shows steps in 

invasion assay. B. Invaded U87vIII cells from different conditions, stained by crystal violet, on 

the membranes of modified Boyden chambers are shown. Pictures were taken after a 24-hr 

invasion assay. C. Numbers of invaded U87vIII cells through modified Boyden chambers were 

determined as described in Methods. Effects of PP242 at 2.5 and 5.0 µM, rapamycin (100 nM) or 

U0126 (10.0 µM) are shown. Cells were incubated with the inhibitor for 6 hours. Invaded cells 

attaching to the chamber membrane were stained and the number of cells for each sample group 

was determined by measuring the absorbance values of crystal violet-stained cells at 590nm. 

(P2.5 = PP242 2.5 µM, P5.0 = PP242 5.0 µM, RAPA = rapamycin 100 nM, U10 = U0126 10.0 

µM) Data are the mean ± SD (n=3). * P < 0.05; ** P < 0.005, P-values from two-tailed student t-

test (unpaired comparison). 
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Figure 2.7 mTOR inhibitors promote ERK activation through a negative feedback loop. 

Cancer cells were treated with rapamycin or PPP242 at various concentrations for 24 hours. 

Levels of phospho-ERK (Thr202/Tyr204), total-ERK, phospho-S6 (Ser235/236) and total-S6 A. 

GBM cell line (U87C) B. Lung carcinoma cell line (A549) C. Breast adenocarcinoma cell line 

(MCF7) 
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Figure 2.8 mTORC2 is involved in negative feedback mechanism to ERK. A. RICTOR 

siRNA treatment in U87C cells. Levels of RICTOR, pAKT (Ser473) as mTORC2 downstream 

target, pERK (Thr202/Tyr204), and actin are shown. B. Treatments of PP242 (0.63 and 2.5 µM) 

in U87C cells collected at four time points (1, 3, 6, and 9 hours after drug administration). 

Increased level of pERK caused by PP242 is observed within the first hour. Level of pS6 

(Ser235/236), total-S6, pMEK (Ser217/221), and total-MEK are also shown.  
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Figure 2.9 MEK inhibitor alleviates feedback activating signal from PP242 treatment. A. 

Level of pERK and total-ERK of U87C cells treated with DMSO (control), PP242 2.5 µM, 

U0126 10.0 µM, or combination of PP242 and U0126 (2.5 and 10.0 µM, respectively) collected 

at four time points (1, 12, 24 and 48 hours incubation) B. A chart showing ratios between 

pERK/tERK of each group.    
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Figure 2.10 GBM cell proliferation decreases after the PP242-U0126 combination 

treatments. Results from cell proliferation assays shown as percentages of viable cells after the 

combination treatments A. U87C cells with low concentration of PP242 (0.63 µM) and varied 

concentrations of U0126. B.  U87C cells with high concentration of PP242 (0.63 µM) and varied 

concentrations of U0126 C. Line chart comparing effectiveness of single-drug (PP242) therapy 

and combination therapy (PP242 and U0126).  
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CHAPTER III 

 

PURIFICATION OF MTORC2 AND IDENTIFICATION OF NEW MTORC2 

ASSOCIATED PROTEINS 
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3.1 Introduction 

mTORC2 components and complex characteristics 

The discovery of mTORC2 that has led to extensive complex characterization nowadays 

started when the identification of RICTOR was reported by Sarbassov et al. and by Jacinto et al. 

in 2004. Both studies pointed out to similar conclusion that there is another mTOR complex 

containing RICTOR that is independent of RAPTOR and is rapamycin-insensitive. This protein 

complex accounts for regulating actin cytoskeleton through PKCα 8,25. Later on, the discoveries 

of other mTORC2 components have been reported continuously.  

Common experiments that have been carried out to identify new components or new 

associated proteins of two mTOR complexes include affinity purification of the protein complex 

using an antibody against the component of interest, immunoprecipitation and 

coimmunoprecipitation under various condition to verify the bindings and also to figure out the 

interacting domains by co-expressing specific fragments of proteins of interest. Sarbassov et al. 

identified RICTOR from an immunopurified complex using mTOR antibody-conjugated beads 

together with the presence of GβL (mLST8) in this mTOR-RICTOR complex. They used Hela 

cells instead of HEK293T cells because the endogenous protein level is low in HEK cells and 

cannot be easily detected 8. This information suggested that in different cell lines, the amounts of 

mTORC1 and mTORC2 may differ. Therefore, it is necessary to choose proper cell lines in order 

to obtain sufficient protein amounts. In general, the whole complex are preserved when CHAPS 

is used as a detergent in the lysis buffer. However, more stringent detergents such as Triton X-

100 or n-octylglucoside can lead to complex dissociation. These detergents disrupt the 

interaction between mTOR and RAPTOR or RICTOR but not mLST8 4.Therefore, the binding 

site of the newly identified proteins can be examined by this technique.  
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The next distinct component of mTORC2, SIN1, was identified by TAP-tagged mLST8 

purification and confirmed with mTOR and RICTOR but not RAPTOR coimmunoprecipitation. 

The presence of SIN1 in mTORC2 is important for AKT phosphorylation and required for the 

complex integrity. Also, the studies of SIN1 established the position for mTORC2 in the 

signaling pathway that is upstream of mTORC1. Phosphoryation of AKT by mTORC2 

inactivates the TSC1/2 complex which later suppresses Rheb inhibition resulting in mTORC1 

activation 9,119,27. Another RICTOR-binding component of mTORC2, Protor or PPR5, was 

identified by TAP-RICTOR purification from HEK293 cells, then confirmed by FLAG-Protor 

pull down 10. Other proteins interacting with both mTORC1 and mTORC2 were characterized by 

similar methods as well. They are DEPTOR, an mTOR inhibitor that binds to mTOR, and 

TTI1/TEL2 complex that stabilizes and interact with all members of the PIKK family (mTOR, 

ATM, ATR, DNA-PKcs, SMG-1, and TRRAP) 5,6. 

Although an exact binding site of RICTOR on mTOR has not been identified, it has been 

suspected to interact in the area of HEAT repeats where RAPTOR binds to mTOR and FRB 

domain. This is because RICTOR and RAPTOR tend to compete with each other in forming a 

complex with mTOR, and mTORC2 is insensitive to acute treatment of rapamycin which forms 

a complex with FKBP12 to bind to mTOR at FRB domain and inhibit its kinase activity 8,21. 

Moreover, the observation that RAPTOR-mTOR and RICTOR-mTOR complexes are competing 

for association with mLST8 was reported. So the site of mTOR that interacts with RICTOR 

would not block the mLST8-mTOR binding. It is known that SIN1 and Protor bind to RICTOR 

and the whole complex binds to mTOR. While mLST8 binds to mTOR at its kinase domain 

located in the C-terminal region, the binding site of DEPTOR is on FAT domain (Figure 3.1).   
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In the study of DEPTOR discovery 5, this protein was primarily identified as a novel 

mTOR-binding protein from multiple myeloma cells whose DEPTOR level is overexpressed. 

This led to the possibility that we might be able to identify new mTORC1 or mTORC2 

associated proteins that have specific occurence or been overexpressed in certain types of 

diseased cells especially in cancers. Additionally, several types of disorders were reported to 

have elevated activities of either mTORC1 or mTORC2 because of the activating mutations, loss 

of other negative regulators, or overexpression of the complex components. For example, 

overexpression of mLST8 in addition to mTOR, RICTOR, RAPTOR and mSIN1 in various 

colon and prostate cancer cell lines compared to normal colon and normal prostate cells was 

reported 120. Elevated level or RICTOR was observed to be correlated with aggressiveness of 

gliomas 62. Therefore, purifying mTOR complexes from cancer cells might reveal new insight 

about how the complexes are behaving in certain conditions or identify new binding partners 

which will broaden the basic understanding of mechanisms regulating the diseases of interest. 

According to previous experiments in Chapter I, I established the importance of 

mTORC2 in GBM cells focusing on the aspect of actin cytoskeleton reorganization. Therefore, I 

aimed to purify mTORC2 from GBM cells and characterize the complex whether it has any 

significant changes making it is able to potentially drive GBM cell motility and other acitivities. 

In chapter II of the dissertation, I investigate mTORC2 complexes purified from GBM cells 

(U87vIII) that express high level of RICTOR and also from HEK293T as a control. The affinity 

purification and characterization lead to the finding that Filamin A (FLNA) and Myosin-9 

(MYH9) are associated with mTORC2 through their bindings to RICTOR.   
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3.2 Results 

Purification of mTORC2 reveals association of Filamin A and Myosin-9 with mTORC2 in GBM 

cells  

Results from Chapter I of the dissertation imply that mTORC2 plays critical roles in actin 

cytoskeleton and motility/invasion of GBM cells. To gain insight into how mTORC2 influences 

these events, I purified and characterized mTORC2 complexes in U87vIII cells. I stably 

expressed FLAG-RICTOR in GBM cell line U87vIII. The mTORC2 complex was prepared from 

U87vIII cells by carrying out affinity purification using FLAG-M2 magnetic beads. The purified 

mTORC2 was characterized by SDS polyacrylamide gel electrophoresis. The diagram in Figure 

3.2 shows the purification processes and the outcome silver-stained SDS-acrylamide gel.  

I confirmed the presence of major components of mTORC2 by Western blotting. The 

purified complex is comprised of mTOR, RICTOR, SIN1 and mLST8 (Figure 3.3A). I also 

validated that the complex that was isolated is mTORC2 by probing for RAPTOR. Figure 3.3B 

shows that the purified complex contains no RAPTOR. In addition to U87vIII cells, I also 

examine mTORC2 purified from HEK293T cells. Figure 3.3C shows that mTORC2 can be 

obtained similarly from both cell lines. Finally, I further proved that the complex purified is 

active by performing in vitro kinase assay. mTORC2 from all sources can phosphorylate 

unphosphorylated AKT substrate in vitro (Figure 3.3D, data not shown for U87C and 

HEK293T).  

In particular, I looked for mTORC2 associated proteins in a molecular weight range 

larger than 135 kDa. As shown in Figure 3.4A on the left panel, in addition to RICTOR, I 

detected three bands. Mass spectrometry was used to identify the proteins in the gel bands. Of 

the four bands, I found that the bands number 2 and 4 in Figure 3.4A are mTOR and RICTOR, 
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respectively. Proteins in bands 1 and 3 were found to be Filamin A (FLNA) and Myosin-9 

(MYH9), respectively (Figure 3.4A, right panel). I also verified that the protein bands observed 

were not randomly obtained as a result of non-specific interactions by purifying mTORC2 form 

U87vIII cells that do not overexpress FLAG-RICTOR as a control group. Figure 3.4B shows that 

when the purification was performed all four protein bands were presenting only when FLAG-

RICTOR is expressed. FLNA is a large cytoplasmic non-muscle actin binding protein 

functioning as a signaling scaffold of cytoskeletal network 121. MYH9 is known as non-muscle 

myosin heavy chain IIA, involved in several processes related to cellular motility such as 

cytoskeleton reorganization, focal contacts formation, and cell migration 122. It is interesting that 

both proteins are associated with actin cytoskeleton dynamics. Because FLNA is directly 

involved with actin cytoskeleton, I focused our attention more on FLNA. 

The identity of components of mTORC2 pulled down by anti-FLAG antibody was further 

confirmed by Western blot analysis (Figure 3.4C). As shown, in addition to mTOR, I identified 

SIN1 and FLNA proteins. FLNA is a phosphorylated protein modified most notably at Ser2152 

123. Therefore, I used anti-pFLNA (Ser2152) antibody to see whether FLNA associated with 

mTORC2 is phosphorylated. As shown in Figure 3.4D, I detected phospho-FLNA band. When 

mTORC2 is precipitated by the use of anti-mTOR antibody, I detected bands for RICTOR and 

phospho-FLNA, as well as RAPTOR (Figure 3.4D). A similar experiment using anti-RICTOR 

antibody identified mTOR and phospho-FLNA. On the other hand, immunoprecipitation using 

anti-pFLNA (Ser2152) antibody precipitated mTOR and RICTOR but not RAPTOR. These 

results indicate that FLNA is specifically associated with mTORC2 and not mTORC1. 
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RICTOR interacts with FLNA and MYH9 

  Since mTORC2 has multiple proteins associated, I asked which protein interacts with 

FLNA. To investigate this point, I lysed the cells with Triton X-100, a detergent that dissociates 

mTOR from its partners RAPTOR or RICTOR 124,125. I confirmed that the preparation of anti-

FLAG pulldown obtained in the presence of 1% Triton X-100 was devoid of mTOR protein. 

However, the lysis by 1% Triton X-100 still retained all other three proteins: RICTOR, FLNA, 

and MYH9, suggesting that FLNA and MYH9 are associated with the FLAG-RICTOR 

pulldown. The results were shown as a silver-stained gel (Figure 3.5A) and an immunoblot 

(Figure 3.5B). In contrast, when CHAPS was used, RICTOR interacted with mTOR as well as 

with FLNA and MYH9. These results suggest that FLNA and MYH9 are associated with 

RICTOR but not with mTOR.  

 Lastly, I determined the effects of PP242 on complex integrity. I treated U87vIII cells 

with PP242 for 24 hours prior to the purification. The silver-stained gel shows that PP242 does 

not disrupt the complex assembly but the dephosphorylation of complex components can occur. 

The shift of mTOR protein band to lower position in Figure 3.5C suggest that majority of 

purified mTORC2 contain less phosphorylated mTOR as a result of PP242 treatment.  

 

FLNA and MYH9 colocalize with mTORC2 but not mTORC1   

Further support for the interaction between FLNA, MYH9, and mTORC2 was obtained 

by the demonstration that these proteins colocalize in U87vIII cells. Figure 3.6A shows 

immunofluorescence staining of two different GBM cells using anti-FLNA or anti-RICTOR 

antibody and another two cells using anti-FLNA or anti-MYH9 antibody. DAPI staining was 

carried out to stain the nucleus. I found that most of FLNA and RICTOR colocalize with each 
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other, especially the ones residing along the cell membrane (see yellow staining in the merged 

panel in Figure 3.6A). Similar results in Figure 3.6B were obtained when staining the cells with 

FLNA and MYH9 (Since anti-MYH9 antibody is a rabbit antibody as well as anti-RICTOR 

antibody, I decided to stain MYH9 and FLNA to imply the colocalization of RICTOR and 

MYH9). In addition, mTOR also colocalizes with FLNA as shown in Figure 3.7A while 

RAPTOR does not (Figure 3.7B). These results show that RICTOR, mTOR, FLNA and MYH9 

are physically located close by.  

Finally, the association of FLNA and MYH9 to mTORC2 derived from U87vIII cells is 

not GBM-specific event. I also show similar purified mTORC2 from HEK293T expressing FL-

RICTOR consisting of both FLNA and MYH9 and confirm the bands’ identities with Western 

blot analysis (Figure 3.8).   
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3.3 Discussion 

In this chapter of the dissertation, I identify two members of actin cytoskeleton 

networking: FLNA and MYH9 as new proteins involved with purified mTORC2. The identity of 

the proteins is confirmed by mass spectrometry following by antibodies. By pulling down 

FLAG-RICTOR from either U87vIII or HEK293T cells, I show that FLNA and MYH9 are 

present along with other mTORC2 specific components: RICTOR and SIN1. Both FLNA and 

MYH9 are figured out to be physically binding to RICTOR by complex dissociation experiment. 

Then, I further determine the localization of both new proteins in GBM cells and show that they 

locate primarily along the cell cortex area under normal growing condition. Moreover, I provide 

the evidence that the colocalization occurs between FLNA, MYH9, RICTOR, and mTOR but not 

RAPTOR suggesting that the association of FLNA and MYH9 is specific to mTORC2. This 

finding also supports the idea that mTORC2 is responsible for the regulation of actin 

cytoskeleton reorganization and therefore promotes migration and invasion in GBM.   

One fundamental process in all living organisms require is the ability of cells to migrate. 

In highly evolved organisms such as invertebrates, cell migration is a critical necessity for a wide 

variety of biological processes ranging from embryogenesis to immune responses. In addition, 

this capability can also become a key supporter of abnormal cells to generate pathological 

conditions which are be involved in disease development and progression such as angiogenesis 

and metastasis in cancer.  

FLNA was the first protein of the Filamins family discovered in non-muscle cells 123.This 

280kDa actin binding protein is ubiquitously expressed and serves as an essential organizer of 

cell structure and function by assisting in cell shape maintenance and organization of 

cytoskeletal networking, providing cell plasticity, and protecting cells from shearing stresses 35. 
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Because FLNA crosslinks cortical actin filaments to cell membrane, cell protrusions such as 

filopodia, lamellipodia, and pseudopodia can be initiated 121,126. FLNA also provides connection 

between various cytoskeletal proteins in cytoplasm to integrin localizing on the plasma 

membrane. In this manner, FLNA can anchor F-actin to various transmembrane proteins 127. 

Furthermore, FLNA has over a hundred extra binding partners which are responsible for 

at least sixty distinct cellular functions. One of the them is to anchor F-actin to various 

transmembrane proteins 127. Both FLNA and mTORC2 were separately reported to interact with 

small GTPases, known to control actin cytoskeleton (Rho), and chemotaxis and accumulation of 

F-actin (Rac/cdc42) 128. No direct interaction between FLNA and mTORC2 has been formally 

puslished before even though the issue of whether FLNA was found in the pulldown of FLAG-

Protor was raised once in the report of Protor discovery 10.   

On the other hand, MYH9 is a member of class II actin motors with ATPase activity that 

promote formation of lamellipodia, filopodia, and membrane ruffles 122,129. Together with actin, 

myosin II proteins are major contratile proteins of cardiac, skeletal, smooth muscle, and found in 

all non-muscle eukaryotic cells. Non-muscle myosin II (NM II) molecules consist of three pairs 

of peptides: two heavy chains of 230 kDa (such as MYH9), two 20 kDa regulatory light chains 

(RLCs), and two 17 kDa essential light chains (ELCs). RLCs are important for NM II activity 

regulation while ELCs help stabilize its structure 130. MYH9 is a part of the NM II machinery 

that is critical for various developmental processes of the cells such as embryogenesis, 

organogenesis, and immune synapse formation which require cellular reshaping and movement 

131. Abnormalities of MYH9 and its associated proteins cause multiple types of diseases 

including cancers 131. Also, MYH9 was reported to play important roles in breast cancer motility 

and glioma invasion 132,133.  
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Further work is needed to investigate whether FLNA and MYH9 are substrates of 

mTORC2 and what role they play in mTORC2 function.  
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3.4 Material and Methods 

Antibodies and other reagents 

Anti-FLAG M2 magnetic beads, 3X FLAG peptide, Phalloidin-FITC and PP242 were 

obtained from Sigma Aldrich. Anti-AU1 agarose beads were from BETHYL Lab. AU1 peptide 

(DTYRYI) was from COVANCE. Recombinant C-terminal fragment (amino acids 1730-2639) 

of Human FLNA purified from E. coli was obtained from Creative Biomart. Full-length inactive 

recombinant AKT1/PKB was from EMD Millipore. Anti-mTOR, Anti-phospho-AKT (Ser473), 

Anti-AKT, and Anti-phospho-FLNA (Ser2152) were obtained from Cell Signaling. Anti-FLNA 

was obtained from EMD Millipore. Anti-RICTOR and anti-SIN1 were obtained from BETHYL 

Lab. Anti-MYH9 was obtained from ECM Biosciences. Cell Counting Kit-8 was obtained from 

Dojindo Molecular Technologies, Inc. 

Cell culture 

  U87 overexpressing EGFR vIII (U87vIII) and HEK293T cells were maintained in 

DMEM containing 10% (vol/vol) FBS, 1% (vol/vol) penicillin/streptomycin at 37°C with 5% 

(vol/vol) CO2. Stable U87vIII and HEK293T cells expressing FLAG-RICTOR protein were 

established using lentivirus containing pRK-5-myc-RICTOR plasmid (Addgene plasmid # 1860) 

8 generated by the UCLA Vector Core Facility. 

Western blotting 

 Cultured cells were lysed with a lysis buffer containing 0.2% Triton X-100 and protease 

inhibitor cocktail (EDTA-free PIC; Roche). The amount of total protein concentration in cleared 

lysate was determined by Bio-Rad protein assay. Equal protein extracts from various samples 

were separated by electrophoresis on SDS-PAGE gel, and then transferred to a nitrocellulose 

membrane (GE Healthcare). The membrane was blocked in Tris-buffered saline containing 
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0.05% Tween20 and 5% bovine serum albumin, then probed with primary antibodies followed 

by secondary antibodies (Horseradish peroxidase (HRP)-conjugated). The blot was incubated in 

Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from 

peroxidase activities to chemiluminescent substrates were developed and detected on films.  

Immunofluorescence 

U87vIII cells were fixed with 4% Paraformaldehyde, lysed with 0.2% Triton X buffer, blocked 

with 1% BSA, then incubated in primary antibodies (anti-FLNA, anti-RICTOR, anti-MYH9, 

anti-mTOR, FITC-phalloidin) overnight at 4°C or 3 hours at room temperature. Anti-mouse 

Texas Red secondary antibody, anti-rabbit Alexa flour 488, and anti-rabbit Alexa flour 594 from 

Life Technology, and anti-mouse FITC from Sigama were used. Nuclei of cells were stained by 

DAPI. FLNA, Actin filaments, RICTOR, VCL, were observed using a fluorescence microscope.   

Purification of mTORC2 

U87vIII and HEK293T cells were infected with the FLAG-RICTOR lentivirus and cells 

stably expressing FLAG-RICTOR were obtained by puromycin selection. The drug-selected cell 

lines were cultured and grown, collected after washing with PBS, and stored at -80°C for 

subsequent experiments. To purify mTORC2, cells were lysed in lysis buffer (50 mM HEPES, 

pH 7.4, 150 mM NaCl, 2% CHAPS, 1X Complete EDTA-free protease inhibitor mixture (Roche 

Applied Science), and 1mM Na3VO4). Cleared supernatant after centrifugation (16,000 × g for 

10 min) was mixed with anti-FLAG M2 magnetic beads (Sigma) for affinity purification. The 

beads were collected, washed twice with wash buffer containing ATP (50 mM HEPES, pH 7.4, 

150 mM NaCl, 2 mM DTT, 2 mM ATP, 0.1% CHAPS), and washed three times with high salt 

wash buffer without ATP (50 mM HEPES, pH 7.4, 300 mM NaCl, 2 mM DTT, 0.1% CHAPS). 

The bound proteins were eluted from magnetic beads using 3X FLAG peptide (Sigma) in 50 mM 
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HEPES, pH 7.4, 500 mM NaCl, 0.4% CHAPS. Eluted proteins were concentrated using Amicon 

Ultra 0.5-ml centrifugal filters NMWL 100K (EMD Millipore, Billerica, MA). For the 

experiment that required dissociation of mTOR from RICTOR, 1% Triton X-100 was substituted 

for 2% CHAPS in the lysis buffer. When necessary, I included additional affinity purification to 

remove excess RICTOR by co-expressing AU1-mTOR and using AU1-agarose beads. This 

yielded mTORC2 complexes containing approximately equal amounts mTOR and RICTOR 

proteins. This method is called two-step purification. To perform this method, I first transfected 

HEK293T stably expressing FLAG-Rictor with AU1-mTOR DNA for 48 hours before cell 

collection. After FLAG-beads purification, mTORC2 was further subjected to another round of 

affinity purification using AU1 beads and eluted with AU1 peptide. Silver staining and Western 

blotting were performed to analyze the purified mTORC2.       

Mass spectrometry 

In-gel trypsin digests and LC-MS/MS 

The mTORC2 preparation was fractionated by SDS-PAGE and gel slices from the 200-

300 kDa MW region were excised for MS analysis. Gel slices stained with Gelcode Blue stain 

(Thermo Scientific) were washed with a 1:1 mixture of 100 mM ammonium bicarbonate (ABC) 

and acetonitrile. The gel was further destained with 100% acetonitrile and dried down by 

vacuum centrifugation. Proteins in the gel slices were reduced with 10 mM DTT at 60˚C for 1 

hour followed by alkylation with 50 mM iodoacetamide at 45˚C for 45 min. Extensive washing 

with 100 mM ammonium bicarbonate and acetonitrile was performed prior to overnight trypsin 

digestion with 15 ng sequencing grade trypsin (Promega). The resulting tryptic peptides were 

extracted from the gel slices with 30 µL of 50% acetonitrile, 1% TFA. Extraction was repeated a 
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total of three times and the extracted peptides were pooled prior to drying down by vacuum 

centrifugation. Samples were reconstituted in 15 µL 1% formic acid in water for MS analysis. 

Tryptic peptides extracted from the gel bands were analyzed by LC-MS/MS using an 

EASY-nLA 1000 HPLC (Thermo Scientific, Waltham, MA) coupled to a Q-Exactive Orbitrap 

mass spectrometer (Thermo Scientific) equipped with an EASY-Spray nano-ESI source. 5 µL of 

each tryptic digest sample were injected onto a 75 µm X 15 cm, 3µ, 100Å PepMap C18 

reversed-phase analytical LC column and separated with a linear gradient of 100% solvent A 

(0.1% formic acid in water) to 30% solvent B (0.1% formic acid in acetonitrile) over 20 minutes 

at a constant flow rate of 300 nL/min. Samples were analyzed using a Top 10 data-dependent 

acquisition method with 70,000 and 17,500 resolution at m/z 200 for MS1 and MS2 analysis 

respectively. Raw data files were processed in Proteome Discoverer (version 1.4, Thermo 

Scientific) using MASCOT (version 2.4.1; Matrix Science, London, UK) database searching to 

identify proteins entrapped in the 200-300 kDa gel slices. Tryptic peptides with up to 2 missed 

cleavages were searched against the SwissProt human database (2013) with the following 

settings: precursor and product ion mass tolerances of 10 ppm and 0.8 Da respectively, dynamic 

modification for oxidation (M), static modification for carbamidomethyl (C). 

In vitro kinase assay 

 Kinase activities of mTORC2 from U87vIII cells expressing FLAG-RICTOR were 

examined in various conditions using affinity purified mTORC2 as described above. Purified 

AKT protein (full-length; EMD Millipore) was used as substrates for the kinase assay. In each 

reaction, purified mTORC2 and its substrate (AKT) were incubated in a buffer containing 20 

mM Tris-HCl (pH 7.5), 10 mM MgCl2, 0.2 mM ATP for 25 minutes. Negative control reactions 
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contain either no ATP or no mTORC2. MnCl2 was added to the positive control reaction. 

Phosphorylation of AKT (Ser473) was detected by Western blot analysis.   
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3.5 Figures  

 

Figure 3.1 mTOR complex components and their binding sites. Schematic diagram depicts 

the structure of the mTOR kinase, mTORC1 associated proteins (in grey), and mTORC2 

associated protein (in colors). The lines show potential binding sites.   

 

 

 

 

 

 

 

 



	   70	  

 

Figure 3.2 Single-tag purification steps and the purified mTORC2. A schematic diagram 

showing mTORC2 single-tag purification processes starts from 1) Transduction of lentiviral 

vectors expressing FLAG-RICTOR to GBM and HEK293T cells 2) Culture the cells for 48 to 72 

hours 3) Perform drug selection using Puromycin 5 µg/ml 4) Affinity-purify mTORC2 using 

anti-FLAG magnetic beads 5) Run concentrated eluates on SDS-PAGE following by the 

detection of proteins by silver staining, Western blot analysis, and mass spectrometry. The right 

panel shows silver-stained high molecular weight protein bands purified from three cell lines 

(HEK293T, U87C and U87vIII) generated by this method.  
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Figure 3.3 Purified mTORC2 from U87vIII and HEK293T cells. A. Immunoblots showing 

mTORC2 components from purified complex (Cplx) and whole cell lysate (WCL). B. 

Immunoblots showing the presence of RICTOR but not RAPTOR in the purified mTORC2 

(Cplx). The presence of RAPTOR is shown in whole cell lysate (WCL) as a control. C. 

Immunoblots showing mTOR, RICTOR, and SIN1 in purified mTORC2 from U87vIII FL-

RICTOR and HEK293T FL-RICTOR cells. D. In vitro kinase assay of mTORC2 to prove that 

the purified complexes are active. An arrow shows that the purified mTORC2 can phosphorylate 

AKT (Ser473). MnCl2 is added to the positive control group to maximize the phosphorylation.  
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Figure 3.4 Purification, identification, and characterization of mTORC2 and its binding 

partners. A. Silver-stained high molecular weight mTORC2 components purified from U87vIII 

cells stably expressing FLAG-RICTOR are shown. Four large proteins (numbered as 1-4) were 

analyzed by mass spectrometry after being run on 7% SDS-PAGE gel, excised, then digested by 

Trypsin. Mass spectrometry results are summarized in the table on the right. Filamin A (FLNA) 

and Myosin-9 (MYH9) represent unknown bands 1 and 3, respectively. †Mascot protein score; a 

protein with score value >21 with >2 unique peptides is considered significant (P <0.05). B. 

Silver-stained mTORC2 from U87vIII and U87vIII FL-RICTOR purified by FLAG magnetic 

beads. C. Immunoblots of purified proteins from U87vIII cells showing main components of 

mTORC2 (mTOR, RICTOR, SIN1) including phosphorylated and total FLNA. C. 

Immunoprecipitation of U87vIII cell lysate by protein G Dynabeads coupled with antibodies 

against main components of mTOR complex 1 and 2. Phosphorylated FLNA was co-



	   73	  

immunoprecipitated with anti-mTOR and anti-RICTOR coated beads while these two 

components of mTORC2 were pulled down with anti-pFLNA coated beads. RAPTOR, an 

mTORC1-specific component, can be co-immunoprecipitated with anti-mTOR coated beads but 

not with anti-pFLNA beads. 
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Figure 3.5 RICTOR binds FLNA and MYH9. A. FLAG-RICTOR is pulled down after lysing 

U87VIII cells with CHAPS (2%) or TritonX-100 (0.5% and 1%) as a detergent in lysis buffer. B. 

An immunoblot shows that RICTOR is associated with mTOR and FLNA in samples from 

CHAPS-treated extracts but only with FLNA in Triton X-100-treated extracts. The schematic 

diagram on the right panel shows how mTORC2 components bind to the core of the complex 

(mTOR and RICTOR). C. Silver-stained purified mTORC2 from PP242-treated U87vIII cells 

compared to non-treated cells.  
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Figure 3.6 FLNA colocalizes with MYH9 and RICTOR. Immunofluoresence labeling of four 

individual U87vIII cells grown in normal condition. A. Majority of FLNA and RICTOR 

colocalize along cell membrane and in the cytoplasm. Each panel depicts the protein listed 

above. However, only RICTOR is found in nuclei of the cells. B. Majority of FLNA and MYH9 

colocalize along cell membrane and in the cytoplasm. Overall results indicate that FLNA and 

MYH9 are mTORC2 associated proteins which is a binding partner of RICTOR. 
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Figure 3.7 mTOR, but not RAPTOR, colocalizes with FLNA. Immunofluorescence staining 

of U87VIII cells grown in normal condition shows localization of mTOR or RAPTOR and 

FLNA. A. Anti-FLNA antibody and Anti-mTOR antibody were used to stain FLNA and mTOR. 

Both proteins are found colocalized along the cell membrane. B. Anti-FLNA antibody and Anti-

RAPTOR antibody were used to stain FLNA and RAPTOR. While FLNA localizes around the 

cell membrane, RAPTOR is found only in the cytoplasm.  
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Figure 3.8 Results obtained from HEK293T cells. A. Silver-stained mTORC2 components 

(high molecular weight) purified from HEK293T cells stably expressing FLAG-RICTOR are 

shown. Four large proteins are numbered and labeled. B. Immunoblots of purified proteins from 

HEK293T cells showing main components of mTORC2 (mTOR, RICTOR, SIN1) including 

phosphorylated and total FLNA.  
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CHAPTER IV 

 

CHARACTERIZATION OF MTORC2-MEDIATED FILAMIN A REGULATION IN 

GLIOBLASTOMA MULTIFORME 
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4.1 Introduction 

Characterization and regulation of FLNA 

Owing to the fact that FLNA is involved in all cellular activities that require cellular 

movement, changes in cell shape and locomotion, and relocation of organelles 134–136. As a major 

actin-binding protein crosslinking filamentous actin (F-actin) filaments to receptors on the cell 

membrane, loss of FLNA leads to defective impacts in multiple systems that basically affect the 

cell migration-related events. For example, Flna-null monocytes acquire migration deficiencies 

134, FLNA depletion in MEFs causes endoplasm collapse 135, and endothelial cells with FLNA 

knockdown have impaired tubular formation which is the cause of left ventricle dysfunction and 

cardiac failure in mice 137. Fully functional FLNA proteins under normal condition are in a form 

of V-shaped homodimers. Each FLNA monomer is comprised of 24 repeated, immunoglobulin 

(Ig)- like, anti-parallel β-sheet domains, interrupted by two hinges structures. The dimerization 

of FLNA occurs at the last C-terminal repeat 121,138,139.  

Regulation of the interactions between FLNA and its partners can be occurred through 

several mechanisms, including mechanical forces, proteolysis, phosphorylation, multimerization, 

and competition by other partners 123. Structural and mechanical properties of FLNA and actin 

can generate either crosslinking or parallel bundling actin/FLNA networks 140. Proteolysis of 

FLNA is mediated by calpain enzymes at two hinges and the self-association domain 139. The 

most interesting aspect of FLNA regulation that is mostly related to mTORC2 signaling pathway 

is through phosphorylation. FLNA is phosphorylated at many sites. However, the most 

characterized regulatory residue phosphorylated by several kinases is Serine residue 2152. Until 

now, multiple kinases reported to phosphorylate FLNA at this residue include cyclic 

AMP(cAMP)-dependent protein kinase (PKA), p90 ribosomal kinase (RSK), PAK1, cyclin 
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D1/Cdk4 and PKCα 141–144 while calcineurin was shown to dephosphorylate the same site 141. 

For RSK-mediated phosphorylation, Woo et al. investigated RSK kinase activity in vitro and in 

vivo in the presence or absence of epidermal growth factor and U0126 (MEK inhibitor) 142. This 

specific site Ser2152, is located at FLNA’s repeat 20. It is involved with the migration and 

invasion properties of cancers 139. In addition, this site is associated with the binding of repeat 21 

of FLNA to C-terminal region of β-integrin. Getting released from FLNA, the integrin is 

activated and becomes functional in propelling the cells 123,139. According to previous studies, 

multiple interactions were shown to occur around this specific location of FLNA, and pointing to 

the importance of Ser2152 in maintaining integrity of the protein and initiation of several cellular 

activities 123. 

 

FLNA in cancer metastasis 

One common feature of cancer is an uncontrollable regeneration of proteins resulting in 

overexpression of certain major proteins specifically to different types of cancer. FLNA appears 

to be overexpressed in several types of cancer such as prostate, breast, lung, colon cancer, 

melanoma, neuroblastoma, etc 139. Moreover, involvement of FLNA in cancer metastasis was 

raised in multiple other studies. 145–147 

Cancer metastasis starts with cancer cell detachment from the primary site following by 

invasion of cells into extracellular matrix area, migration, intravasation and their survival in the 

vasculature 118. After that, extravasation of cancer cells occurs, and the final step is to colonize at 

secondary locations. Even though specific roles of FLNA in cancer metastasis are still elusive, 

interactions between FLNA and proteins involved with cancer progression have already been 

proved 139. For example, the interaction between FLNA and β1-integrin enhanced by pro-prion 
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has been reported to promote melanomagenesis 148. Additionally, FLNA/β1-integrin/androgen 

receptor (AR) complex activates Rac and its signaling downstream to drive androgen-mediated 

motility which is important for prostate cancer metastasis 149.     

On the other hand, because of FLNA’s primary role in cytoskeleton networking, 

mutations or abnormal expression of FLNA have been claimed to be associated with cancer 

progression 35,123. In the past, many groups have shown that specific phosphorylation at Ser2152 

stabilizes FLNA and protects the protein from proteolysis 141,150. Phosphorylated FLNA is stable, 

active and involved in various interactions with many binding partners which were shown to be 

supporting metastasis of cancers 139. In contrast, nuclear localization of FLNA fragments 

generated from enzymatic proteolysis by calpains and caspases has been reported in prostate 

cancer cells to be associated with reduction of metastasis of cancer 151,152.  

 

FLNA in GBM 

  Until now, functions of FLNA that are involved with migration and invasion in GBM 

have been demonstrated in few studies even though FLNA is well-known to promote cell 

motility and drive cancer metastasis 35 for a long time, and GBM has been depicted as one of the 

most invasive type of cancers 67. FLNA was firstly shown to be associated with P311 protein, 

and colocalize on the leading edges of glioma cells 153. Highly expressed P311 is involved with 

invasive glioma migration by acting downstream of β1-integrin. Disruption of β1-integrin affects 

P311-mediated Rac1, Cdc42 activation, and finally inhibits cell migration 153. Moreover, another 

study showed the evidence of soluble FLNA protein specifically found in plasma of malignant 

glioma or breast cancer patients. The secreted FLNA was evaluated and proposed as a promising 

and sensitive biomarker for high GBM and breast carcinoma diagnosis 147. This further 
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emphasizes that FLNA might be another essential component uniquely expressed or 

dysregulated in cancer progression especially in GBM. 

Recent findings established that metastasis of GBM is related to the activity of calpain-2 

enzyme, accounting for proteolysis of its substrates: Talin and FLNA through the maintenance of 

extracellular matrix metalloproteinases 2 (MMP2) 154,155. Requirement of calpain 2 is important 

for invasion of GBM 154.  Moreover, Sangeet et al. showed that GBM cell line U87MG can 

migrate in zebrafish brain microenvironment in the presence of calpain 2 155. Hence, it is possible 

that FLNA is a vital player in GBM progression because of its highly metastatic property. 

Since mTORC2 is directly regulating PKCs to promote actin cytoskeleton reorganization, 

it is very possible that mTORC2 may be associated with FLNA regulation. Moreover, the facts 

in GBM that 1) mTORC2 is overactivated 2) migration and metastasis are highly stimulated, and 

3) FLNA is involved in these mechanisms of the cells can all be correlated. As we found that 

FLNA is an mTORC2 associated proteins, RICTOR-binding, therefore, the complex may play an 

important role in regulating FLNA similarly to other substrates: AKT, SGK, PKCs 22. Also, 

inhibition of mTORC2 might affect the phosphorylation of FLNA at Ser2152. 

Earlier in chapter III, I have identified and validated that FLNA and MYH9 are 

mTORC2-bound proteins, and phosphorylated form of FLNA at its regulatory residue Ser2152 is 

found associated with the affinity purified complex. In chapter IV of this dissertation, I progress 

to investigate whether phosphorylation of FLNA (Ser2152) is involved with mTORC2 activity. 

Here, I show that FLNA is phosphorylated by mTORC2 in vitro and in vivo. Inhibition of 

mTORC2 by RICTOR siRNA or PP242 treatment results in the inhibition of FLNA 

phosphorylation and dissociation of FLNA from actin cytoskeleton. Taken together, our results 
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suggest that mTORC2/FLNA axis is critical for actin cytoskeleton, motility and invasion of 

GBM cells. 
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4.2 Results 

FLNA is phosphorylated by mTORC2 in vitro 

In the previous experiments, I showed that FLNA associated with mTORC2 is 

phosphorylated (Figure 3.4C, D and 3.8D). This led me to examine whether FLNA serves as a 

substrate for mTORC2 kinase activity. mTORC2 was purified from U87vIII cells and 

phosphorylation of FLNA at its regulatory residue Ser2152 was examined using FLNA C-

terminal fragment as a substrate. As shown in Figure 4.1A, dose-dependent phosphorylation of 

FLNA was detected. In this experiment, phosphorylation of AKT residue Ser473 was used as a 

positive control. Additionally, I confirmed that phosphorylation of FLNA substrate was 

catalyzed specifically by mTOR kinase activity, not by other kinases potentially contaminating 

the mTORC2 preparation. This was performed by carrying out in vitro kinase assay of which two 

samples included PP242 at 1.25 µM and 5.0 µM. The results shown in Figure 4.1B demonstrate 

that PP242 promotes a dose-dependent, significant inhibition of FLNA phosphorylation 

compared to those without the inhibitor.     

 

FLNA phosphorylation is regulated by mTORC2 in GBM cells  

Interestingly, I noticed that the levels of total and phosphorylated FLNA are significantly 

higher in GBM cells compared with HEK293T cells. This is shown in Figure 4.2A. The basal 

level of FLNA in U87vIII is relatively higher than in HEK293T cells, while the amounts of 

mTOR kinase and actin are similar in both cell lines. More strikingly, we observed a 

dramatically higher level of phospho-FLNA (Ser2152) in U87vIII compared with HEK293T 

cells. The total amount of AKT is slightly higher in U87vIII cells and the amount of phospho-

AKT is significantly higher in these cells. Thus, GBM cells exhibit dramatically increased levels 
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of phosphorylated FLNA and AKT. Previous studies showed that the level of FLNA in more 

metastatic cancer cells is higher than in lower grade cancer cells of the same type 156,157, 

suggesting the significance of FLNA in cancer progression and metastasis.  

To investigate whether mTORC2 is responsible for FLNA phosphorylation at residue 

Ser2152 in vivo, we attempted to eliminate mTORC2 activity by depleting mTORC2 component, 

RICTOR, using siRNA. As shown in Figure 4.2B, the level of RICTOR was significantly 

decreased by RICTOR siRNA but not by scrambled siRNA (Sc). The treatment with RICTOR 

siRNA resulted in the decrease of phosphorylated FLNA (Ser2152) in U87vIII cell lines while 

the total amount of FLNA was unchanged. The RICTOR siRNA treatment also decreased the 

level of phosphorylated AKT (Ser473). These results suggest that mTORC2 is a primary player 

in the FLNA phosphorylation.  

Moreover, inhibition of mTORC2 due to the depletion of RICTOR caused effects on 

actin filaments (Figure 4.2C). Disordered and thin membrane-bound filaments were observed in 

a siRNA-treated group. FLNA proteins were also relocated in response to RICTOR knockdown. 

The shift of FLNA localization from the predominant membrane area to perinuclear/nuclei area 

is clear when comparing scrambled siRNA-treated group and RICTOR siRNA-treated group.  

 

PP242 inhibits FLNA phosphorylation and causes dissociation of FLNA from actin cytoskeleton 

I treated U87vIII cells with varying concentrations of an mTOR ATP-competitive 

inhibitor PP242 that can inhibit mTORC2 kinase activity, and then the level of phospho-FLNA 

(Ser2152) was examined. As can be seen in Figure 4.3A, the levels of phosphorylated FLNA 

decreased significantly in a dose-dependent manner. The amount of total FLNA, on the other 

hand, was unchanged by the treatment.  
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I found that FLNA colocalizes with actin cytoskeleton in GBM cells. As shown in Figure 

4.3B, the staining pattern of cells with anti-FLNA antibody looked similar to that observed with 

phalloidin staining (see the appearance of yellow fluorescence in the merged panel). After 

U87vIII cells were treated with 2.5 µM PP242 for 24 hours, FLNA proteins and actin filaments 

were dissociated and were no longer colocalized, as revealed by the disappearance of yellow 

fluorescence in the merged panel. FLNA localization changes from plasma membrane to 

perinuclear area and into the nuclei. Stronger effects can be observed in cells treated with a 

higher concentration of PP242.  

 

Nuclear Translocation of FLNA is mediated by mTORC2 inhibition 

 Since I observed changes in localization of FLNA after PP242 treatment, I further 

investigated PP242-treated U87vIII cells compared to untreated cells more closely. I observed 

the differences in the area where FLNA proteins locate in using 100x oil immersion objectives of 

the fluorescent microscope. As a result, Figure 4.4 shows that bright FLNA speckles accumulate 

in the area very close to the nuclei and are found inside the nuclei of the PP242-treated cells 

while the control cells only have FLNA on the membrane and in the cytosol. The results 

resemble effects of the treatment with siRNA against RICTOR as shown earlier in Figure 4.2C. 

 

PP242 is inhibiting mTORC2 activity specifically and eliminates level of phosphorylated FLNA 

more efficiently than other inhibitors 

Figure 4.5 demonstrates that PP242 at the highest concentrations I used (5 µM) did not 

inhibit MEK and PAK1 activities, as detected by pERK (Thr202/Tyr204) and pCRKII (Ser41), 

respectively. Otherwise, phosphorylated FLNA levels are more decreased in the PP242-treated 
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groups compared to U0126- and IPA3-treated U87vIII cells. The results suggest that mTORC2 

activity is more important for phosphorylation of FLNA at Ser2152 even though RSK 

(downstream of ERK) and PAK1 were also found to phosphorylate FLNA at this residue in other 

cells 142,143. It is possible that all three kinases are substituting each other’s role to activate FLNA 

because to deplete pFLNA, higher concentrations of drugs are needed to acquire similar level of 

inhibition to the substrates known to be phosphorylated by a single kinase such as AKT, ERK, 

and CRK-II.  

Furthermore, while FLNA is associated with mTORC2, I did not observe PKCα 

association with isolated complexes. This implies that in all in vitro kinase assays performed, the 

purified complexes do not contain PKCα. This finding suggests that FLNA is a physiological 

target of mTORC2 and eliminates the possibility that phosphorylation of FLNA is mediated 

through mTORC2-activated PKCα.  

Similar in vitro kinase assay results were obtained with mTORC2 purified from 

HEK293T cells (Figure 4.6A). Moreover, PP242 also inhibited phosphorylation of FLNA 

(Ser2152) in HEK293T cells (Figure 4.6B).   
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4.3 Discussion 

Even though the mTORC2 complex’s function as an actin cytoskeleton controller was 

primarily identified and PKCα was the first target of mTORC2. Researchers have been paying 

more attention to other axes of mTORC2 especially on AKT regulation because AKT is also 

important as a central mediator of several signaling pathways that are dysregulated and mutated 

in cancers. Hence, there is still no definite explanation or how mTORC2 behaves in order to 

promote actin cytoskeleton rearrangement.  

An only protein responsible for this cascade is PKC. Currently, different isoforms of 

PKC kinase of all classes: conventional, novel and atypical (i.e. α, β, γ, δ, ε, ζ) that are 

influencing apoptosis, migration, and invasion processes of the cells are shown to be involved 

with mTOR signaling pathway as downstream targets of mTORC2 15,28,158–160. Most studied 

isoforms reported to be phosphorylated by mTORC2 are conventional PKCs, especially 

PKCα/βII. Important phosphorylation sites are at turn motifs pT638/641 and hydrophobic motifs 

pS657/660 160,161.  Activation and inhibition of PKCδ through mTORC2 was recently shown to 

further phosphorylation of myristoylated alanine-rich protein kinase C substrate (MARCKS), an 

actin-binding protein resulting in cell migration changes 162. Polymerization, depolymerization of 

actin filaments and their dynamics are regulated by many G-proteins such as Rac, ROCK, RhoA 

that are downstream effectors of PKC kinases 163–166. With overactivated cytoskeleton 

reorganization regulatory proteins, several malignant cancers have constitutively active 

mTORC2 that plays an important role in generating signals to support migratory ability and the 

generation of invasive protrusions. Activities and expressions of small GTPases especially Rho, 

Rac1, and Cdc42 have been shown to be associated with mTORC2 as downstream effectors 

resulting in changes in actin cytoskeletal organization 23,167–169. Furthermore, because all 
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downstream targets of mTORC2 at present belong to the AGC protein kinase family, researchers 

mostly focused on kinases with a conserved hydrophobic or turn motifs and ignore the 

possibilities of other types of proteins behaving as mTORC2 downstream targets.       

Here in this dissertation, by purifying and dissociating mTORC2 complex from GBM, I 

have found that FLNA and MYH9 bind RICTOR but not RAPTOR. This result explains specific 

effects of mTORC2 on actin cytoskeleton, motility and invasion. I have made also an 

observation that FLNA is highly phosphorylated in GBM cells compared to HEK293T 

correlating with the hyperactivation of mTORC2. Therefore, I have performed several 

experiments to examine the role of mTORC2 in FLNA phosphorylation.  

Once associated with mTORC2, FLNA is phosphorylated by mTOR. This is shown first 

by demonstrating that mTORC2 purified from U87vIII cells could phosphorylate FLNA and this 

phosphorylation is inhibited by PP242. I also confirm that this event is mediated directly by 

mTORC2, not through activated PKCα. Second, knockdown of mTORC2 by applying RICTOR 

siRNA resulted in the inhibition of FLNA phosphorylation in U87vIII cells. These results 

suggest that FLNA is a new substrate of mTORC2. The specific site of phosphorylation, 

Ser2152, is located on FLNA’s repeat 20 that is involved with the migration and invasion 

properties of cancers 139. In addition, this site is associated with the binding of the protein to C-

terminal region of β-integrin 123, suggesting that multiple interactions occur at this specific 

location of FLNA, and pointing to the importance of Ser2152 in maintaining integrity of the 

protein and initiation of several cellular activities.  

According to my findings, it appears that mTORC2 phosphorylation of FLNA is a 

primary event in GBM migration and invasion, even though FLNA can be phosphorylated by 

multiple protein kinases. My results shown in Figure 4.6 demonstrate that inhibition of RSK and 
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PAK1, the other potential kinases of FLNA, did not significantly affect phosphorylation of 

FLNA compared to PP242.  

I found that FLNA is overexpressed and highly phosphorylated at Ser2152 in GBM cells. 

This presumably reflects high level of mTORC2 activation in these cells perhaps due to 

overexpression of RICTOR. I have shown that phosphorylation of FLNA by mTORC2 is 

important for cytoskeletal effects. Inhibition of FLNA phosphorylation by ATP-competitive 

mTOR inhibitor (PP242) leads to impaired FLNA-actin-plasma membrane linkages and 

disorganization of actin cytoskeleton in addition to the disruption of FLNA-actin colocalization. 

FLNA appeared to move inward to the perinuclear and nuclear area after being inactivated by the 

inhibitor. Similarly, inhibiting mTORC2 by knocking down RICTOR results in the inhibition of 

FLNA phosphorylation and this causes dramatic change in actin cytoskeleton and FLNA 

localization. From the recent study, knockdown of FLNA impairs migration of neuronal cells, 

disrupts actin cytoskeleton and defects filopodia formation 170
. Therefore, both FLNA 

knockdown and inhibition of phosphorylation by PP242 affect actin cytoskeleton.  

My studies reinforce the idea that FLNA is a critical player in GBM and FLNA may be 

significant in migration, invasion and metastasis of other cancers also. From previous studies, 

FLNA appears to be overexpressed in several types of cancers, such as prostate cancer, breast 

cancer, lung cancer, colon cancer, melanoma, and neuroblastoma 139. Involvement of FLNA in 

cancer metastasis was suggested in multiple other studies 145,147,171. In addition, Zhang L et al. 

reported that overexpression of FLNA in Tsc1null neurons promoted abnormal dendritic 

patterning which is a common shared feature of neurodevelopmental diseases 172.  

Thus, the mTORC2/FLNA axis plays important roles in cellular functions relating actin 

cytoskeleton, motility and invasion. In addition, both FLNA and mTORC2 could affect small 
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GTPases known to control actin cytoskeleton (Rho), and chemotaxis and accumulation of F-actin 

(Rac/cdc42) 173. Further work is needed to investigate whether MYH9 is a component or 

substrate of mTORC2 and what role it plays in mTORC2 function.  
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4.4 Material and Methods 

Antibodies and other reagents 

Anti-FLAG M2 magnetic beads, 3X FLAG peptide, Phalloidin-FITC, anti-Vinculin 

(VCL), and PP242 were obtained from Sigma Aldrich. Anti-AU1 agarose beads were from 

BETHYL Lab. AU1 peptide (DTYRYI) was from COVANCE. Recombinant C-terminal 

fragment (amino acids 1730-2639) of Human FLNA purified from E. coli was obtained from 

Creative Biomart. Full-length inactive recombinant AKT1/PKB was from EMD Millipore. Anti-

mTOR, Anti-phospho-AKT(Ser473), Anti-AKT, Anti-phospho-FLNA(Ser2152), Anti-phospho-

S6(Ser235/236), Anti-S6, Anti-phospho-ERK (Thr202/Tyr204), and Anti-ERK were obtained 

from Cell Signaling. Anti-FLNA was obtained from EMD Millipore. Anti-RICTOR and anti-

SIN1 were obtained from BETHYL Lab. Anti-phospho-CRKII and Anti-CRKII (Ser41) were 

obtained from Santa Cruz Biotechnology. 

Cell culture 

  U87 overexpressing EGFR vIII (U87vIII) cells were maintained in DMEM containing 

10% (vol/vol) FBS, 1% (vol/vol) penicillin/streptomycin at 37°C with 5% (vol/vol) CO2. Stable 

U87vIII and HEK293T cells expressing FLAG-RICTOR protein were established using 

lentivirus containing pRK-5-myc-RICTOR plasmid (Addgene plasmid # 1860) 8 generated by 

the UCLA Vector Core Facility. 

Drug treatment  

 U87vIII cells were cultured in DMEM containing 10% (vol/vol) FBS, 1% (vol/vol) 

penicillin/streptomycin at 37°C with 5% (vol/vol) CO2 until they reached 80% confluency. Cells 

were serum starved in serum-free media for 24 hours prior to a 24-hr treatment of different 

concentrations of PP242 in regular culturing media.  
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Western blotting 

 Cultured cells were lysed with a lysis buffer containing 0.2% Triton X-100 and protease 

inhibitor cocktail (EDTA-free PIC; Roche). The amount of total protein concentration in cleared 

lysate was determined by Bio-Rad protein assay. Equal protein extracts from various samples 

were separated by electrophoresis on SDS-PAGE gel, and then transferred to a nitrocellulose 

membrane (GE Healthcare). The membrane was blocked in Tris-buffered saline containing 

0.05% Tween20 and 5% bovine serum albumin, then probed with primary antibodies followed 

by secondary antibodies (Horseradish peroxidase (HRP)-conjugated). The blot was incubated in 

Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from 

peroxidase activities to chemiluminescent substrates were developed and detected on films.  

Immunofluorescence 

  U87vIII cells were fixed with 4% Paraformaldehyde, lysed with 0.2% Triton X buffer, 

blocked with 1% BSA, then incubated in primary antibodies (anti-FLNA, anti-RICTOR, anti-

MYH9, anti-mTOR, FITC-phalloidin) overnight at 4°C or 3 hours at room temperature. Anti-

mouse Texas Red secondary antibody, anti-rabbit Alexa flour 488, and anti-rabbit Alexa flour 

594 from Life Technology, and anti-mouse FITC from Sigama were used. Nuclei of cells were 

stained by DAPI. FLNA, Actin filaments, RICTOR, VCL, were observed using a fluorescence 

microscope with 40x and 100x objectives.   

siRNA treatment  

On-TARGET plus Smartpool Human RICTOR siRNA was purchased from Thermo 

(Cat# 016984-00). U87vIII cells were transfected using Lipofectamine RNAi max (Life 

Technologies) and RICTOR siRNA or siGENOME-non-targeting #1 (D-001206-13-05) for 24 

hours before changing the media. All samples were collected 48 hours after siRNA treatment. 
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Western blotting was performed to show effects of RICTOR knockdown on FLNA 

phosphorylation. For immunofluorescence experiment, siRNA transfected cells were transferred 

to 4-well chamber slides 24 hours after siRNA treatment and incubated for another 24 hours. 

Cells were then fixed, treated with anti-FLNA, anti-RICTOR, phalloidin, followed by secondary 

antibodies, and were observed under the fluorescent microscope. 
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4.5 Figures  

 

Figure 4.1 Purified mTORC2 phosphorylates FLNA at Ser2152 in vitro. A. In vitro kinase 

assay of mTORC2 purified from U87vIII cells with FLNA and AKT as substrates. Level of 

phosphorylated FLNA (Ser2152) and phosphorylated AKT (Ser473) were increased in the 

presence of mTORC2 and ATP. Negative control groups contain either no purified complex or 

no ATP. Activity of mTORC2 is maximal when Mn2+ is used instead of Mg2+. B. In vitro kinase 

assay of mTORC2 purified from U87vIII cells with FLNA as a substrate. Two concentrations of 

PP242 (+ = 1.25 µM ; ++ = 5.0 µM) were added into two samples to inhibit the kinase activity of 

mTORC2. Levels of pFLNA and pAKT when treated with PP242 are decreased compared to 

ones without PP242.    
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Figure 4.2 mTORC2 regulates FLNA phosphorylation at Ser2152. A. An immunoblot 
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showing high amounts of phosphorylated FLNA (pFLNA) and phosphorylated AKT (pAKT), a 

known mTORC2 substrate, in U87vIII cell lysate. In contrast, the amount of mTOR is similar in 

both U87vIII and HEK293T cells. B. Level of FLNA phosphorylation (Ser2152) in U87vIII cells 

treated with two different concentrations of RICTOR siRNA decreases correlating to mTORC2 

inhibition as detected by pAKT at Ser473. (Sc: scrambled siRNA, + = 4 µL, ++ = 8 µL siRNA). 

C. Immunofluorescence staining of actin filaments, FLNA and RICTOR. Results obtained from 

RICTOR knockdown experiment (48-hr incubation with RICTOR siRNA) as described in 

Methods were used to observe effects of mTORC2 loss on arrangement of actin cytoskeleton and 

FLNA localization.  
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Figure 4.3 PP242 inhibits FLNA phosphorylation and causes dissociation of FLNA from 

actin cytoskeleton. A. Levels of pFLNA (Ser2152) in U87vIII cells treated with different 

concentrations (0.31-5.0 µM) of PP242 were examined by carrying out Western analysis using 

anti-phospho-FLNA antibody. Average relative signal intensity of pFLNA adjusted by total 

FLNA amount of each condition is shown. Error bars indicate ± SD (n=3). B. Effects of PP242 

on actin cytoskeleton and FLNA localization were examined by treating U87vIII cells with 

PP242 (2.5 µM or 5.0 µM) for 24 hours before fixation. Immunofluorescence staining of actin 

filaments and FLNA was carried out as described in Methods. Colocalization of Actin and 

FLNA is interrupted in samples treated with PP242. The results resemble effects of the treatment 

with siRNA against RICTOR.   
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Figure 4.4 PP242 promotes FLNA translocation to the nuclear area. Effects of PP242 on 

FLNA localization were examined by treating U87vIII cells with PP242 (5.0 µM) for 24 hours 

before fixation. Immunofluorescence staining of FLNA and DNA stained by DAPI was carried 

out as described in Methods. Translocation of FLNA to the nucleus is observed as bright green 

speckles appear in the nucleus or surrounding area in each sample treated with PP242 (100x oil 

immersion objectives). The results resemble effects of the treatment with siRNA against 

RICTOR.   
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Figure 4.5 mTORC2 inhibition is a major contributor to FLNA phosphorylation inhibition. 

A. PP242 inhibits mTORC2 while PAK1 and MEK inhibitors do not. Cells were treated with 

inhibitors (PP242, U0126, or IPA3) for 24 hours and levels of phosphorylated FLNA, AKT, 

ERK, and CRKII were examined by Western blotting analysis. B. RICTOR and mTOR can be 

detected in either purified mTORC2 (Complex) or whole cell lysate (WCL) from U87vIII cells 

while PKCα was found only in WCL. 
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Figure 4.6  In vitro kinase assay and effects of PP242 on pFLNA level obtained from 

HEK293T cells. A. In vitro kinase assay of mTORC2 purified from HEK293T cells with FLNA 

and AKT as substrates. Level of phosphorylated FLNA (Ser2152) and phosphorylated AKT 

(Ser473) were increased in the presence of mTORC2 and ATP. B. Western blot shows levels of 

pFLNA (Ser2152) in HEK293T cells treated with different concentrations (0.31-5.0 µM) of 

PP242. 
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CHAPTER V 

 

CHARACTERIZATION OF MTORC2-MEDIATED MYOSIN-9 REGULATION IN 

GLIOBLASTOMA MULTIFORME 
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5.1 Introduction 

MYH9 and its roles in cell migration 

Myosins belong to a large motor protein superfamily known to play critical roles in 

various cellular processes that require force and movement. The common feature of the proteins 

is to have a motor domain that binds to F-actin filament to provide force and tension in an ATP-

dependent manner, a neck domain carrying several IQ motifs where light chains bind to, and a C-

terminal domain or tail domain of variable lengths and functions 130.  

The largest founding class of myosins is the class II or so-called conventional myosin. 

The myosin II is hexameric, contains dimer of three components; heavy chains (MHCs), 

essential light chains (ELCs), and regulatory light chains (RLCs). ELCs and RLCs can be called 

as myosin light chains (MLCs). All eukaryotes except plants are expressing class II myosins. 

Moreover, all non-muscle cells express myosin II as well. This type of myosin II is called non-

muscle myosin II (NM II). The NM II uses the properties of actin crosslinking and contractility 

regulated by phosphorylation and other alternative methods to control actin cytoskeleton. In 

human genome, there are 15 class II myosin genes. Three genes MYH9, MYH10, and MYH14 

encode three types of non-muscle myosin heavy chains (NMHC). The preferential expression 

and distributions of these three NMHCs are variable depending on cell and tissue types. They are 

generally found in cytoplasm of non-proliferating cells 130,131,174. 

All NM II are implicated in cell migration, adhesion, polarity, cytokinesis, 

morphogenesis, and vesicle transport 175. However, more characterized molecules are MYH9 and 

MYH10. Both of them have been reported in many studies of cell migration to play roles in 

mediating cell shape changes and be involved with matrix in migrating cells 131. During cell 

spreading, MYH10 localizes at the front end of the cell driving lamellipodia extension while 
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MYH9 attenuates and promotes retraction next to MYH10. Both of them increase cell adhesion 

by regulating focal contacts formation 122. Moreover, activities of these myosins at the rear end 

create intracellular tension by accumulating at cell rear to provide posterior tension, polarity of 

cells, and initiate actomysin contractility to support directional cell migration 176. In addition, 

MYH9 is also involved in increase stress fibers assembly in integrin-mediated focal adhesion 

formation when cells are moving forward 130.  

 

Regulation of NM II 

The regulation of NM II involves the reversible phosphorylation that can be occurred via 

phosphorylation of MHC, RLC, and interactions between other regulatory proteins and the RLC. 

The function of ELC on the other hand is to stabilize the heavy chain. No regulatory 

phosphorylation of ELC has been reported 130. Phosphorylation of RLC is considered the primary 

mechanism for NM II filament assembly, maintenance of the stability of NM II and control of 

cellular integrity. In an inactivated state, fully dephosphorylated, the NM II molecule is in a 

folded structure (referred as 10S conformer). When activated by RLC phosphorylation at Thr18 

and/or Ser19 by several kinases (myosin light chain kinase (MLCK), Rho kinase (ROCK), zipper 

interacting kinase (ZIPK), and myotonic dystrophy kinase-related CDC42-binding kinase 

(MRCK)), the monomer turns into the active extended NM II monomer (referred as 6S 

conformer) 174,177. The activation signal for each kinase is distinct. For example, Ca2+-

Calmodulin activates MLCK, whereas RhoA activate ROCK and ZIPK. In contrast, PKC 

phosphorylates RLCs on Ser1, Ser2 and Thr9 leading to the decrease of NM II activity because it 

cannot bind to MLCK 178. Although 10S conformer cannot initiate the assembly but this 
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conformer initiates the process of proper localization and recycling together with 

phosphorylation events of both RLC and MHC 130,174.  

On the heavy chain, there are two common areas critical for proper filament assembly of 

all NM II which are a conserved assembly competence domains (ACD1), and the C-terminal 

tailpiece. When C-terminal tailpiece of MYH9 is deleted, the filament assembly is enhanced. 

Regulatory mechanisms of the assembly by heavy chain phosphorylation are performed by 

multiple kinases at the C-terminal end of the heavy chain (coiled coil and tailpiece regions). 

Transient receptor potential melastatin 6 and 7 (TRPM6, TRPM7), PKCs, and casein kinase 2 

(CK2) phosphorylate Thr1800/Ser1803/Ser1808, Ser1916, and Ser1943, respectively. The 

specific site at Ser1943 is the most frequently observed posttranslational modification of MYH9. 

The phosphorylation is mediated by CK2. The evidence was shown in vitro but never been 

exhibited in vivo 174,179,180.  

Phosphorylation of Ser1943 at the tailpiece inhibits filament assembly, contributes to the 

dissociation of myosin molecule from the filament to a 6S monomer shown by comparing the 

S1943A mutation to wild type MYH9 180. In spreading breast tumors, pMYH9 at Ser1943 is 

highly phosphorylated. Additionally, the phosphomimetic mutants S1943D and S1943E were 

demonstrated to have increased migration and lamellipodia extension while S1943A showed 

reduced activities 132. From overall observations, this phosphorylation of MYH9 at Ser1943 

mediates cell motility, invasion and chemotaxis of cells and plays an important role in epithelial-

mesenchymal transition (EMT) through the control of NM II dynamics by 6S/10S conformer 

switch and the transport of NM II to proper locations 180,181.   

Since the regulatory system of NM II is very complicated, more extensive studies are still 

necessary for the clearer understanding of the mechanisms underlying this complex network in 
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order to explain many consequences in relation to diseases caused by irregular activities of NM 

II.  

   

NM II and diseases 

NM II members are also involved as the machinery in viral infection during several 

stages especially the viral entry and viral transport. In addition, according to NM II abnormalities 

such as mutations, absence, dysregulation, they are linked to progression of several human 

diseases 175. 

Ablation of MYH9 causes developmental impairments such as embryonic lethal due to 

defects and failure in cell adhesion, visceral endoderm formation, or abnormal germ layers 

formation 175,182. Moreover, over 45 mutations were identified in MYH9 and some of them are 

linked to several autosomal-dominant disorders commonly called MYH9-related diseases 

(MYH9RD). Mutations in the motor domain lead to severe symptoms such as deafness, 

nephritis, and enlarged platelets. Overexpression of MYH9 is implicated in promoting cell 

migration, invasion and metastasis of cancers 131. 

Cancer cells can use amoeboid bleb-like protrusions to passage through tight ECM 

without proteolytic activities that are normally required for cell invasion. The bleb- protrusive 

actin polymerization might be driven by MYH9 as they can be found in newly made blebs of M2 

melanoma cells 118,183. 

 

NM II in GBM  

NM II has been implicated in glioma migration and invasion. There are several studies 

being performed to characterize the importance of NM II in brain cancer. Loss of MYH9 in the 
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brain generates neuroepithelial cell-cell adhesion defects that cannot be completely rescued by 

other isoforms 184. The high rigidity of ECM was shown to stimulate motility and proliferation of 

GBM cell lines by increasing the contractile forces through the expression of NM II. The results 

imply that NM II is important to GBM 185.  

 Ivkovic et al. reported that overexpression of phosphorylated MYH9 has been detected 

in several GBM specimens compared to the normal brain tissue. Inhibition of NM II by 

blebbistatin was demonstrated to significantly block tumor invasion modulated by growth factors 

such as EGF and PDGF 186.  

Another study from Beadle et al. critically highlights how important NM II is for GBM 

cells to acquire invasive phenotype with an ability to move through small area within living brain 

tissue. They proposed the model that explains how MYH9 and MYH10 function to promote the 

adaptive mode of movement which GBM cells use to penetrate through brain parenchyma 

consisting of a tight network of glial and neuronal processes. They exhibited that GBM 

specifically need MYH9 and MYH10 when the cells need to squeeze themselves through small 

pores. Moreover, this study defined the importance of MYH9 and MYH10 as the absolute 

requirement for brain invasion and promoted NM II as the plausible target for anti-invasive 

therapeutics against GBM 133.    

Until now, there are very few studies pointing out incidents of mTORC2 being associated 

with NM II. The role of mTORC2 in regulating neutrophil chemotaxis mediated through actin-

myosin networking was shown by Liu et al. They proposed that mTORC2 controls MLC through 

a cAMP/RhoA-signaling cascade. Knockdown of RICTOR inhibits the chemotaxis and cAMP 

accumulation independently of AKT and PKCα. Overall phosphorylation level of MLC was 

measured and shown to be decreased in RICTOR-deficient cells resulting in impaired polarized 
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and directed migration 14. Later on, it has been revealed that only PKCβII, but not other isoforms, 

is responsible for this regulatory process 187. However, the information about which specific 

residues on MLC are phosphorylated has not been revealed. 

Taken together, here in chapter V, I would like to characterize the connection between 

mTORC2 and MYH9 because both of them have been highlighted as key regulators and 

modulators of GBM in various aspects correlatively, yet separately. Moreover, since I have 

discovered that MYH9 is associated and colocalized with mTORC2, it is possible that MYH9 

might be another downstream target of mTORC2 responsible for promoting GBM invasiveness. 

Therefore, I investigated whether inhibition of mTORC2 has an effect on phosphorylation of 

MYH9 in GBM. Then, I examined how PP242 affects MYH9 localization in relation to actin 

cytoskeleton rearrangement. Here, I show that MYH9 is another potential downstream target of 

mTORC2, independently of PKCs. Inhibition of mTORC2 effectively depletes pMYH9 level 

specifically at residue Ser1943. PP242 treatment results in disorganized NM II filaments, and 

can cause a conformational change of NM II molecules.  

 

5.2 Results 

mTORC2 inhibition affects MYH9 phosphorylation 

According to the fact that FLNA is a physiological downstream target of mTORC2, I 

suspect that MYH9 might behave similarly to FLNA. To examine whether mTORC2 plays a role 

in regulating MYH9, I treated U87vIII cells with different concentrations of PP242 for 24 hours, 

then investigated phosphorylation of MYH9 at three most important regulatory sites: Ser1943, 

Ser1916, and Ser1803 which are known to be phosphorylated by CK2, PKCs, and TRPM6/7, 

respectively. A significant inhibition of phosphorylated MYH9 at Ser1943 was observed as 
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shown in Figure 5.1A in a dose-dependent manner. In contrast, phosphorylation of MYH9 at 

Ser1803 and Ser1916 did not change. To confirm that mTORC2 is responsible for this event, I 

knocked down mTORC2 activity using RICTOR siRNA. The results in Figure 5.1B show that 

pMYH (Ser1943) level is depleted in the siRNA-treated group as well as RICTOR level and 

pAKT (Ser473).  

 

mTORC2 inhibition affects MYH9 organization and localization  

 Because mTORC2 inhibition leads to disorganization of actin cytoskeleton 

rearrangement, I further examined how inactivation of mTORC2 affects MYH9 localization in 

U87vIII by carrying out immunofluorescence staining. As depicted in Figure 5.2, under normal 

condition, MYH9 proteins are localized along actin filaments and they are found along the cell 

cortex while the treatment of PP242 disrupts the colocalization of actin-MYH9. Moreover, I 

observe bright punctate structures of MYH9 clustering closer to the perinuclear region including 

inside the nucleus in PP242-treated cells. These results imply that effects of PP242 on MYH9 

filament assembly are caused by mTORC2 inhibition.  

 

PP242 induces changes in NM II conformer 

In addition to previous immunostaining experiment (Figure 5.2), I would like to 

determine whether the circular spots detected in PP242-treated U87vIII cells are clumps of 

aggregated proteins randomly occurred. I investigated the PP242-treated samples using 100x oil 

immersion objective lens for this purpose compared to DMSO-treated control cells. I speculate 

that the stained MYH9 proteins have small curved, ring-like structures which resemble the 10S 

inactive conformer while control cells have elongated myosin filaments. This finding correlates 
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with previous studies that when NM II is in the fully dephosphorylated state, NM II molecules 

are depolymerized into a bent, compact monomeric conformer 174,188. 
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5.3 Discussion 

As mentioned earlier in chapter III and IV, I have discovered that FLNA and MYH9 are 

mTORC2 associated proteins. Especially in GBM, both FLNA and MYH9 were shown to play 

important roles in acquired invasive characteristics 133,153. Previously, I have shown that FLNA is 

a direct downstream target of mTORC2 and mTORC2 is the major player of this event in GBM. 

I further proposed that MYH9 might also be another mTORC2 target. Therefore, I have pursued 

to determine the role of mTORC2 in MYH9 regulation in this chapter of my dissertation.  

I provide the evidence that mTORC2 regulates the phosphorylation of MYH9 at Ser1943 

on the C-terminal tailpiece. This phosphorylation site was shown to be mediated by CK2 in vitro, 

and independent of PKCs 189. However, Betapudi et al. reported that decrease in pMYH9 at 

Ser1943 was not eliminated by CK2 siRNA or by CK2 inhibitor (Apigenin) treatment 190. My 

results that are demonstrated using PP242 to inhibit mTOR kinase activity and siRNA depletion 

of RICTOR emphasize the importance of mTORC2 in MYH9 phosphorylation at this site in 

vivo. Additionally, PP242 might have an effect on RLC phosphorylation as well as MHC 

because it can turn some of myosin molecules into the completely inactivated form which is 

associated with the phosphorylation status of the RLC residue Thr18, and Ser19 191. These two 

sites are also responsible for promoting proper cell spreading and possibly involved in neutrophil 

chemotaxis 14,192.  

Further studies are to figure out whether this regulatory role of mTORC2 can be 

generalized in normal cells such as HEK293T, to investigate whether the mechanisms are driven 

by mTORC2 directly or through other kinases downstream of mTORC2.  

In conclusion, overall results suggest that mTORC2 regulates actin cytoskeletal 

rearrangement that further affects cell migration and invasiveness in GBM cells. One of the key 
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mechanisms includes mTORC2-mediated phosphorylation of downstream effectors such as 

FLNA and MYH9 which are actin-binding proteins, in addition to PKCs at their regulatory 

residues. This potentially opens up a new aspect to understand how mTORC2 facilitates cell 

migration and invasion in GBM more extensively by integrating new players: FLNA and MYH9 

into the system and take them into account when overviewing the mTORC2-mediated actin 

cytoskeleton reorganization networking. 
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5.4 Material and Methods 

Antibodies and other reagents 

Anti-FLAG M2 magnetic beads, 3X FLAG peptide, Phalloidin-FITC, anti-Vinculin 

(VCL), and PP242 were obtained from Sigma Aldrich. Anti-AU1 agarose beads were from 

BETHYL Lab. AU1 peptide (DTYRYI) was from COVANCE. Recombinant C-terminal 

fragment (amino acids 1730-2639) of Human FLNA purified from E. coli was obtained from 

Creative Biomart. Full-length inactive recombinant AKT1/PKB was from EMD Millipore. Anti-

phospho-AKT(Ser473), Anti-AKT were obtained from Cell Signaling. Anti-RICTOR were 

obtained from BETHYL Lab. Anti-phospho-MYH9 (Ser1943), Anti-phospho-MYH9 (Ser1916), 

Anti-phospho-MYH9 (Ser1803) and Anti-MYH9 were obtained from ECM Biosciences. 

Cell culture 

  U87 overexpressing EGFR vIII (U87vIII) and HEK293T cells were maintained in 

DMEM containing 10% (vol/vol) FBS, 1% (vol/vol) penicillin/streptomycin at 37°C with 5% 

(vol/vol) CO2. Stable U87vIII and HEK293T cells expressing FLAG-RICTOR protein were 

established using lentivirus containing pRK-5-myc-RICTOR plasmid (Addgene plasmid # 1860) 

8 generated by the UCLA Vector Core Facility. 

Drug treatment  

 U87vIII cells were cultured in DMEM containing 10% (vol/vol) FBS, 1% (vol/vol) 

penicillin/streptomycin at 37°C with 5% (vol/vol) CO2 until they reached 80% confluency. Cells 

were serum starved in serum-free media for 24 hours prior to a 24-hr treatment of different 

concentrations of rapamycin or PP242 in regular culturing media.  

Western blotting 
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 Cultured cells were lysed with a lysis buffer containing 0.2% Triton X-100 and protease 

inhibitor cocktail (EDTA-free PIC; Roche). The amount of total protein concentration in cleared 

lysate was determined by Bio-Rad protein assay. Equal protein extracts from various samples 

were separated by electrophoresis on SDS-PAGE gel, and then transferred to a nitrocellulose 

membrane (GE Healthcare). The membrane was blocked in Tris-buffered saline containing 

0.05% Tween20 and 5% bovine serum albumin, then probed with primary antibodies followed 

by secondary antibodies (Horseradish peroxidase (HRP)-conjugated). The blot was incubated in 

Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from 

peroxidase activities to chemiluminescent substrates were developed and detected on films.  

Immunofluorescence 

U87vIII cells were fixed with 4% Paraformaldehyde, lysed with 0.2% Triton X buffer, 

blocked with 1% BSA, then incubated in primary antibodies (anti-FLNA, anti-VCL, anti-

RICTOR, anti-mTOR, FITC-phalloidin) overnight at 4°C or 3 hours at room temperature. Anti-

mouse Texas Red secondary antibody from Life Technology was used to detect FLNA and VCL. 

Nuclei of cells were stained by DAPI. FLNA, Actin filaments, RICTOR, VCL, were observed 

using a fluorescence microscope.   

siRNA treatment  

On-TARGET plus Smartpool Human RICTOR siRNA was purchased from Thermo 

(Cat# 016984-00). U87vIII cells were transfected using Lipofectamine RNAi max (Life 

Technologies) and RICTOR siRNA or siGENOME-non-targeting #1 (D-001206-13-05) for 24 

hours before changing the media. All samples were collected 48 hours after siRNA treatment. 

Western blotting was performed to show effects of RICTOR knockdown on FLNA 

phosphorylation. For immunofluorescence experiment, siRNA transfected cells were transferred 
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to 4-well chamber slides 24 hours after siRNA treatment and incubated for another 24 hours. 

Cells were then fixed, treated with anti-FLNA, anti-RICTOR, phalloidin, followed by secondary 

antibodies, and were observed under the fluorescent microscope. 
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5.5 Figures  

 

Figure 5.1 PP242 and RICTOR siRNA inhibit MYH9 phosphorylation at Ser1943. A. Level 

of pMYH9 at different residues in U87vIII cells treated with different concentrations (0.63-2.5 

µM) of PP242 were determined by carrying out Western analysis using anti-pMYH9 antibody 

specific to each of the three residues (Ser1943, Ser1916, and Ser1803). B. An immunoblot 

showing levels of pMYH (Ser1943) and pAKT (Ser473) in U87vIII cells treated with RICTOR 

siRNA. Actin protein is used as a loading control. 
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Figure 5.2 PP242 causes dissociation of MYH9 from actin cytoskeleton at the cell cortex. 

Effects of PP242 on actin cytoskeleton and MYH9 localization were examined by treating 

U87vIII cells with PP242 (5.0 µM) for 24 hours before fixation. Immunofluorescence staining of 

actin filaments and MYH9 was carried out as described in Methods. Colocalization of Actin and 

MYH9 is interrupted in samples treated with PP242. Accumulation of MYH9 proteins is 

observed as punctate pattern surrounding the nucleus of each representing cell. 
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Figure 5.3 A close-up look of punctate pattern defines a 10S inactive conformer of NM II. 

A. Diagram showing inactive 10S (left) and active 6S (right) conformers of NM II. Reprinted 

with permission, copyright ©2014 Betapudi 131. B. Control cell (left panel) and PP242-treated 

cell (right panel) show different NM II filament assembly patterns. Left: Elongated bipolar 

filaments of myosin II filaments as detected by MYH9 staining are shown in the control cell. 

Right: Bent, ring-like structure of the folded form (10S conformer) of NM II filament shown by 

MYH9 staining.  
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CONCLUSIONS AND FUTURE DIRECTIONS  
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During the past decade, a rapid rise in interest in and knowledge about the mTORC2 

signaling pathway has been broadcasted. The research area has expanded exponentially and 

numbers of studies regarding mTORC2 network in a variety of systems, more explicitly in 

disease-related fields, have been published. Instead of characterizing the better known aspect of 

mTORC2 as a regulator of cell survival and metabolisms through a wide variety of downstream 

effectors that much has been comprehensively characterized enough to provide great applications 

such as drug discovery, my dissertation has incorporated work that clarifies the less known 

feature of mTORC2 as a central mediator of cellular motility.  

Overall, I have integrated many evidence to support the idea that mTORC2 is one of the 

major molecular regulators providing proper localization of key players in the actin cytoskeleton 

networks via their mTORC2-mediated signaling activation to promote normal cellular 

locomotion. In this dissertation, I have described the discovery of two new mTORC2 

downstream targets that behave in this manner: Filamin A and Myosin-9. I have focused mainly 

on mTORC2 and its associated proteins in glioblastoma multiforme cells. My findings have 

contributed to the advances of the molecular biology of GBM field by; determining the outcomes 

of mTORC2 inhibition in actin cytoskeleton reorganization, studying the interactions between 

mTORC2 and FLNA, or mTORC2 and MYH9, and uncovering crucial molecular mechanisms 

underlying the effects of mTORC2 inhibition on cytoskeletal proteins.  

 

6.1 mTORC2 is important for GBM cells 

I chose to characterize the mTORC2 pathway in GBM cell lines as a model of 

hyperactivated mTORC2 signaling cascade caused by overexpressing RICTOR. The results 

presented primarily demonstrate that GBM cells did not respond well to the effects of rapamycin 
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on inhibition of growth and proliferation, cell migration, and cell invasion through mTORC1 

inactivation while PP242-treated GBM cells exhibited; decreased numbers of viable cells, 

impaired cell migration, and diminished invasiveness. Hence, this has led me to conclude that 

mTORC2 plays more pivotal roles in governing many cellular activities in GBM than mTORC1. 

In addition to positive effects, inhibition of mTOR kinase by PP242 contributes to resistance 

mechanisms by shutting down the inhibitory linkage between mTOR/MAPK pathway resulting 

in highly phosphorylated ERK. I also propose that there are more than two connections between 

the two pathways. Moreover, both mTORC1 and mTORC2 are participating in different 

mechanisms to provide independent signals derived from the mTOR kinase inhibition to activate 

ERK pathway. 

 

6.2 The discovery of two novel RICTOR binding proteins 

In the second part of my dissertation, I address the question whether some components or 

binding partners of mTORC2 can be indicative of the causes of mTORC2 hyperactivation in 

GBM. Therefore, I further analyzed the purified mTORC2 from GBM cells compared to 

HEK293T cells. Surprisingly, I found two high molecular weight protein bands that were affinity 

purified consistently with other mTORC2 components while I did not observe PKCα association 

with isolated complexes. After the mass spectrometry was performed, two proteins were 

identified to be FLNA and MYH9. Moreover, I demonstrate that both FLNA and MYH9 are 

RICTOR-binding. The fact that they colocalize with RICTOR and mTOR imply that they all are 

physically located as a group nearby the membrane. In contrast, the localization of RAPTOR is 

not overlapping with FLNA on the cell membrane, suggesting that FLNA and MYH9 are only 

associated with mTORC2.  
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6.3 Establishment of mTORC2-FLNA axis  

I have noticed that the amount of FLNA associated with purified mTORC2 from GBM 

cells is higher than the complexes from HEK293T cells. Consequently, I examined whether 

amounts of FLNA and pFLNA (Ser2152) in the whole cell lysate of GBM and HEK293T are 

distinguishable. Comparing equally loaded proteins from GBM and HEK293T lysates, I 

observed that the level of FLNA from GBM cells is higher. More strikingly, the amount of 

pFLNA at its renowned regulatory site Ser2152 is significantly elevated in GBM cells similarly 

to the level of pAKT at the residue Ser473 where mTORC2 mediates the phosphorylation. This 

leads me to the question whether FLNA is a potential target of mTORC2. The results presented 

in this dissertation exhibit that FLNA is a physiologically direct substrate of mTORC2. Purified 

mTORC2 can phosphorylate FLNA in vitro while RICTOR knockdown as well as PP242 

treatment in GBM cells resulted in the inhibition of phosphorylation of FLNA in vivo. 

Furthermore, the PP242 treatment contributes to the disruption of colocalization of FLNA and 

actin and promotes FLNA translocation to the nucleus.  

 

6.4 Establishment of mTORC2-MYH9 axis  

 Due to the fact that MYH9 is affinity-purified with mTORC2 similarly to FLNA, it raises 

another potential hypothesis that MYH9 is also a downstream effector of mTORC2 following the 

same manner as FLNA. In chapter V of this dissertation, I show preliminary results that support 

this hypothesis. To begin with, PP242 treatment, as well as RICTOR siRNA significantly 

reduced the level of pMYH9 at only one site (Ser1943) out of three that were examined. 

Likewise, PP242 treatment affected colocalization of MYH9 and actin shown by disorganized 

MYH9 filaments, translocation of MYH9 from the cell cortex to the cytosol, and that MYH9 and 
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actin were no longer colocalized after the treatment compared to GBM cells under normal 

condition. In depth, I have noticed the altered conformation of NM II filaments detected by 

stained MYH9. In control cells, the myosin filaments are elongated and stretched out. On the 

other hand, in the drug-treated cells I distinguished small punctate particles which are suspected 

to be a condensed monomeric form of inactive NM II molecule (10S conformer).   

 

6.5 mTORC2 inhibition gives rise to changes in the complex localization  

Collectively, the results from previous experiments in chapter II, III, IV and V imply that 

PP242-mediated mTORC2 inactivation causes changes in complex localization. Since PP242 

treatment leads to the damage in actin cytoskeletal networking of GBM cells by disrupting the 

linkage between FLNA and membrane-bound proteins such as β1-integrin, then dissociating 

FLNA and MYH9 from the membrane area. The results from immunofluorescence stained cells, 

simplified as the diagram in Figure 6.1A, suggest that active mTORC2 and its binding partners 

locate around the cell membrane and in the cytosol, potentially ER-bound 193. On the other hand, 

from my previous experiment, inactivation of mTORC2 by PP242 did not cause disassembly of 

the complex (Figure 3.5C) but lead to localization changes as depicted in the diagram in Figure 

6.2A. Without PP242, mTOR, RICTOR, FLNA and MYH9 in GBM cells are located at the 

cortex of the cells or are cytosolic, but in the presence of PP242, they are present in the 

perinuclear area and inside the nucleus (Figure 6.2B).  

Interestingly, it was suggested previously that only minor fraction of mTORC2 is located 

at the plasma membrane, and majority of mTORC2 are at mitochondria-associated ER 

membrane 193,194. Moreover, Zhang et al. reported that the induction by EGF enriched the 

amounts of RICTOR and PKCζ along the membrane and mediated metastasis and chemotaxis in 
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breast cancer cells 195. Therefore, it is possible that localization of can determine cell motility 

fate. When mTORC2 are present in the area close by the cell membrane, the cell can migrate 

normally. On the other hand, if mTORC2 does not come into contact with the membrane area, 

the cell will have diminished movement.  

My findings are correlating with previous studies suggesting that because of the 

constitutively activated EGFR in U87vIII cells, more mTORC2 are recruited to the membrane 

than normal cells or even other types of cancer cells. Therefore, mTORC2 can constitutively 

promote cell migration and invasion of GBM cells. As a consequence, when mTORC2 is 

inactivated by PP242, the complex is no longer associated with the membrane because of the 

interaction FLNA and β1-integrin is disrupted. According to the previous study from Ehrlicher et 

al., both FilGAP and β1-integrin are FLNA-binding proteins that counteract for the same binding 

sites. When FLNA is not bound to β1-integrin, FLNA-FilGAP linkage will be formed 196 and 

promote antagonistic function of FLNA- β1-integrin that is to suppress the leading edge 

protrusion resulting in inhibition of migration and mesenchymal morphology 165,197. This 

explains why mTORC2 inhibition by PP242 significantly affects GBM cell migration and 

invasion (Figure 6.3).      

Taken together, the results from every part of my dissertation comprehensively elaborate 

that mTORC2-FLNA and mTORC2-MYH9 have emerged as new signaling pathways regulating 

actin cytoskeleton dynamics, resulting in cell motility and invasion control (Figure 6.4). The 

overall results of the dissertation have established novel players performing in a central 

regulatory system to promote cancer cell migration and metastasis where mTORC2 is promoting 

the protruding extension mediated by FLNA, cellular retraction at the rear end specifically 



	   125	  

performed by MYH9 in addition to the formation of focal adhesions that requires both proteins 

in the process.   

 

6.6 Future directions 

 Future work is necessary to further provide better understanding of the big picture of the 

actin cytoskeleton regulatory system. For mTORC2-FLNA aspect, generation of FLNA 

mutations can be done to prove that mTORC2 is promoting cell migration through the 

mechanism of direct phosphorylation at the Ser2152 residue of FLNA. GBM cells expressing 

phosphomimetic and non-phosphorylatable mutants can be used. Application of PP242 or other 

ATP-competitive mTOR kinase inhibitors can confirm that the phosphomimetic mutants are 

resistant to mTORC2 inhibition, and whether they promote more extensively migratory and 

invasive characteristics in GBM cells compared to wild type cells. 

For mTORC2-MYH9 axis, a lot is needed to be done to confirm that mTORC2 directly 

phosphorylate MYH9 in vitro. Phosphomimetic and non-phosphorylatable mutants of MYH9 

can be generated to show how these mutations can affect the phenotype of wild type GBM cells 

such as increased migration and invasion. Moreover, as discussed in chapter V, mTORC2 might 

be responsible for the regulation of RLC as well. Therefore, all experiments performed in this 

dissertation can be done to investigate the relationship between mTORC2 and RLC activating 

phosphorylation.  

Other cancer types instead of GBM can be investigated to find the corresponding pattern 

among cancers with different levels of mTORC2 activity or RICTOR expression. We might be 

able to identify indicating factors from members of actin cytoskeleton dynamics that can be 
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globally applied to all types of cancers in the future to develop new strategies to prevail their 

invasive property by targeting determining molecules.  

Finally, since both FLNA and MYH9, members of versatile signaling scaffold molecules 

of actin cytoskeleton that help maintain cellular integrity, are found to be regulated by mTORC2, 

there are possibilities that more cytoskeletal proteins might also be downstream effectors of 

mTORC2. Mass spectrometry analysis of the purified complex to obtain the proteome of 

mTORC2 associated proteins can be performed to search for more plausible downstream targets 

of mTORC2 signaling pathway.  
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6.7 Figures  

 
 
Figure 6.1 Localization of active mTORC2 and its associated proteins. A. Schematic 

diagram showing localization of mTORC2 components and related cytoskeletal proteins; F-actin, 

FLNA, MYH9 under normal growth condition. B. Immunofluorescence staining of GBM cells 

without PP242 treatment. Top row shows the staining of RICTOR: red, FLNA: green, DNA: 

blue, and a merged picture. Bottom row shows the staining of MYH9: red, FLNA: green, DNA: 

blue, and a merged picture. 
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Figure 6.2 Localization of active mTORC2 and its associated proteins. A. Schematic 

diagram showing localization of mTORC2 components and related cytoskeletal proteins; F-actin, 

FLNA, MYH9 under mTOR-inhibiting condition. B. Immunofluorescence staining of GBM cells 

after the 24-hr PP242 treatment (5 µM). Top row shows the staining of RICTOR: red, FLNA: 

green, DNA: blue, and a merged picture. Bottom row shows the staining of MYH9: red, FLNA: 

green, DNA: blue, and a merged picture. 
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Figure 6.3 Proposed mTORC2-mediated FLNA regulatory mechanisms and outcomes. 

mTORC2 activates FLNA through phosphorylation, which therefore stabilizes FLNA-β1-

integrin binding. The mTORC2-bound FLNA is incapable of binding FilGAP, an antagonist of 

β1-integrin, inhibits RhoA while promotes Rac1 activity. These processes progress to provide 

actin cytoskeleton dynamics and promote cell migration and invasion. mTORC2 inactivation by 

PP242 leads to the inhibition of the steps and finally inhibits cellular motility.   
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Figure 6.4 Proposed mTORC2-mediated activation of downstream targets observed in 

GBM cells. mTORC2 activates its downstream effectors by phosphorylating them at certain 

sites. Focusing on the aspect of mTORC2-mediated cell migration and invasion control, there are 

three players currently identified; PKC isoforms, FLNA and MYH9. Roles of FLNA and MYH9 

in actin cytoskeleton reorganization regarding the involvement of mTORC2 are shown.    
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