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Abstract 
 
PRAS40 and mTOR Signaling:  A Paradigm for Crosstalk Among Proliferation, Growth, 

and Stress Signaling 
 

By Jonathan Joseph Havel 
 

 The Proline-Rich Akt Substrate of 40 kDA (PRAS40) has recently been identified 
as a binding partner and inhibitor of the mechanistic Target of Rapamycin Complex 1 
(mTORC1), a growth factor- and nutrient-sensitive kinase whose activity promotes 
protein synthesis and cell growth.  Despite its inhibitory effect on mTORC1, PRAS40 has 
been shown to promote cell survival in rodent models of spinal cord injury and 
tumorigenesis.  PRAS40 levels have also been found to correlate with poor prognosis in 
lung cancer patients, an effect not readily explained by mTORC1 inhibition.  Here we 
demonstrate that in addition to its known cytoplasmic role in inhibiting mTORC1, 
PRAS40 dynamically shuttles to the nucleus, where it exists in a high-molecular weight 
complex void of mTORC1 components.  Mass spectrometry and immunoprecipitation 
analyses identify ribosomal protein L11 (RPL11) as a nuclear-specific PRAS40-
associated protein.  This association is dependent upon both mTORC1- and Akt-mediated 
phosphorylation of PRAS40 residues S221 and T246, respectively.  In addition to its 
canonical role as a member of the ribosome, RPL11 is known to stabilize the tumor 
suppressor p53 in response to nucleolar stress by binding and inhibiting the p53-directed 
E3 ubiquitin ligase HDM2.  Interestingly, knock-down (KD) of PRAS40 induces p53 
protein stabilization and transcriptional activation in an RPL11-dependent manner.  As 
demonstrated by increased senescence-associated beta-galactosidase activity, PRAS40 
KD also induces cellular senescence in a p53-dependent manner.  In summary, PRAS40 
is identified as a novel effector of Akt and mTORC1 signaling that regulates the RPL11-
HDM2-p53 nucleolar stress response pathway to suppress the induction of cellular 
senescence. These findings may help to explain the pro-tumorigenic effects of PRAS40 
and identify the PRAS40- and RPL11-containing complex as a promising target for p53-
restorative anti-cancer drug discovery. 
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General Introduction 
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1.1 Overview of Signaling Crosstalk and Scope of Dissertation 

In order to maintain homeostasis, cells must properly integrate and respond to a 

variety of stimuli including growth factors, nutrient levels, and environmental stress cues.  

The intracellular signaling pathways that respond to these stimuli must be tightly 

regulated and able to communicate with one another to ensure the execution of 

appropriate cellular responses.  In humans, failure of these molecular pathways to 

coordinate with one another and properly respond to dynamic environmental conditions 

at the nanoscale level can result in devastating macroscopic consequences such as cancer, 

neurodegeneration, and diabetes.  Therefore, it is critical to understand the molecular 

mechanisms through which established cellular signaling pathways interact.  Intracellular 

signal transduction mechanisms are predicated upon the ability of biomolecules to 

interact and affect one another as governed by their physical and chemical properties.  In 

this dissertation I highlight the importance of protein-protein interactions in signal 

transduction through a detailed examination of signaling governed by the Proline-Rich 

Akt Substrate of 40 kDa (PRAS40).  Naturally, the ability to study protein-protein 

interactions in a meaningful way depends on the availability of appropriate technology 

and reagents.  As such, I also describe the development of a novel technology combining 

the protein-fragment complementation assay (PCA) and bioluminescence resonance 

energy transfer (BRET) for the study of ternary protein complex dynamics in living cells.  

Additionally, I describe the design of a time-resolved fluorescence resonance energy 

transfer (TR-FRET) assay for the discovery of small molecule protein-protein interaction 

probes by high-throughput screening.  Taken together, these studies reveal novel insights 

into the signaling function of PRAS40, identify the nuclear PRAS40- and RPL11-
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containing complex as a potential target for disease therapy, and provide new 

methodology for the continued study of protein-protein interactions in health and disease.   

 

1.2 Proliferation and Survival Signaling – The PI3K-Akt Pathway 

Under homeostatic or pro-proliferative conditions, cells must coordinate growth 

and proliferation with the inhibition of pro-apoptotic programs.  The phosphoinositide 3-

kinase (PI3K)-Akt signaling axis is a prominent mechanism responsible for relaying 

extracellular survival and growth factor signals to a cell’s apoptotic and proliferation 

machinery (1-3). 

When growth factors such as insulin-like growth factor-1 (IGF-1), platelet-

derived growth factor (PDGF), epidermal growth factor (EGF), or nerve growth factor 

(NGF) bind their respective transmembrane tyrosine kinase cell-surface receptors, this 

triggers dimerization of two receptor subunits and subsequent intermolecular 

autophosphorylation of tyrosine residues in the intracellular domains of the receptor 

subunits.  These phosphorylated tyrosine residues serve as docking sites for Src 

Homology 2 (SH2)-domain-containing adaptor proteins such as insulin receptor 

substrate-1 (IRS-1) or growth factor receptor-bound protein 2 (GRB2), which 

subsequently recruit PI3K to the plasma membrane where it is activated either directly by 

IRS-1 or through interaction with active Ras.  Membrane-docked and activated PI3K 

catalyzes transfer of a gamma-phosphate of ATP to a 3’ hydroxyl of plasma membrane-

incorporated phosphatidylinositol-4,5-bisphosphate (PIP2) to generate 

phosphatidylinositol-3,4,5-trisphosphate (PIP3).  PIP3 serves as a docking site for the 

Pleckstrin Homology (PH) domain of the serine/threonine protein kinase Akt.  Once 
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recruited to the plasma membrane, Akt is phosphorylated at T308, located in the 

activation loop of Akt’s kinase domain, by another membrane-localized PH domain-

containing kinase, 3-phosphoinositide dependent protein kinase-1 (PDK-1).  T308 

phosphorylation results in activation of Akt, enabling it to phosphorylate downstream 

effectors and thereby relay growth and survival signals to the cell’s core regulatory 

machinery (Figure 1-1) (1; 2; 4). 

  In response to growth factor stimulation, Akt phosphorylates a wide array of 

substrates to promote and regulate survival, proliferation, growth, angiogenesis, 

metabolism, and migration (2).  For the purposes of this dissertation, I will focus only on 

the roles of Akt in survival, proliferation, and growth signaling.  Akt-mediated 

phosphorylation events can inhibit apoptotic cell death, i.e. promote survival, through 

inhibition of the core apoptotic machinery components, inhibition of pro-apoptotic 

transcription factors and kinases, or activation of anti-apoptotic transcriptional programs 

(1; 2).  The first direct mechanistic link of Akt to apoptosis suppression came with the 

observation that growth factor-stimulated Akt phosphorylates and inhibits the pro-

apoptotic protein BAD (5; 6).  Under pro-apoptotic conditions BAD binds and inhibits 

the anti-apoptotic protein BCL-XL, thus allowing BAX to dimerize and initiate apoptosis 

at the mitochondrial membrane by permitting cytochrome c release (7; 8).  Growth factor 

stimulated Akt phosphorylates BAD at S136, inducing binding of the adaptor protein 14-

3-3, which subsequently sequesters BAD away from BCL-XL (9).  This frees BCL-XL to 

bind BAX, thereby inhibiting apoptosis (Figure 1-1) (10).  Akt has also been shown to 

inhibit apoptosis downstream of the BCL family proteins via phosphorylation and 

catalytic inactivation of Caspase 9 (Figure 1-1) (11).  In addition to intercepting the core 
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apoptotic machinery, Akt can also inhibit the function of pro-apoptotic transcription 

factors such as the FOXO family proteins and p53.  As with BAD, Akt-mediated 

phosphorylation causes binding of FOXO proteins to 14-3-3, resulting in translocation of 

the FOXO transcription factors from the nucleus to the cytoplasm (1; 12; 13).  This 

cytoplasmic sequestration effectively prevents induction of the pro-apoptotic 

transcription programs of the FOXO proteins (Figure 1-1) (1; 2).  Conversely, Akt 

phosphorylation of the E3 ubiquitin ligase HDM2 induces its translocation from the 

cytoplasm to the nucleus, where it mediates the ubiquitination and subsequent 

proteasomal degradation of p53 (14; 15).  This serves to prevent the induction of 

proapoptotic and anti-proliferative p53 targets such as BAX, PUMA, NOXA, and p21.  

Akt can also inhibit the pro-apoptotic kinase apoptosis signal-regulating kinase 1 (ASK1) 

via direct phosphorylation (16).  Finally, in addition to inhibiting pro-apoptotic events, 

Akt activity can also stimulate the transcription of anti-apoptotic factors.  Specifically, 

Akt can phosphorylate and activate IKKα (17), leading to NFκB-mediated transcription 

of anti-apoptotic proteins such as BCL-2 and the caspase inhibitors c-IAP1 and c-IAP2.   

In addition to its integral role in cell survival, Akt is also a key mediator of 

proliferation.  This is achieved via the phosphorylation of various cell cycle regulatory 

proteins.  Specifically, Akt can phosphorylate the cyclin-dependent kinase inhibitors p27 

and p21, resulting in their cytoplasmic sequestration and inactivation (18-22).  Notably, 

Akt also controls p21 expression via inhibition of p53, as described above.  While these 

events control cell cycle progression at the G1/S phase transition, Akt can also promote 

progression through the G2/M transition by phosphorylating the DNA damage 

checkpoint kinase Chk1, thereby causing its inhibition through cytoplasmic sequestration 
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(23-25). Thus, aberrant Akt hyperactivation is capable of overriding the Chk1-mediated 

DNA damage checkpoint, allowing proliferation to occur regardless of DNA integrity.   

Akt is also a potent inducer of protein translation and cell growth.  The 

mechanistic details of this Akt function will be discussed at length section 1.2 on mTOR 

signaling below. 

The ability of Akt to override the DNA damage checkpoint hints at its oncogenic 

potential.  Indeed, in addition to being discovered as a homolog of Protein Kinases A and 

C (26), Akt was simultaneously identified as the cellular component of the transforming 

oncogene generated by the AKT8 murine leukemia retrovirus (27; 28).  Gene 

amplification of PI3K and Akt, as well as activating mutations of PI3K subunits have 

been identified in many human tumors (3).  Furthermore, Akt activation has been shown 

to be a prognostic marker of poor patient survival (29; 30).  However, the most 

compelling evidence for involvement of the PI3K-Akt pathway in tumorigenesis comes 

from loss-of-function studies of the PI3K negative regulator phosphatase and tensin 

homolog (PTEN).  PTEN is a lipid phosphatase that dephosphorylates PIP3 to produce 

PIP2, thereby inhibiting the PI3K signaling cascade (3).  PTEN loss occurs in many 

human cancers, and mice with a heterozygous PTEN deletion have a high incidence of 

spontaneously occurring tumors.  Homozygous PTEN deletion is embryonic lethal (31-

34).  Considering these findings, the PI3K-Akt pathway is an attractive target for novel 

cancer therapeutics.  Indeed, a number of PI3K or Akt-specific inhibitors have entered 

clinical trials (35).  Notably, Perifosine, a lipid-based Akt inhibitor that prevents Akt 

translocation to the plasma membrane, has entered phase III clinical trials for colorectal 

cancer and multiple myeloma.  In these studies, Perifosine is being used in combination 
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with other targeted therapies (35).  Promising activity has been observed from Phase II 

studies of Perifosine in hematological malignancies, melanoma, renal cell carcinoma, 

non-small cell lung cancer, and hormone-sensitive prostate cancer.  However, other Phase 

II trials in metastatic pancreatic cancer and melanoma showed no significant effect (35; 

36).  Original attempts to target PI3K clinically using wortmannin or LY294002 were 

unsuccessful due to poor solubility and high toxicity of the drugs (35; 36).  More recently 

PX-866, a novel irreversible inhibitor of the p110 catalytic subunit of PI3K has 

undergone a Phase I clinical trial with promising results.  The drug was well tolerated and 

resulted in stable disease in 22%, 53%, or 11% of patients with incurable cancers in the 

three arms of the study, respectively (37; 38).  Taken together, the current body of 

knowledge concerning the PI3K-Akt pathway suggests that it is a critical mediator of 

oncogenesis.  Further elucidation of its regulation and downstream effects will inform the 

rational design of improved targeted cancer therapeutics.     

 

1.3 Growth Signaling – The mTOR Pathway 

The mechanistic (previously referred to as mammalian) Target of Rapamycin 

(mTOR) is a large multi-functional atypical serine/threonine protein kinase that serves as 

a master-regulator of cell growth and proliferation.  mTOR is a member of the PI3K-

related kinase family and serves as the catalytic subunit of two distinct multi-protein 

complexes – mTOR Complex 1 (mTORC1) and Complex 2 (mTORC2).  These two 

protein complexes are differentially sensitive to the macrolide small molecule rapamycin, 

have distinct protein substrates, and serve unique functions in cellular signaling (39-41). 

Most functions of mTORC1 are potently and acutely sensitive to inhibition by 
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rapamycin, whereas mTORC2 is largely insensitive to the drug; however, mTORC2 can 

be inhibited by long-term rapamycin exposure in a cell context-dependent manner.  

Importantly, rapamycin is an allosteric inhibitor of mTORC1.  When rapamycin enters a 

cell it binds directly to the prolyl isomerase FKBP12.  It is the rapamycin-FKBP12 

complex that binds and inhibits mTORC1.  Rapamycin-FKBP12 is not known to bind 

mTORC2; however, the precise molecular determinants of this selectivity are not fully 

understood (39-41).  

mTORC1 is a pro-growth/pro-survival kinase that is responsive to nutrient and 

energy supply, growth factors, and oxygen levels.  mTORC1 consists of mTOR, Raptor 

(the defining component of mTORC1), mLST8 (also known as GβL), Deptor, and 

PRAS40.  Once activated, mTORC1 phosphorylates a handful of well-defined effector 

substrates to promote cap-dependent translation and cell growth, inhibit autophagy, and 

regulate metabolism (Figure 1-2) (39-41).   

As noted above, mTORC1 is a nutrient-sensitive kinase that requires an ample 

supply of extracellular amino acids and glucose (i.e. energy or ATP) in order to become 

fully active.  The mechanism of amino acid sensing by mTORC1 is not yet fully 

understood, but appears to involve “inside-out” signaling wherein lysosomal amino acid 

content is thought to parallel extracellular levels due to constant “sampling” by 

endocytotic vesicles that deliver their contents to lysosomes.  In this model, it is thought 

that the vacuolar ATPase (v-ATPase) localized on lysosomal membranes communicates 

intra-lysosomal amino acid content to cytoplasmic signaling machinery (42).  Through an 

unknown mechanism involving v-ATPase, amino acids activate the guanine nucleotide 

exchange factor (GEF) activity of a multiprotein complex on the surface of lysosomes 
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known as the Ragulator Complex (43).  The Ragulator GEF activity causes GTP loading 

of the Rag GTPase proteins, which are tethered to the cytoplasmic side of the lysosomal 

membrane via the Ragulator Complex (43; 44).  The GTP-loaded Rag proteins are then 

able to recruit mTORC1 to the lysosomal membrane via interaction with Raptor.  Once 

localized at the lysosome membrane surface, mTORC1 is potently activated by Rheb, a 

small GTPase Ras homolog that is localized throughout the endomembrane system.  

However, Rheb is also subject to upstream regulation by glucose/energy and growth 

factors.  Therefore, full activation of mTORC1 requires simultaneous abundance of 

amino acids, glucose, and growth factors (40; 41). 

Glucose and energy sensing of mTORC1 is achieved through the AMP-activated 

protein kinase (AMPK) (45; 46).  AMPK is a serine/threonine protein kinase that requires 

phosphorylation in the activation loop of its kinase domain to become active.  This 

phosphorylation is achieved by the constitutively active upstream kinase LKB1; however, 

when the cellular ratio of ATP to AMP is high, AMPK is quickly de-phosphorylated by 

phosphatases.  Under low energy conditions, when cellular AMP levels are high, AMP 

binds to AMPK and stabilizes it in its active, LKB1-phosphorylated state (47; 48).  Once 

activated, AMPK impinges upon mTORC1 signaling through at least two separate 

mechanisms.  AMPK can directly phosphorylate and activate the GTPase-activating 

protein (GAP) Tuberous Sclerosis Complex 2 (TSC2).  This enables the TSC1/2 complex 

to directly inhibit the mTORC1-stimulatory function of Rheb (Figure 1-2) (45; 49).  

AMPK can also directly phosphorylate mTORC1 on Raptor, leading to 14-3-3 binding 

and subsequent inhibition of mTORC1 (46).  Thus, mTORC1 activity is inhibited at 

multiple levels in response to energetic stress through the activity of AMPK.       
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Growth factor-induced stimulation of mTORC1 is achieved through at least two 

divergent pathways.  The first and more widely studied mechanism involves the ability of 

Rheb to potently activate mTORC1 when bound to GTP.  The mTORC1 stimulatory 

activity of Rheb is negatively regulated by the GAP complex TSC1/2.   In response to 

growth factors, Akt phosphorylates and inhibits TSC2, thereby relieving inhibition of 

Rheb and allowing Rheb to activate mTORC1 (Figure 1-2) (39-41; 50).  A second 

mechanism of growth factor-mediated mTORC1 regulation depends upon the Proline-

Rich Akt Substrate of 40kDa (PRAS40).  When in its non-phosphorylated form, PRAS40 

binds mTORC1 through the mTORC1 component Raptor and is believed to inhibit 

mTORC1 kinase activity by competing for substrate binding.  In response to growth 

factors, PRAS40 binds the scaffolding protein 14-3-3 in a phosphorylation-dependent 

manner and dissociates from Raptor, thereby allowing mTORC1 access to its 

downstream effector substrates (Figure 1-2) (51-56).  Interestingly, both Akt- and 

mTORC1-mediated phosphorylation of PRAS40 are required for 14-3-3 binding and 

dissociation of PRAS40 from mTORC1 in response to growth factors (51; 55-57).  The 

fate or function, if any, of mTORC1-dissociated, 14-3-3-bound phospho-PRAS40 

remains unknown (Figure 1-3).  Notably, when compared to their other known 

substrates, PRAS40 is a major target of both Akt and mTORC1 (2; 58-61).  In fact, 

PRAS40 phosphorylation is used extensively as a biomarker for pre-clinical and clinical 

trials of PI3K-Akt and mTOR pathway inhibitors (62-68).  Taken together, these findings 

place PRAS40 at a critical juncture of Akt and mTORC1 signaling, indicating that 

PRAS40 may play a key role in the intracellular integration of extracellular signaling 

cues (Figure 1-3).   
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The fact that mTORC1 is so tightly regulated by multiple signaling inputs is 

indicative of its critical functions in controlling cell growth and maintaining homeostasis.  

Activation of mTORC1 has three primary downstream effects – promotion of cap-

dependent translation in support of cell growth and proliferation, inhibition of autophagy, 

and regulation of cellular metabolism (Figure 1-2).  The best-characterized substrates of 

mTORC1 are p70S6K1 and 4EBP.  mTORC1 phosphorylation activates p70, which goes 

on to phosphorylate downstream substrates such as Ribosomal Protein S6 and elongation 

factor 2 kinase (eEF-2K), leading to increased translation.  When in its non-

phosphorylated state, 4EBP binds and sequesters the eIF-4E elongation initiation factor 

away from the eIF-4F cap-binding complex, thus preventing cap-dependent translation.  

Phosphorylation of 4EBP by mTORC1 relieves this inhibition, thereby allowing cap-

dependent translation to proceed (39-41).  The mechanism of mTORC1-mediated control 

of autophagy remains largely unknown; however, it is thought that mTORC1 activity 

inhibits autophagy at least in part through phosphorylation and inhibition of the kinase 

ULK1 (69; 70).  Finally, mTORC1 can control cellular metabolism through various 

mechanisms, including upregulation of glycolytic enzymes through increased translation 

of their mRNAs and activation of the SREBP-1 transcription factor through p70S6K1 to 

promote lipid and sterol biosynthesis (Figure 1-2) (39-41; 71). 

Compared to mTORC1, relatively little is known about the regulation and 

function of mTORC2.  mTORC2 consists of mTOR, Rictor (the defining component of 

mTORC2), mLST8 (also known as GβL), mSIN1, Deptor, and Protor.  The main 

function ascribed to mTORC2 is that of phosphorylating the secondary activating site 

S473 in the hydrophobic domain of Akt (this function is sometimes referred to as “PDK-
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2” activity).  Thus, the mTOR kinase itself functions both downstream and upstream of 

Akt.  Little is known about the upstream regulation of mTORC2 other than it is growth 

factor sensitive and its activation seems to involve direct interaction with ribosomes in 

the cytoplasm (39; 41).  While studies utilizing Rictor depletion have revealed some 

mTORC2-specific cellular functions, the relative paucity of insight into mTORC2 

function is due in large part to the lack of a specific pharmacological mTORC2 inhibitor 

(39; 72).  Rapamycin is a potent and specific inhibitor of mTORC1, but mTORC2 is 

generally insensitive to its effects.  Although second generation ATP-competitive mTOR 

inhibitors that block the kinase activity of both mTORC1 and mTORC2 can provide 

useful insight into mTORC2 function when compared with rapamycin effects, the most 

tractable and versatile approach to probing mTORC2 function would be the use of a 

selective small molecule mTORC2 inhibitor.  As part of this dissertation, I describe the 

early development of an assay to screen for small molecule inhibitors of the Rictor-

mTOR interaction that could potentially serve this purpose. 

As would be expected for a protein with such pleiotropic effects, mTOR 

dysregulation is known to be a driving force in many human diseases.  For the purposes 

of this dissertation I will focus only on the roles of mTOR pathway dysregulation in 

cancer and cancer predisposition disorders.   

Although mTOR itself is not a bona fide transforming oncogene, its upstream 

regulators include a number of oncogenes and tumor suppressors.  Specifically PI3K and 

Akt are known oncogenes, while PTEN, LKB1, and TSC2 are all bona fide tumor 

suppressors.  The most obvious molecular link between mTOR signaling and cancer is 

found in the hamartoma syndromes.  These heritable cancer predisposition syndromes, 
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including Cowden Disease (CD), Peutz-Jeghers Syndrome (PJS), and Tuberous Sclerosis 

Complex (TSC), are caused by loss-of-function mutations in the tumor suppressors 

PTEN, LKB1, and TSC2, respectively (39; 41; 73).  As a consequence, these diseases all 

involve constitutively activated mTORC1 signaling and manifest as benign tumors in 

multiple organs.  Based on their molecular etiology, these diseases are prime candidates 

for sensitivity to rapamycin treatment (39; 41; 73).  Indeed, a Phase II clinical trial found 

that rapamycin treatment led to a 50% reduction in angiomyolipomas (AML) tumor size 

in TSC patients; however, this effect was reversed when treatment ended (74).  Several in 

vitro and mouse model studies have suggested that many PI3K-Akt driven cancers are 

actually dependent upon downstream mTORC1 activity.  Thus, rapamycin, already 

approved by the FDA as an immunosuppressant drug for use in transplant therapy, has 

been studied in many clinical trials targeting various types of cancer.  Despite the high 

expectations of these studies, rapamycin analogues were found to be effective in treating 

only a few types of cancer, including Kaposi’s sarcoma, mantle cell lymphoma, 

endometrial cancer, and renal cell carcinoma (39; 41; 75).  One area in which rapamycin 

is particularly effective is in treating cancers displaying increased vascular endothelial 

growth factor (VEGF) signaling and angiogenesis resulting from loss of the Von Hippel-

Lindau (VHL) tumor suppressor.  VHL is an E3 ubiquitin ligase that negatively controls 

the protein stability of the VEGF-inducing transcription factor Hypoxia Inducible Factor 

1α (HIF1α).  It is believed that such tumors are highly dependent upon VEGF signaling 

and that rapamycin blocks the translation of HIF1α, thereby leading to a decrease in 

critical VEGF production (39; 76; 77).  One potential explanation for the lackluster 

performance of rapamycin in other trials is a recently identified feedback mechanism that 



   14   

activates the PI3K-Ras and PI3K-Akt pathways in response to mTORC1 inhibition (78-

80).  This problem may be circumvented by combinatorial therapy that targets both 

mTOR and the PI3K-Akt pathway.  Another promising avenue for mTOR-targeted 

therapy is the recent development of ATP-competitive mTOR kinase inhibitors that block 

the activities of both mTORC1 and mTORC2.  Promising pre-clinical results using these 

molecules have led to the initiation of new, ongoing clinical trials (81). 

mTOR signaling is a highly complex and dynamic process that integrates 

numerous environmental inputs and orchestrates multi-faceted cellular responses to 

maintain homeostasis throughout the life of a cell.  Considering mTOR’s vital role in cell 

health and disease, it is clear that we have not yet harnessed its full potential as a 

pharmacological target in the treatment of complex diseases.  The work of this 

dissertation attempts to address this issue through 1) the development of an assay for the 

discovery of mTORC2-specific small molecule probes and 2) the discovery of a novel 

mTORC1-regulated function of PRAS40, linking mTORC1 to the regulation of nucleolar 

stress-induced p53 activation.     

 

1.4 Stress Signaling - p53 and the Nucleolar Stress Response Pathway 

When cells experience stress conditions, a number of proteins are activated to 

inhibit cell proliferation or induce apoptosis; chief among these is the tumor suppressor 

p53, a transcriptional co-activator whose transcriptional program induces cell cycle 

arrest, senescence, or apoptosis (82-84).  Because of its pivotal role in determining cell 

fate, p53 is highly regulated.  This regulation can occur at the transcriptional, 

translational, or post-translational levels; however, the predominant mechanism 
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controlling p53 activity involves alterations of p53 ubiquitination and protein stability 

through the E3 ubiquitin ligase HDM2 (mouse ortholog Mdm2).  p53 is generally a 

highly ubiquitinated protein that is rapidly degraded by the proteasome.  Under cellular 

stress conditions, HDM2 is inhibited, thereby stabilizing p53 and allowing induction of 

p53 transcriptional target genes (82-85).  p53 is responsive to a wide array of cellular 

stressors, including genotoxic insults, oxidative stress, oncogene expression, and 

disruption of ribosome biogenesis – a condition also known as nucleolar stress (86).  

Recently it has been shown that ribosomal protein L11 (RPL11) plays a key role in 

coordinating the p53 response to nucleolar stress.  Specifically, when the process of 

ribosome production is disturbed, RPL11 translocates from the nucleoli to the 

nucleoplasm where it binds and inhibits HDM2, resulting in increased protein stability of 

p53 (Figure 1-4) (87-90).  Ribosomal proteins L5 and L23 have also been found to play 

similar roles (91-93).  Although the importance of the RPL11-HDM2-p53 nucleolar 

stress response pathway is well-established, little is known about its regulation.  

Specifically, the molecular mechanisms keeping the pathway inactive under pro-growth 

or pro-proliferative conditions remain largely unknown (94).  The findings reported in 

this dissertation suggest a novel model by which the RPL11-HDM2-p53 pathway is 

regulated by the Akt-mTORC1 signaling axis through PRAS40.   

 

1.5 PRAS40 – Molecular and Cellular Functions at the Crossroads of Akt and 

mTORC1 Signaling 

 Since its discovery, PRAS40 has been linked to cell survival and cancer 

progression; however, the mechanistic details of this relationship remain elusive.  
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PRAS40 was originally identified as CLAR1, an mRNA transcript moderately 

upregulated in advanced stage prostate cancer (95).  The protein product of this gene was 

later identified as a prominent growth factor-stimulated Akt substrate and 14-3-3 binding 

partner (58).  Additionally, a protein dubbed p39 (likely the same protein as PRAS40) 

was independently identified as a major growth factor- and nutrient-dependent 14-3-3 

binding partner (59).  Non-phosphorylated PRAS40 was subsequently found to bind 

mTORC1 through Raptor and to negatively regulate the kinase activity of mTORC1 by 

competing for substrate binding (51-57).  Owing to its established role as a negative 

regulator of mTORC1, PRAS40 may reasonably be expected to have an overall 

suppressive effect on cell growth and/or proliferation.  Indeed, other inhibitors of 

mTORC1 activity, such as TSC2 and LKB1, are bona fide tumor suppressors (96-99).  

However, in nearly all studies of PRAS40 cellular function, PRAS40 has been shown to 

promote cell survival, tumorigenesis, or tumor progression.  In vivo overexpression of 

phospho-PRAS40 has been shown to increase neuronal survival in rodent models of 

transient focal cerebral ischemia and spinal cord injury (100-102).  Additionally, 

PRAS40 knock-down (KD) was found to decrease the tumorigenicity of melanoma cells 

in a murine xenograft tumor model to the same extent as KD of the known melanoma-

promoting protein and upstream PRAS40 regulator Akt3 (103).   In another study, 

PRAS40 mRNA was identified as a primary target of the Ewing sarcoma protein (EWS) 

for translational repression in healthy cells.  In Ewing sarcoma this repression is 

disrupted, leading to PRAS40 upregulation.  Importantly, PRAS40 KD is able to reverse 

the increased proliferation observed upon EWS disruption, identifying PRAS40 as a key 

mediator of cell proliferation in Ewing sarcoma (104).  Furthermore, unpublished data 
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from our lab show that PRAS40 is upregulated in tumors from lung cancer patients and 

that this upregulation is positively correlated with poor patient survival.  Taken together, 

these findings suggest that phosphorylated, mTORC1-dissociated PRAS40 may have its 

own pro-survival function, independent of mTORC1 inhibition.  To explore this 

possibility I have studied the subcellular localization and interactome of PRAS40.  Here I 

present evidence for a model in which phosphorylation of PRAS40 by Akt and mTORC1 

promotes the formation of a nuclear-specific, mTORC1-independent PRAS40- and 

RPL11-containing complex that limits the ability of RPL11 to induce p53 stabilization 

and thereby suppresses induction of cellular senescence.    



   18   

Figure 1-1.  Growth factors promote cell survival through the PI3K-Akt pathway 

and its downstream targets.  Growth factor-stimulated PI3K generates PIP3, creating a 

plasma membrane docking site for Akt.  Once localized to the plasma membrane, Akt is 

phosphorylated and activated by PDK-1.  Active Akt can phosphorlate many different 

substrates to inhibit apoptosis and promote cell survival.  Three examples, Caspase 9, 

Bcl-XL, and the FOXO family of transcription factors are depicted here.   
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Figure 1-2.  Regulation and Function of mTOR.  mTOR is a large Ser/Thr protein 

kinase that serves as the catalytic subunit of two distrinct multi-protein kinase complexes 

– mTORC1 and mTORC2.  mTORC1 senses and responds to changes in cellular energy 

levels, extracellular growth factors, and amino acids.  As depicted in this diagram, 

separate signaling mechanisms relay each of these signals to mTORC1.  Once activated, 

mTORC1 phosphorylated p70 and 4EBP to promote cap-dependent translation, thereby 

enabling cell growth.  mTORC1 can also promote sterol biosynthesis and inhibit 

autophagy through phosphorylation of SREBP-1 and ULK1, respectively.  Far less is 

known about the upstream regulation or downstream functions of mTORC2.  This is due 

in large part to the lack of a specific pharmacological inhibitors for mTORC2.  It is 

known, however, that mTORC2 phosphorylates the secondary activation site, S473, in 

the hydrophobic domain of Akt to promote full Akt activation.    
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Figure 1-3.  PRAS40 is a target of growth factor and nutrient signaling whose 

function is incompletely understood.  When in its non-phosphorylated state, PRAS40 

binds mTORC1 through direct interaction with Raptor and is thought to inhibit mTORC1 

function by competing for substrates.  PRAS40 is a major target of the kinases Akt and 

mTORC1.  Phosphorylation of PRAS40 induces 14-3-3 binding and dissociation of 

PRAS40 from mTORC1.  The fate and function of mTORC1-dissociated PRAS40 is 

currently unknown.    
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Figure 1-4.  The RPL11-HDM2-p53 Nucleolar Stress Response Pathway.  Various 

stimuli can lead to imbalance in ribosome components – a condition referred to as 

nucleolar stress.  In response to nucleolar stress, RPL11 translocates from the nucleolus 

to the nucleoplasm, where it directly binds and inhibits the p53-directed E3 ubiquitin 

ligase HDM2, thereby leading to increased protein stability of p53.  It has been shown 

that this pathway serves a tumor suppressive function in a mouse model of c-myc-driven 

tumorigenesis (90).  The mechanisms by which this pathway is regulated, particularly in 

response to changing microenvironmental conditions, are largely unknown.   
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CHAPTER 2 

 

Development of a Novel Technology for the Detection of 

Ternary Protein Complex Dynamics in Living Cells   
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2.1 Introduction 

 Virtually all cellular signaling pathways depend upon the ability of biomolecules 

to interact with one another; however, convenient methods for the study of these 

complexes, especially larger-order complexes, in their native environment are 

conspicuously lacking.  As our enumeration of signaling pathway components becomes 

more and more exhaustive, it will become increasingly important to be able to study the 

nuances of signaling pathway function, such as temporal and hierarchical binding 

dynamics, in living cells in real-time.  Two techniques currently available for the study of 

protein-protein interactions in living calls are the protein-fragment complementation 

assay (PCA) and resonance energy transfer (RET) approaches such as FRET 

(fluorescence-based) and BRET (bioluminescence-based) (105; 106).  PCA is based on 

the principle of splitting a reporter molecule, such as Venus or Renilla luciferase into two 

non-functional fragments and genetically fusing these fragments to two interacting 

partners.  When the two fused binding partners interact with one another, the reporter 

fragments are brought into sufficient proximity to reconstitute the full-length reporter and 

produce either a fluorescent or bioluminescent signal.  Importantly, reconstitution of 

split-Renilla luciferase has been shown to be reversible and therefore capable of detecting 

protein interaction dynamics in living cells (107).  However, this technique is limited to 

the study of binary complexes.  FRET is a physical phenomenon that occurs when two 

fluorophores with overlapping emission and excitation spectra, respectively, are in very 

close proximity to one another.  In such a scenario, emission energy from the donor 

fluorophore can be non-radiatively transferred to the acceptor fluorophore, causing it to 

emit light.  Importantly, this only occurs when the fluorophores are less than ~10 nm 
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apart, which is serendipitously the range over which many biomolecular interactions 

occur (108).  Therefore, interacting partners can be genetically fused to a donor/acceptor 

fluorophore pair to permit detection of their interaction.  If the interaction partners are 

physically associated with one another, excitation of the donor fluorophore generates 

emission from the acceptor fluorophore, indicating a positive protein-protein interaction 

(106).  If the donor is replaced by Renilla luciferase, the energy transfer phenomenon is 

referred to as BRET (bioluminescence resonance energy transfer).  Both FRET and 

BRET are useful in studying protein-protein interactions, but are again limited to the 

study of binary complexes.  Therefore, I propose to combine split-Renilla PCA and 

BRET for the study of ternary protein complex dynamics in living cells.  Notably, since I 

began working on this project, others have begun to demonstrate its utility in the 

published literature (109; 110).  Here I apply a combined PCA-BRET technique to the 

study of the established growth factor-regulated, phosphorylation-dependent interaction 

between PRAS40 and 14-3-3 dimers as a proof-of-principle.  

 

2.2 Materials and Methods 

Plasmids 

 Venus cDNA was a kind gift from Dr. Atsushi Miyawaki (RIKEN, Japan).  A 

flexible linker sequence – (GGGGS)2 – was added to the C-terminal end of Venus via 

PCR amplification.  The Venus-(GGGGS)2 PCR product was sub-cloned into the HindIII 

site of pSCM167, a pcDNA 3.1-based plasmid generated previously in our lab for use as 

a Gateway® Cloning Destination Vector.  pSCM167 contains a Flag epitope tag upstream 

of attR sites which flank the ccdB death gene.  Insertion of Venus-(GGGGS)2 into the 
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HindIII site of pSCM167 places Venus-(GGGGS)2 upstream of the Flag epitope tag to 

generate a Venus-Flag Gateway® Cloning Destination vector named pJJH24.  PRAS40 

cDNA was PCR amplified and introduced into pDONR201 (Invitrogen) via a BP reaction 

to generate a PRAS40 Entry Clone.  The PRAS40 Entry Clone and pJJH24 were used in 

an LR reaction to generate a plasmid encoding Venus-Flag-PRAS40.         

Amino- and carboxy-terminal Renilla luciferase fragments were designed as 

previously described (107) and PCR amplified from the humanized Renilla Luciferase 

gene (pGL4.74 - Promega).  A flexible linker sequence – (GGGGS)2 – was added to the 

C-terminal end of each fragment during PCR amplification.  The N-terminal Renilla 

luciferase fragment (consisting of codons 1-110) was sub-cloned into the HindIII site of 

pSCM167 as described above to generate an N-RenLuc-Flag Gateway® Destination 

vector called pJJH6.  The C-terminal Renilla luciferase fragment (consisting of codons 

111-310) was sub-cloned into the SacII site of pDEST26 (Invitrogen) to generate a C-

RenLuc-His6 Gateway Destination vector called pJJH4.  A 14-3-3ε Entry Clone 

(generated previously in our lab) was used in LR reactions with pJJH6 or pJJH4 to 

produce plasmids encoding N-RenLuc-Flag-14-3-3ε and C-RenLuc-His6-14-3-3ε, 

respectively.  

 All plasmid sequences were confirmed by sequencing. 

 

Cell Culture 

 HeLa cells were maintained in DMEM (Cellgro) supplemented with 10% FBS 

and 1x Penicillin/Streptomycin Solution (Cellgro) at 37°C and 5% CO2 in humidified 

conditions. 
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Transfections 

 For PCA-BRET assays, 1x10^4 HeLa cells were seeded per well in cell culture-

treated white-walled 96-well plates (Falcon).  Cells were transfected 24 hours later with 

160 ng of total DNA per well – 40 ng each of split Renilla luciferase-tagged constructs 

and 80 ng Venus-PRAS40.  Eight replicate wells were used for each sample.  For control 

samples lacking any one of these plasmids, empty pcDNA vector was added to keep the 

DNA amount constant in all samples.  Transfections were performed with FuGene® HD 

transfection reagent (Roche) according to the manufacturer’s instructions using a 3:1 

ratio of transfection reagent (µL) to DNA (µg).  Fusion proteins were allowed to express 

for 24 hours.  Two sets of samples were then washed three times with serum-free DMEM 

and incubated in serum-free DMEM for 24 hours.  One of these was changed back to 

DMEM containing 10% FBS for one hour for “serum rescue.”   

 

BRET Assay 

 ViviRen™ Live Cell Renilla luciferase substrate (Promega) was diluted to 60 µM 

in PBS containing 0.5% gelatin.  Diluted ViviRen™ was then added directly to media in 

cell culture wells in a 1:1 ratio, three columns at a time to give a final substrate 

concentration of 30 µM.  Wells were read three plate columns at a time at 470 nm and 

527 nm on a Spectramax® L luminometer (Molecular Devices) with a 1 sec integration, 

exactly 2.5 min after substrate addition.  This was repeated until luminescence readings 

for all columns were recorded.     
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Analysis of BRET Results 

 Raw BRET ratios were calculated as the ratio of emission at 527 nm to emission 

at 470 nm.  Average bleedthrough was defined as the average raw BRET ratio from cells 

expressing only N-RenLuc-14-3-3 and C-RenLuc-14-3-3 (and lacking Venus-PRAS40).  

Average bleedthrough was then subtracted from all raw BRET ratios to give corrected 

BRET ratios.   

 

2.3 Results 

2.3.1 A combined PCA-BRET technique detects environmentally-cued dissociation 

of PRAS40 from intact 14-3-3 dimers in living cells. 

 Plasmids encoding Venus-tagged PRAS40, 14-3-3ε fused to the N-terminal 

fragment of Renilla luciferase, and 14-3-3ε fused to the C-terminal fragment of Renilla 

luciferase were transiently co-transfected in HeLa cells.  Upon addition of ViviRen™ 

Renilla luciferase substrate (Promega) to live cells maintained in media containing serum, 

both a positive BRET signal (Figure 2-1A) and a Renilla luciferase signal (Figure 2-1B) 

are detected, allowing monitoring of the ternary 14-3-3 dimer-PRAS40 complex and the 

14-3-3 dimer alone regardless of PRAS40 association, respectively.  24-hour serum 

withdrawal causes a nearly 90% drop in BRET, indicating dissociation of the PRAS40-

14-3-3 dimer ternary complex.  Notably, a one-hour serum reintroduction restores the 

BRET signal to its maximum level, indicating reassembly of the PRAS40-14-3-3 dimer 

ternary complex and demonstrating the ability of the combined PCA-BRET approach to 

detect reversible ternary protein complex dynamics in live cells in response to 

extracellular signals.  However, from the BRET signal alone it is impossible to know 
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whether the entire ternary complex dissociates during serum withdrawal or if PRAS40 

alone dissociates, leaving the 14-3-3 dimer intact.  Importantly, using the combined PCA-

BRET technique, this issue can be addressed by simultaneously monitoring the Renilla 

luciferase signal (Figure 2-1).  Upon serum withdrawal the Renilla luciferase signal, 

representing 14-3-3 dimer association, only decreases by approximately 50% (Figure 2-

1B), indicating that the 14-3-3 dimer remains largely intact during serum withdrawal.  

Considering this together with the fact that the BRET signal is ratiometric, these results 

indicate that the combined PCA-BRET technique is capable of detecting binding 

dynamics of a single member of a ternary complex in response to extracellular signals in 

living cells.  

 

2.4 Conclusions and Discussion 

 This proof-of-principle experiment demonstrates that the combined PCA-BRET 

technique is capable of monitoring ternary protein complex dynamics in living cells.  

This technique will be particularly useful for the detailed study of complexes with 

hierarchical binding dynamics in which one component dissociates while the others 

remain intact, such as trimeric G-proteins and multi-subunit kinases such as the Inhibitor 

of κB Kinase (IKK) complex.  Another, more specific, application is anticipated in the 

field of 14-3-3 protein biology.  14-3-3 proteins are believed to exist as obligate dimers in 

vivo.  There are seven human isoforms of 14-3-3, and they can associate in nearly any 

manner of homo- or heterodimers.  Therefore, a salient question in the field is whether 

14-3-3 client proteins have a binding preference for a specific 14-3-3 homo- or 

heterodimer.  This could be addressed relatively easily with combined PCA-BRET by 
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separately transfecting all 28 possible combinations of split-Renilla-tagged 14-3-3 

isoforms with the same Venus-tagged client protein and measuring the BRET and Renilla 

signals produced by each combination.  Such an experiment may reveal a novel 

mechanism by which 14-3-3 proteins can simultaneously regulate so many diverse 

cellular processes.   

 One obvious limitation of this assay is that it relies entirely on exogenously 

expressed proteins.  Therefore, care should be taken to keep overexpression to a 

minimum and conditions should be optimized so that the minimum amount of tagged 

protein necessary to observe a robust signal is expressed.  It will also be necessary to 

ensure, if possible, that the over-expressed proteins retain the functionality of native 

proteins.  When testing novel interactions, lack of a signal should not necessarily be 

interpreted as a lack of interaction because both the PCA and BRET techniques are 

proximity-based and highly dependent on tag orientation.  If the complex being studied is 

known to interact from other methods, it may be necessary to try different tag 

arrangements to obtain optimal signal.  When testing the effects of a drug or hormone on 

an interaction, it will be important to use conditions that are known to induce and disrupt 

the interaction as controls to help ensure that the effect or lack of effect seen with the test 

compound is real, i.e. to help rule out false positive and false negative effects of the test 

compound.  The use of interaction-disrupting point mutations, if available, will also be a 

powerful control to help rule out false positive interactions.   

Thus, taking these caveats into consideration it appears that the combined PCA-

BRET technique will help sharpen the agility and focus with which investigators can 

probe protein complex dynamics in living cells.  
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Figure 2-1.  A combined Protein-Fragment Complementation – Bioluminescence 

Resonance Energy Transfer technique detects ternary protein complex dynamics in 

living cells.  HeLa cells were transfected with the indicated plasmids and allowed to 

express the fusion proteins for 24h (“N- or C-RenLuc”: amino- or carboxy-terminal 

fragment of Renilla luciferase).  As indicated, the cells were then grown in serum-free 

media for 24h.  Serum was re-introduced to one set of samples for 1h.  ViviRen™ Live 

Cell Renilla luciferase substrate (Promega) was added directly to the media and readings 

were taken at 470nm (Renilla luciferase) and 527 (Venus) using a Spectramax® L 

luminometer (Molecular Devices).  (Note:  Equal expression of Ven-PRAS40 was 

confirmed via epifluorescence microscopy. [Data not shown])  A) BRET ratios (527nm 

to 470nm) were calculated and corrected by subtracting the average bleedthrough ratio 

obtained from cells transfected with N-RenLuc- and C-RenLuc-tagged 14-3-3 only.  

BRET signal is indicative of the existence of a ternary complex consisting of two 14-3-3 

molecules and one PRAS40 molecule.  B) Renilla luciferase signal from the same 

experiments as in A.  This signal monitors the interaction of two 14-3-3 molecules only, 

regardless of the presence of Ven-PRAS40 in the complex.  Eight wells per sample group 

were measured in each experiment.  Data are reported as the average of two independent 

experiments +/-SEM.  (*p < 0.5, **p < 0.01, ***p < 0.001 compared to control, i.e. 

triply-transfected cells maintained in serum, using the Bonferroni Multiple Comparisons 

Test) 
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CHAPTER 3 

 

Development of a Time-Resolved Fluorescence Resonance 

Energy Transfer Assay for the High-throughput Discovery of 

Small Molecule mTORC2 Inhibitors  

 

A portion of the introduction of this chapter was published previously as: 

Du Y and Havel JJ (2011).  “Förster Resonance Energy Transfer Technologies in High-

Throughput Screening.”  In Chemical Genomics (Fu, H. Ed; Cambridge University 

Press). 
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3.1 Introduction 

 mTOR is a critical regulator of cell growth and proliferation and serves as the 

catalytic subunit for two distinct multi-protein complexes named mTORC1 and 

mTORC2.  mTORC1 is responsive to nutrients, growth factors, energy status, and 

oxygen levels.  Much is known about mTORC1-mediated control of protein synthesis, 

cell growth, ribosome biogenesis, metabolism, and autophagy (39-41).  While mTORC2 

is known to function as a primary kinase of the S473 activation site in the hydrophobic 

domain of Akt, relative to mTORC1, very little is known of mTORC2’s function.  The 

primary reason for this discrepancy is the existence of a potent and specific mTORC1 

inhibitor, rapamycin, and the lack of a complementary pharmacological mTORC2-

specific inhibitor (39-41; 72).  In this chapter, I describe the early development of a TR-

FRET-based assay for the potential discovery of a small molecule mTOR-Rictor binding 

inhibitor through high-throughput screening.   

 Förster Resonance Energy Transfer (FRET) is the non-radiative transfer of energy 

between two fluorophores, termed the donor and the acceptor, with overlapping 

emission/excitation spectra.  When a donor fluorophore absorbs light of a certain 

wavelength it is promoted to an excited electronic state.  Upon vibrational relaxation, this 

energy is typically released as heat and light of a longer wavelength; however, if the 

donor is in sufficient proximity to an acceptor with specific spectral properties, energy 

can be transferred directly to the acceptor through long range dipole-dipole interactions, 

resulting in photon release from the acceptor (108; 111; 112).  The maximum distance 

over which FRET events can occur is approximately 10 nm.  Serendipitously, this also 

happens to be the distance over which many biomolecular interactions occur, making 
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FRET an appealing approach for the study of intra- or intermolecular interactions in 

biology (108; 111; 112).  In a typical biomolecular FRET assay, a protein “A” is 

genetically fused to a donor fluorescent protein such as Cyan Fluorescent Protein (CFP), 

and “Protein B” is fused to an acceptor such as Yellow Fluorescent Protein (YFP).  If A 

and B interact, CFP and YFP will be brought into sufficient proximity for FRET to occur.  

Therefore, a positive FRET signal is indicative of a protein-protein interaction between A 

and B.   

 There are three primary methods for the detection of FRET events – donor 

photobleaching, acceptor photobleaching, and measurement of sensitized emission.  In 

the first method, the rate of donor photobleaching is measured in the presence and 

absence of the acceptor.  If a FRET event is occurring, the half-life of the donor’s excited 

state will be decreased due to energy transfer.  Because fluorophores are only susceptible 

to photobleaching when in their excited state, a decreased rate of donor photobleaching in 

the presence of the acceptor is indicative of FRET.  The second approach, acceptor 

photobleaching, requires only one sample containing both the donor and acceptor.  In this 

method, donor emission intensity is measured before and after acceptor photobleaching.  

Because the non-radiative energy transfer of FRET quenches the emission of the donor, 

photobleaching the acceptor will disrupt the energy transfer and cause an increase in 

donor emission in the case of a positive FRET event.  In the final method, detection of 

sensitized emission, acceptor emission is detected upon donor excitation.  Although it 

seems straightforward, this method is subject to two major confounding factors – spectral 

bleedthrough and media autofluorescence.  Due to the overlapping spectral properties of 

many FRET fluorophore pairs, the FRET channel (i.e. donor excitation, acceptor 
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detection) is often contaminated by spectral bleedthrough from A.) a wide donor 

emission spectrum and B.) direct excitation of the acceptor by the donor’s excitation 

wavelength.  This spectral bleedthrough must be corrected by preparing donor-only and 

acceptor-only samples in addition to the FRET pair sample.  Bleedthrough coefficients 

can be determined from the single fluorophore controls and used to correct bleedthrough 

in the FRET pair sample.  The second confounding factor, media autofluorescence, is 

more difficult to avoid using traditional FRET fluorophore pairs (108; 111; 112). 

While the first two FRET detection approaches are desirable because they lack spectral 

bleedthrough problems, they require advanced microscopy techniques and therefore are 

not amenable to high-throughput screening applications.  The “measurement of sensitized 

emission” method can be easily performed by a high-throughput fluorometer; however, 

the use of this approach raises significant concerns about signal contamination from 

spectral bleedthrough and environmental autofluorescence.  One effective solution to this 

problem is the use of rare earth metals, or lanthanides, as the FRET donor in a 

modification of traditional FRET known as time-resolved FRET (TR-FRET) (113-115).  

In TR-FRET the lanthanide ions Terbium2+ and Europium3+ are typically used as FRET 

donors because of their exceptionally long emission half-life (300-1500 µs).  This long-

lived donor emission allows for a temporal delay between donor excitation and detection 

of acceptor emission.  Because autofluorescence of biological media decays rapidly, this 

temporal delay virtually eliminates signal contamination due to media autofluorescence.  

Spectral bleedthrough from direct excitation of the acceptor is also avoided because the 

emission half-life of the acceptor is much shorter than that of the donor.  As such, any 

acceptor emission due to direct excitation by the incident light will decay during the 
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temporal delay, leaving only acceptor emission due to FRET at the time of detection 

(Figure 3-1).  Furthermore, the use of an acceptor with a red-shifted emission such as 

allophycocyanin or Alexa® 680 obviates concerns about donor emission bleedthrough 

into the acceptor emission detection channel (113; 114).  Thus, TR-FRET assays are 

ideally suited for HTS applications due to their homogenous design and high signal to 

noise ratios.  In this chapter, the principle of TR-FRET is applied to the development of a 

cell lysate-based assay for monitoring mTOR-Rictor binding.   

 

3.2 Materials and Methods 

Plasmids 

 The Flag-mTOR plasmid was kindly provided by Dr. Jing Huang, UCLA 

(Addgene Plasmid 22998).  The myc-Rictor plasmid was kindly provided by Dr. David 

Sabatini, MIT (Addgene Plasmid 11367).  The mTOR and Rictor coding sequences were 

PCR amplified and inserted into pDONR201 (Invitrogen) through BP Reactions to 

generate mTOR and Rictor Entry Clones.  The mTOR Entry Clone and pDEST27 

(Invitrogen) were used in an LR Reaction to produce a plasmid encoding GST-mTOR.  

The Rictor Entry Clone and pJJH24 (see section 2.2 for a description) were used in an LR 

Reaction to produce a plasmid encoding Ven-Flag-Rictor.  mTOR truncations were 

generated by inserting a 3’ stop codon during PCR amplification from the Flag-mTOR 

template.  mTOR truncations-STOP PCR products were inserted into pDONR201 via BP 

reactions to generate mTOR truncation Entry Clones.  These Entry Clones were used in 

LR reactions with pDEST27 (Invitrogen) to generate plasmids encoding GST-mTOR 

truncations.  A stop codon was entered into pDEST27 (Invitrogen) immediately 
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downstream of the final GST-coding codon via site-directed mutagenesis to generate a 

plasmid that expresses only GST.   

 

Cell Culture       

 HEK293T cells were maintained in DMEM (Cellgro) supplemented with 10% 

FBS and 1x Penicillin/Streptomycin Solution (Cellgro) at 37°C and 5% CO2 in 

humidified conditions. 

 

TR-FRET Assays 

 1x10^6 HEK293T cells were seeded per well in 6-well cell culture-treated plates 

(Corning) and were allowed to grow until they reached ~80% confluency.  Cells were 

then transfected with 2 µg DNA per well using a 3:1 ratio of FuGene® HD transfection 

reagent (Roche) (µL) to DNA(µg).  For competition with GST-mTOR 1-640 experiment, 

“low” 1-640 was 333 ng plus 333 ng pcDNA to keep total DNA even, and “high” was 

667 ng GST-mTOR 1-640 plasmid.  24 hours later, cells were rinsed once with ice cold 

PBS [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HP04, 1.8 mM KH2PO4, pH 7.4] and 

scraped into 80 µL cold 0.3% CHAPS Buffer [40 mM HEPES pH 7.5, 120 mM NaCl, 1 

mM EDTA, 0.3% CHAPS, 5 mM sodium pyrophosphate, 5 mM sodium fluoride, 2 mM 

sodium orthovanadate, 1 mM PMSF, 10 µg/mL aprotinin, and 10 µg/mL leupeptin], 

adapted from (116).  Lysates were allowed to sit on ice for 10 min and were then clarified 

by centrifugation at 16,100xg for 10 min at 4°C.  The TR-FRET assays were performed 

in opaque, black-walled 384-well plates (Corning).  Lysates were transferred in triplicate 

to the 384-well plate. A series of 2-fold dilutions in TR-FRET Buffer [20 mM Tris-HCl 



   42   

pH 7.0, 50 mM NaCl, 0.01% NP40] was prepared across the plate columns.  One column 

was left with only TR-FRET buffer (no lysate) to determine background signal.  A 1:500 

dilution of Terbium-tagged anti-GST or Terbium-tagged anti-Flag antibody (cisbio 

Bioassays) was prepared in TR-FRET Buffer.  Diluted antibody was added to the sample 

wells in the 384-well plate 1:1 (v:v) to give a final antibody dilution of 1:1000.  The plate 

was spun down at 800 rpm for 5 min at ambient temperature.  The plate was then covered 

(to prevent quenching of fluorescence) and incubated at ambient temperature or at 37°C 

for various times.  FRET and Venus intensity signals were measured with an Envision® 

Multilabel plate reader (PerkinElmer).  For FRET signal, Terbium was excited at 340 nm.  

After a 50 µs time delay, terbium emission was read at 486 nm and Venus emission was 

read at 520 nm.  For Venus intensity (expression), Venus was excited at 485nm and 

Venus emission was read at 535 nm.  TR-FRET signals were calculated as the ratio of 

520 nm emission to 486 nm emission.  The ratios were multiplied by an arbitrary factor 

of 10,000 for ease of presentation. 

 

GST Pull-Down 

 HEK293T cells were seeded, transfected, and lysed as above, except 200 µL of 

0.3% CHAPS Buffer was used for each well.  130 µL of each lysate was added to 40 µL 

of a 50% solution of glutathione-conjugated Sepharose beads (GE Healthcare) in 0.3% 

CHAPS Buffer.  The remainder of each lysate was saved as input control.  GST Pull-

downs (PDs) were rotated slowly at 4°C for 6 hours.  Beads were then washed three 

times with 0.3% CHAPS Buffer.  GST-mTOR and associated proteins were eluted by 

addition of 15 µL 3xSDS loading buffer containing freshly added 2.5% β-
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mercaptoethanol to the beads and boiling for four minutes.  Inputs and eluates were 

analyzed by SDS-PAGE and Western Blotting.   

 

SDS-PAGE and Western Blotting. 

Samples were resolved using SDS-PAGE 4-15% TGX 15-well gels (Bio-Rad).  

Resolved proteins were transferred to nitrocellulose at 100V for 45 minutes.  Membranes 

were blocked in TBST [50 mM Tris, 137 mM NaCl, 0.05% Tween, pH 7.6] containing 

5% dry milk for 30 minutes at ambient temperature.  Membranes were left in primary 

antibody dilutions and gently shaken over night at 4°C.  The following day, membranes 

were washed three times for ten minutes each in TBST and incubated in secondary 

antibody dilution for 50 minutes at ambient temperature with gentle shaking.  Membranes 

were washed three times for ten minutes each in TBST.  Chemiluminescent signal was 

developed by adding West Pico or West Dura enhanced chemiluminescence detection 

reagent (Pierce) for five minutes.  Membranes were then exposed to autoradiography film 

for various times.   

 

Antibodies and Dilutions 

Rabbit anti-GST – Santa Cruz, sc-459, 1:2000 in 5% milk /TBST; rabbit anti-Raptor – 

Cell Signaling, 2280, 1:1000 in 5% milk/TBST; Horseradish Peroxidase-conjugated goat 

anti-rabbit secondary antibody – Santa Cruz, sc-2005, 1:5000 in TBST     

     

3.3 Results 

3.3.1 Optimization of mTOR-Rictor TR-FRET signal 
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I first wanted to determine if a TR-FRET signal could be measured between GST-

mTOR and Venus-Rictor.  Lysates from cells expressing either GST and Venus-Rictor or 

GST-mTOR and Venus-Rictor were serially diluted because TR-FRET can be very 

sensitive to protein concentration.  No signal was detected immediately following 

addition of Terbium(Tb)-anti-GST antibody; however a TR-FRET signal about 2-fold 

over background was observed after incubation of the plate at ambient temperature for 

two hours (Figure 3-2A).  Venus-Rictor (Figure 3-2B) and GST/GST-mTOR (Figure 3-

2C) expression was fairly even between the two samples.   

 

3.3.2 Identification of the Rictor-binding domain of mTOR 

Although a TR-FRET signal significantly greater than background is observed for 

the GST-mTOR-Venus-Rictor pair, a 2-fold signal-to-noise ratio is typically not large 

enough for a successful screening assay.  Both mTOR and Rictor are very large proteins, 

so it is possible that the protein size combined with tag orientation places the donor and 

acceptor fluorophores too far apart physically to generate a robust FRET signal.  

Therefore I sought to identify a minimal region of mTOR that binds Rictor so that the 

size of the proteins involved in the assay could be decreased.  A minimal binding region 

peptide may also be useful as a positive control for mTOR-Rictor binding inhibition.  A 

GST Pull-Down of various mTOR truncations indicates that a region within the mTOR 

HEAT Repeat domain between residues 99 and 180 is required for mTOR-Rictor binding 

(Figure 3-3).  This finding was confirmed by TR-FRET using cell lysates expressing the 

same GST-mTOR truncations and Venus-Rictor (Figure 3-4A).  While Venus-Rictor 

expression is not entirely even (Figure 3-4B), it is actually higher in samples that do not 
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show Venus-Rictor co-precipitation compared to those that do.  Therefore, it is unlikely 

that the binding pattern seen by both GST Pull-Down and TR-FRET is an artifact of 

uneven protein expression.   

 

3.3.3 TR-FRET is capable of detecting mTOR fragment-mediated disruption of the 

mTOR-Rictor interaction. 

Interestingly, a much-improved signal-to-noise ratio is observed when Flag-

mTOR is used in the TR-FRET assay instead of GST-mTOR (Figure 3-5A).  This may 

reflect the apparent importance of the mTOR N-terminus in mediating interaction with 

Rictor.  Flag-PRAS40 was used as a negative control because PRAS40 is known to 

associate only with Raptor, and not with Rictor (53).  Importantly, when co-expressed at 

higher levels, GST-mTOR 1-640 is able to partially inhibit the TR-FRET signal 

generated by Flag-mTOR and Venus-Rictor (Figure 3-5B).  This indicates that the 

mTOR-Rictor TR-FRET assay may be capable of detecting mTOR-Rictor interaction 

inhibitors in high-throughput screening.   

 

3.4 Discussion 

Some insight into mTORC2’s function and significance in disease has been 

gleaned from studies in which mTORC2 specific components such as Raptor or Sin1 are 

stably knocked down or knocked out.  Indeed, one study has shown that Rictor is 

dispensible for the health of regular prostate epithelia, but required for the formation of 

PTEN loss-driven tumors, indicating that targeting mTORC2 in cancer might provide an 

acceptable therapeutic window (117).  However, in absence of the ability to acutely and 
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specifically inhibit mTORC2 function, the possibility of compensatory mechanisms 

plagues the interpretation of Rictor or Sin1 stable knock-down or knock-out experiments.  

A similar, but not identical, problem arises with the use of ATP-competitive kinase 

inhibitors that target both mTORC1 and mTORC2.  Comparison of the effects of these 

drugs with those of rapamycin, may reveal mTORC2-specific functions; however, 

compensatory, feedback mechanisms are triggered when mTORC1 is inhibited (78-80).  

Therefore, inhibiting the activity of mTORC1 may indirectly affect the function of 

mTORC2.  Therefore, an mTORC2-specific inhibitor, i.e. an mTOR-Rictor binding 

inhibitor, would be an invaluable tool in reliably elucidating the function of mTORC2.  

As indicated by the prostate cancer study mentioned previously, an mTORC2-specific 

inhibitor may have therapeutic potential as well.  Because mTORC2 phosphorylates the 

S473 and not the T308 site of Akt, there is the possibility for therapeutic synergy between 

a theoretical mTORC2 inhibitor and traditional inhibitors of the PI3K-Akt pathway (39; 

72).  

 The use of TR-FRET technology to monitor protein-protein interactions in a high-

throughput screening setting has a number of advantages.  Because of the strict proximity 

requirements of FRET, a FRET signal essentially detects only direct protein-protein 

interactions.  As described above, by allowing signal contaminants to decay during a time 

delay between donor excitation and acceptor detection, TR-FRET provides a high signal 

to noise ratio, allowing for more sensitive detection of protein-protein interactions 

compared to traditional FRET pairs.  The assay is also performed in an entirely 

homogenous, “mix-and-read” format, obviating the need for potentially disruptive wash 

steps.  This saves a considerable amount of time and reagents when the assay is scaled up 
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for a high-throughput format.  In the setup I am using, one drawback is that both proteins 

measured are overexpressed.  Therefore, care must be taken to ensure that the over-

expressed proteins behave similarly to endogenous proteins.  If this becomes a significant 

concern, it is possible to perform the TR-FRET assay using endogenous proteins by 

covalently labeling antibodies directed to epitopes in the endogenous proteins with the 

necessary fluorophores.  However, this approach can be difficult, as the antibodies used 

must have high specificity for the proteins of interest and must be able to bind the 

proteins in the native conformations.  When testing novel interactions, lack of a signal 

should not necessarily be interpreted as a lack of interaction because both the FRET 

technique is proximity-based and highly dependent on tag orientation.  If the complex 

being studied is known to interact from other methods, it may be necessary to try 

different tag arrangements to obtain optimal signal.  When testing the effects of a drug or 

hormone on an interaction, it will be important to use conditions that are known to induce 

and disrupt the interaction as controls to help ensure that the effect or lack of effect seen 

with the test compound is real, i.e. to help rule out false positive and false negative 

effects of the test compound.  The use of interaction-disrupting point mutations, if 

available, will also be a powerful control to help rule out false positive interactions.  

Keeping these caveats in mind, the further development and application of the assay 

described in this chapter may lead to the discovery of small molecules with great benefit 

to both science and medicine.   
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Figure 3-1.  Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) 

provides greater signal to noise ratios compared to traditional FRET.  A) Lanthanide 

fluorophores such as europium and terbium have exceptionally long emission half-lives, 

in the range of hundreds of µsec.  B)  The long emission half-life of the lanthanide donor 

allows the true FRET signal to persist long after the other signal contaminants, such as 

direct excitation of the acceptor by incident light and autofluorescence of media or test 

compounds, have decayed.  C)  The lack of FRET signal contaminants at the time of 

detection allows for greatly increased signal to noise ratios, thereby improving the 

sensitivity of FRET-based assays.   
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Figure 3-2.  Optimization of TR-FRET signal using GST-mTOR and Venus-Rictor. 

Whole-cell lysates of HEK293T cells co-expressing GST and Venus-Rictor or GST-

mTOR and Venus-Rictor were prepared in a series of 2-fold serial dilutions in a 384-well 

plate and incubated with Terbium-conjugated anti-GST antibody for the times indicated.  

Using an Envision® Multilabel plate reader (PerkinElmer), Terbium was excited at      

340 nm.  After a 50 µs time delay, terbium emission was read at 486 nm and Venus 

emission was read at 520 nm.  Data were measured in triplicate.  Error bars represent 

standard deviation.  A) TR-FRET signal was recorded as the ratio of 520 nm to 486 nm 

emission. (For convenience, the ratios were multiplied by an arbitrary factor of 10,000.)  

B) Venus fluorescence was also measured as an indicator of relative Ven-Rictor 

expression levels.  Venus was excited at 485 nm and Venus emission was read at 535 nm.  

Data were measured in triplicate.  Error bars represent standard deviation.  C) Western 

Blot to determine relative GST and GST-mTOR expression levels  
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Figure 3-3.  mTOR HEAT repeat domain residues 99-180 are necessary for Rictor 

binding as determined by GST-Pull-Down.  A) Diagram of mTOR protein domains 

and GST-tagged truncation constructs generated  B) HEK293T cells were transfected 

with plasmids encoding myc-Rictor and the indicated GST-tagged mTOR truncations.  

GST-tagged proteins were precipitated from whole-cell lysates using glutathione-

conjugated beads.  The inputs and eluates were processed via SDS-PAGE.  myc-Rictor 

and GST-tagged mTOR truncations were detected via Western Blotting.      
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Figure 3-4.  mTOR HEAT repeat domain residues 99-180 are necessary for Rictor 

binding as determined by TR-FRET.  Whole-cell lysates of HEK293T cells co-

expressing GST and Venus-Rictor or GST-mTOR truncations and Venus-Rictor, as 

indicated, were prepared in a series of 2-fold serial dilutions in a 384-well plate and 

incubated with Terbium-conjugated anti-GST antibody for 16h at ambient temperature.  

Using an Envision® Multilabel plate reader (PerkinElmer), Terbium was excited at 340 

nm.  After a 50 µs time delay, terbium emission was read at 486 nm and Venus emission 

was read at 520 nm.  Data were measured in triplicate.  Error bars represent standard 

deviation.   A) TR-FRET signal was recorded as the ratio of 520 nm to 486 nm emission 

(For convenience, the ratios were multiplied by an arbitrary factor of 10,000).  B) Venus 

fluorescence was also measured as an indicator of relative Ven-Rictor expression levels.  

Venus was excited at 485 nm and Venus emission was read at 535 nm.  Data were 

measured in triplicate.  Error bars represent standard deviation.  C) Western Blot to 

determine relative GST and GST-mTOR truncation expression levels  
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Figure 3.5.  TR-FRET detects disruption of the mTOR-Rictor interaction by a 

truncated form of mTOR.  Whole-cell lysates of HEK293T cells expressing the 

indicated constructs were prepared in a series of 2-fold serial dilutions in a 384-well plate 

and incubated with Terbium-conjugated anti-Flag antibody for 4 hours at ambient 

temperature.  Using an Envision® Multilabel plate reader (PerkinElmer), Terbium was 

excited at 340 nm.  After a 50 µs time delay, terbium emission was read at 486nm.  

Following another 50 µs time delay, Venus emission was read at 520 nm.  Data were 

measured in triplicate.  Error bars represent standard deviation.  A) The use of Flag-

mTOR produces a larger assay window (~6-fold over background) than GST-mTOR (~3-

fold over background) (See Figure 3-3A).  Flag-PRAS40 was used as a negative control 

because PRAS40 is known to associate only with Raptor, and not with Rictor.  B) 

Disruption of the Flag-mTOR-Ven-Rictor interaction by GST-mTOR 1-640 is detected 

by TR-FRET.    
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CHAPTER 4 

 

Nuclear PRAS40 links the Akt-mTORC1 signaling axis to the 

RPL11-HDM2-p53 nucleolar stress response pathway to 

suppress cellular senescence   
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4.1 Introduction 

 The Proline-Rich Akt Substrate of 40kDa (PRAS40) has recently been identified 

as a member and inhibitor of the mechanistic Target of Rapamycin Complex 1 

(mTORC1), a kinase whose activity is known to promote protein synthesis and cell 

growth.  Biochemical methods have rigorously demonstrated that PRAS40 can inhibit 

mTORC1 activity (51-57).  These findings suggest a tumor suppressive function for 

PRAS40, as two other negative inhibitors of mTORC1, LKB1 and TSC2, are bona fide 

tumor suppressors (96-99).  However, nearly all studies of PRAS40 function at the 

cellular and organismal level suggest a pro-survival and pro-tumorigenic function for 

PRAS40.  In vivo overexpression of PRAS40 promotes neuronal survival in rodent 

models of spinal cord injury and stroke (100-102).  PRAS40 levels have been found to be 

upregulated and correlated with disease severity in melanoma.  Importantly, PRAS40 

knock-down (KD) in a murine xenograft model of melanoma decreases tumorigenesis to 

the same extent as KD of Akt3, the primary Akt isoform activated in melanoma (103).  

Furthermore, PRAS40 is also upregulated in Ewing sarcoma cells and PRAS40 KD 

inhibits the pro-proliferative effect of EWS protein disruption (104).  Additionally, 

unpublished findings from our lab show that total PRAS40 levels are upregulated in lung 

cancer patient tumor samples relative to patient-matched non-cancerous tissue.  This 

study also finds that PRAS40 levels are positively correlated with poor patient survival.  

Because PRAS40 displays pro-tumorigenic activity through an unknown mechanism and 

the function of mTORC1-dissociated PRAS40 is completely unknown, I hypothesized 

that phosphorylated, mTORC1-dissociated PRAS40 has its own pro-survival function, 

independent of its ability to inhibit mTORC1.  To explore this possibility I have studied 
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the subcellular localization and interactome of PRAS40.  My findings identify nuclear 

PRAS40 as a link between the Akt-mTOR signaling axis and the RPL11-HDM2-p53 

nucleolar stress response pathway and provide a potential explanation for PRAS40’s pro-

tumorigenic function. 

 

4.2 Materials and Methods 

Plasmids 

 pDONR201, pDEST27, BP Clonase II, and LR CLonase II are all products of the 

Gateway® Cloning System, Invitrogen.  Human PRAS40 cDNA was obtained by PCR 

from a tumor cDNA library.  A SNP causing substitution of Pro for Ala at residue 47 was 

identified by sequencing.  This SNP was corrected by site-directed mutagenesis using the 

QuikChange Lightning Kit (Stratagene).  The corrected PRAS40 cDNA was PCR 

amplified and inserted into pDONR201 through a BP Reaction to generate a PRAS40 

Entry Clone.  The PRAS40 Entry Clone was then used in LR Reactions with either 

pSCM167 (described above in section 2.2), pJJH24 (described above in section 2.2), or 

pDEST27 to generate plasmids encoding Flag-PRAS40, Venus-Flag-PRAS40, and GST-

PRAS40, respectively, for mammalian expression.  PRAS40 truncations were generated 

via introduction of a stop codon during PCR amplification of the desired region of 

PRAS40 sequence.  The PCR products were then introduced into pDONR201 through BP 

reactions to generate PRAS40 truncation Entry Clones.  LR reactions were performed 

using these Entry Clones together with either pJJH24 or pDEST27 to generate plasmids 

encoding Venus-Flag-PRAS40 truncations or GST-PRAS40 truncations, respectively, for 

mammalian expression.  PRAS40 deletions were generated via deletional site-directed 
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mutagenesis using the QuikChange Lightning Kit (Stratagene) and the PRAS40 Entry 

Clone as a template to generate PRAS40 deletion Entry Clones.  These Entry Clones 

were then used together with pJJH24 in LR reactions to generate plasmids encoding 

Venus-Flag-PRAS40 deletions (Δ28-31 and Δ218-227) for mammalian expression.  

PRAS40 point mutations were generated via site-directed mutagenesis using the 

QuikChange Lightning Kit (Stratagene) and the PRAS40 Entry Clone as a template to 

generate PRAS40 point mutant Entry Clones.  These Entry Clones were then used 

together with pSCM167 in LR reactions to generate plasmids encoding Flag-PRAS40 

point mutants (F129A, S183A, S212A, S221A, and T246A) for mammalian expression.  

To generate C-terminally tagged PRAS40-HA-Flag, PRAS40 was PCR amplified from 

the PRAS40 Entry Clone using primers that removed the stop codon and added the HA-

Flag tag followed by a stop codon.  This PCR product was then ligated into pcDNA3.1 

using traditional restriction site digestion and DNA ligase-mediated sub-cloning.  N-

terminally tagged Flag-HA-PRAS40 was generated in a similar manner.  

 Human RPL11 cDNA was kindly provided by Dr. Yue Xiong, University of 

North Carolina at Chapel Hill (Addgene Plasmid 20936).  RPL11 cDNA was PCR 

amplified and sub-cloned into pDONR201 using a BP reaction to generate an RPL11 

Entry Clone.  This Entry Clone was then used with pJJH22 (like pJJH24 in section 2.2, 

but with pDEST26 as the backbone, thus introducing a His6 tag instead of Flag) in an LR 

reaction to generate a plasmid encoding Venus-His6-RPL11 for mammalian expression.  

All plasmids generated were confirmed by sequencing.   

 Non-silencing, PRAS40-targeted, and RPL11-targeted shRNA plasmids were 

purchased from Open Biosystems.  PRAS40 shRNA 2 corresponds to clone 
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V3LHS_340055; PRAS40 shRNA 3 corresponds to clone V2LHS_138819.  PRAS40 

shRNA clone V3LHS_408646 was used in the cycloheximide/MG132 experiment.  

RPL11 shRNA 1 corresponds to clone V2LHS_131577; RPL11 shRNA 2 corresponds to 

clone V3LHS_383206.     

p53 shRNA was kindly provided by Dr. William Hahn, Harvard Medical School 

(Addgene Plasmid 10672).  p53 luciferase reporters – PG13Py-Luc (“wt”) and MG15Py-

Luc (“Mut”) – were kindly provided by Dr. Bert Vogelstein, Howard Hughes Medical 

Institute and Johns Hopkins Medical Institute (Addgene Plasmids 16442 and 16443, 

respectively). 

 

Cell Culture 

 HeLa cervical adenocarcinoma cells (ATCC CCL-2) were maintained in DMEM 

(Cellgro) supplemented with 10% FBS and 1x Penicillin/Streptomycin Solution (Cellgro) 

at 37°C and 5% CO2 in humidified conditions.  U2OS osteosarcoma cells (ATCC HTB-

96) were maintained in McCoy’s 5A media (Cellgro) supplemented with 10% FBS and 

1x Penicillin/Streptomycin Solution (Cellgro) at 37°C and 5% CO2 in humidified 

conditions.  For serum starvation, cells were rinsed two times with serum-free media and 

grown in serum-free media for 24 hrs.  For Leu/Met starvation and rescue, cells were 

rinsed twice in DMEM lacking Leu and Met (Pierce 30030) but containing 10% dialyzed 

FBS (Sigma F0392) and grown in this media for 6.5 hrs.  The media was changed to 

complete growth media containing either no additive, 0.01% DMSO, or 20nM 

Rapamycin for 2 hrs. 
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SDS-PAGE and Western Blotting 

 These methods were performed as described in section 3.2, although 1.5 mm, 15-

well, hand-cast 12% polyacrylamide gels were used here in some cases.  The primary 

antibodies used are as follows: 

Rabbit anti-PRAS40, IBL 

Rabbit anti-PARP, Cell Signaling, 9542 

Mouse anti-GAPDH, Chemicon/Millipore 

Rabbit anti-Calnexin, Cell Signaling, 2433 

Rabbit anti-RPL11, Abcam, ab79352 

Rabbit anti-Raptor, Millipore, 09-217 

Rabbit anti-14-3-3 epsilon, Santa Cruz, sc-1020 

Rabbit anti-pan-14-3-3, Santa Cruz, sc -629 

Mouse anti-HSP90, Santa Cruz, sc-13119 

Mouse anti-Flag, Sigma M2 

Rabbit anti-mTOR, Cell Signaling, 2972 

Rabbit anti-GST, Santa Cruz, sc-459 

Rabbit anti-phospho-PRAS40 T246, Invitrogen 

Rabbit anti-phospho-PRAS40 S183, IBL 

Mouse anti-HA, Santa Cruz, sc-7392 

Rabbit anti-phospho-p70, Cell Signaling, 9205 

Rabbit anti-p70, Cell Signaling, 2708 

Mouse anti-p53, Cell Signaling, 2524 

Mouse anti-p21, Cell Signaling, 2946 
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Rabbit anti-Bax, Cell Signaling 5023 

Mouse anti-β-actin, Sigma, A2228 

 

Transfections 

 FuGene HD (Roche) was used in a ratio of 3 (µL FuGene HD) to 1 (µg DNA) for 

HeLa cells according to the manufacturer’s instructions.  XtremeGene XP (Roche) was 

used in a ratio of 2 (µL XtremeGene HP) to 1 (µg DNA) for U2OS cells according to the 

manufacturer’s instructions.  Cells were transfected when they had grown to ~80% 

confluency.     

 

Sucrose Cushion Sub-cellular Fractionation 

 This procedure was performed essentially as previously described with slight 

modification (118).  7x10^5 HeLa cells were seeded in a 10cm dish and allowed to grow 

for 40 hours.  Cells were rinsed with ice cold PBS [137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HP04, 1.8 mM KH2PO4, pH 7.4] and scraped into 5 mL PBS.  1 mL of the cell 

suspension was set aside for whole-cell lysate.  Cell suspensions were spun down at 500 

x g for five minutes at 4°C.  Pellets for whole-cell lysates were resuspended in 100 µL 

RIPA Buffer [1% Triton X, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 50 

mM Tris pH 7.5, 2 mM EDTA, 5 mM sodium pyrophosphate, 2 mM sodium 

orthovanadate, 1 mM PMSF, 10 µg/mL aprotinin, and 10 µg/mL leupeptin], incubated at 

4°C for one hour and spun down at 16,100 x g.  The supernatant was saved as whole-cell 

lysate.  The pellet from the remainder of the cell suspension was subjected to sub-cellular 

fractionation.  This cell pellet was resuspended in 1 mL Sucrose Buffer I [320 mM 
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sucrose, 3 mM CaCl2, 2 mM magnesium acetate, 0.1 mM EDTA, 10 mM Tris-Cl pH 8.0, 

0.45% CHAPS, 1 mM dithiothreitol, 5 mM sodium pyrophosphate, 2 mM sodium 

orthovanadate, 1 mM PMSF, 10 µg/mL aprotinin, and 10 µg/mL leupeptin] and 

transferred to an ice cold Dounce Homogenizer.  The cell suspension was subjected to 25 

strokes of the “B” pestle.  5 µL was examined for Tryphan Blue staining using light 

microscopy to ensure that the plasma membranes were efficiently lysed and that the 

nuclei were still intact.  This suspension was then transferred to a 1.7 mL microcentrifuge 

tube and spun down at 3,000 x g for five minutes at 4 °C.  The supernatant was saved as 

the post-nuclear (cytoplasmic) fraction.  The nuclear pellet was resuspended in 2.5 mL of 

Sucrose Buffer I.  2.5 mL of Sucrose Buffer II [2M sucrose, 5 mM magnesium acetate, 

0.1 mM EDTA, 10 mM Tris-Cl pH 8.0, 1 mM dithiothreitol, 5 mM sodium 

pyrophosphate, 2 mM sodium orthovanadate, 1 mM PMSF, 10 µg/mL aprotinin, and 10 

µg/mL leupeptin] was added to this suspension.  4.4. mL Sucrose Buffer II was added to 

a polyallomer ultracentrifuge tube (Beckman).  The nuclear suspension was poured 

carefully on top of the Sucrose Buffer II “cushion.”  The cell suspension was then spun 

down in an SW41Ti Swinging Bucket Rotor (Beckman) in an ultracentrifuge at 13,200 

rpm (30,000 x g) for 45 min at 4°C.  The supernatant was discarded and the nuclear pellet 

was suspended in 100 µL RIPA Buffer.  Protein concentrations of whole-cell lysate, post-

nuclear fraction, and nuclear fraction were determined by the BCA Assay (Pierce).  11 µg 

of each fraction was resolved by SDS-PAGE and analyzed by Western Blotting. 

 

Large-scale Sub-cellular Fractionation and Flag-Immunoprecipitation for Mass 

Spectrometry Analysis 
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 45 15-cm dishes were seeded with 2.4 x 10^6 HeLa cells per dish.  48 hours later, 

fifteen dishes were transfected with 16 µg Flag-HA-PRAS40 per dish, another fifteen 

were transfected with 16 µg PRAS40-HA-Flag per dish, and the remaining fifteen were 

left untransfected.  36 hours later, the cells were rinsed once with 10 mL ice cold PBS per 

dish and scraped and resuspended in 4 mL ice cold PBS containing Phosphatase 

Inhibitors Cocktails 2 and 3 and Protease Inhibitors Cocktail (Sigma) in a 1:500 dilution.  

Suspensions from each transfection group were pooled and spun down at 500 x g for five 

minutes at 4°C.  The pellets were resuspended in 15 mL Sucrose Buffer I, transferred to 

an ice cold Dounce Homogenizer, and subjected to ten strokes of the “B” pestle.  The 

suspension was checked for Trypan Blue staining by light microscopy to ensure the 

plasma membranes were efficiently lysed and that the nuclei remained intact.  The 

resulting nuclear suspensions were spun down at 750 x g for five minutes at 4°C.  The 

supernatants were collected and saved as cytoplasmic fractions.  7 mL CHAPS Buffer [40 

mM HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA, 0.3% CHAPS, 1:500 each of Sigma 

Phosphatase Inhibitor Cocktails 2 and 3 and Protease Inhibitor Cocktail] was added to the 

cytoplasmic fractions.  Nuclear pellets were suspended in 5 mL Nuclear Lysis Buffer [20 

mM HEPES pH 7.9, 300 mM NaCl, 2.5% glycerol, 1 mM EDTA, 0.5 mM dithiothreitol, 

1:500 each of Sigma Phosphatase Inhibitor Cocktails 2 and 3 and Protease Inhibitor 

Cocktail] and subjected to three freeze/thaw cycles: -86°C to ambient temperature to lyse 

the nuclei.  17 mL CHAPS Buffer was then added to dilute the nuclear fractions and 

equilibrate the salt and detergent concentrations between the cytoplasmic and nuclear 

fractions.  The cytoplasmic and nuclear fractions were clarified by ultracentrifugation in 

polyallomer tubes in a SW41Ti swinging bucket rotor at 24,200 rpm (100,000 x g) at 4°C 
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for 30 minutes. 200 µL of each fraction was saved as input.  500 µL 50% anti-Flag-

agarose (Sigma) slurry was added to each clarified fraction.  IPs proceeded for 2.5 hours 

at 4°C with gentle rotation.  Beads were spun down at 3,000 x g for two minutes at 4°C 

and washed three times in SigmaPrep spin tubes with CHAPS Buffer (spun down at 

3,000 x g for 30 seconds at 4°C between washes).  Flag-PRAS40 and associated proteins 

were eluted using 3x Flag peptide according to the manufacturer’s instructions (Sigma).  

Eluates were divided into four aliquots and subjected to acetone precipitation in 

polypropylene microcentrifuge tubes.  A 4x volume of -20°C acetone was added to each 

tube.  The tubes were vortexed and incubated at -20°C for one hour, then spun down at 

13,000 x g for 10 min at 4 °C.  The acetone was carefully decanted and the pellets were 

allowed to dry at ambient temperature for 45 minutes.  Dried pellets were resuspended in 

10 µL 1xSDS loading buffer.  Eluates aliquoted from the same sample were pooled (to 

give 40 µL of eluate per sample) and boiled for four minutes. 

 

Eluate Analysis by Liquid Chromatography – Tandem Mass Spectrometry (LC-MS/MS) 

 The analysis was essentially carried out using a previously optimized proteomics 

platform (119).  20 µL (50%) of each eluate was resolved on an SDS gel followed by in-

gel tryptic digestion.  Peptide samples were analyzed by nanoscale LC-MS/MS on an 

LTQ mass spectrometer (Thermo Finnigan). Peptides were dissolved in buffer A [0.4% 

acetic acid, 0.005% heptafluorobutyric acid, and 5% acetonitrile], loaded onto a 75 µm 

(inside diameter) × 10 cm C18 column (5 µm magic C18AQ; pore size, 200 Å; Michrom 

Bioresources, Auburn, CA), and then eluted during a gradient from 10 to 30% buffer B 

[0.4% acetic acid, 0.005% heptafluorobutyric acid, and 95% acetonitrile, at a flow rate 
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of ∼250 nL/min]. Eluted peptides were analyzed by a standard TOP10 MS/MS method. 

The acquired MS/MS spectra were searched against a human protein database for 

identification. The matched peptides/proteins were further filtered by mass accuracy and 

matching scores to reduce protein false discovery rate to less than 1%. (Note:  Mass 

spectrometry analysis was performed by Dr. Dongmei Cheng in the laboratory of Dr. 

Junmin Peng.) 

Other Sub-cellular Fractionation and Immunoprecipitation Studies 

 Other Flag-IP studies followed the same procedure as for the large-scale 

approach, except that between one and three 15-cm culture dishes of HeLa cells were 

used per sample and buffer volumes were scaled down accordingly.  For endogenous 

PRAS40 immunoprecipitation, five 15-cm culture dishes of HeLa cells were used.  

Nuclear and cytoplasmic fractions were divided into three aliquots of equal volume.  10 

µL rabbit monoclonal anti-PRAS40 antibody (Cell Signaling, 2691) was added to one 

aliquot, 10 µL of the same antibody pre-incubated for one hour with 3 µL of 

immunogenic PRAS40 peptide (Cell Signaling, 1 µg/µL) was added to another aliquot, 

and 3.75 µL (equivalent IgG mass) non-specific rabbit IgG (Santa Cruz) was added to the 

third aliquot.  These samples were rotated slowly at 4°C for three hours.  50 µL of a 50% 

slurry of Protein A-conjugated beads was added, and the samples were rotated for another 

hour.  Beads were washed three times in Sigma Prep spin columns with CHAPS Buffer 

and eluted by boiling in 30 µL 3xSDS loading buffer for four minutes.  Inputs and IPs 

were resolved via SDS-PAGE and analyzed by Western Blotting. 
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Sub-cellular Fractionation and Gel Filtration Chromatography 

 7 x 10^6 HeLa cells were seeded in five 15-cm dishes and were left untransfected.  

Sub-cellular fractionation was performed as above for the large-scale Flag-IP.  Nuclear 

extract was concentrated using a 15 mL Concentration Filter Tube, 10,000 MWCO 

(Amicon) according to the manufacturer’s instructions.  During the concentration process 

the buffer was exchanged to CHAPS Buffer.  The concentrated nuclear extract was 

filtered through a 0.2 µm filter using a syringe.  700 µL concentrated nuclear extract was 

loaded in a 0.5 mL injection loop for injection onto a 25 mL Superose 6 column using the 

Äkta Purifier FPLC system (GE Healthcare).  The loop was emptied with 0.75 mL 

running buffer [10 mM HEPES pH 7.45, 137 mM NaCl, 2.5% glycerol, filtered and 

degassed] and the samples were resolved on the Superose 6 column at a rate of 0.3 

mL/minute.  0.5 mL fractions were collected and 30 µL aliquots of the odd-numbered 

fractions were resolved by SDS-PAGE and analyzed via Western Blotting.     

 

Indirect Immunofluorescence and Confocal Microscopy 

 3 x 10^5 U2OS or HeLa cells were grown on poly-D-lysine-coated 18 mm glass 

coverslips in 12-well cell culture plates (Corning) and transfected with 500 ng Ven-Flag-

PRAS40, Ven-Flag-PRAS40F129A, Ven-His6-RPL11, Flag-HA-PRAS40, or a 

combination of the latter two and allowed to express the fusion proteins for 24 hrs (Ven-

PRAS40 plasmids) or 48 hrs (Ven-RPL11 plasmids).  The Ven-PRAS40 samples were 

treated with Leptomycin B (LMB) or EtOH (vehicle) as indicated.  Cells were protected 

from light throughout all procedures to avoid photobleaching the Venus-tagged fusion 

proteins.  Cells were fixed by incubation in 4% paraformaldehyde in PBS for 15 min. 



   70   

Cells were rinsed three times with PBS.  At this point, cells expressing only Venus-fusion 

proteins were stained with 1µg/mL Hoechst 33342 and mounted onto glass slides using 

Anti-Fade Gold (Invitrogen) according to the manufacturer’s instructions.  Cells 

expressing Flag-HA-PRAS40 were solubilized and blocked by incubation in PBS 

containing 0.2% TritonX-100 and 3% BSA for 30 minutes at ambient temperature.  

These cells were rinsed once in PBS and were incubated in primary antibody (1:500 

mouse anti-Flag, Sigma M2, in 3% BSA/PBS) for four hours at ambient temperature 

(protected from light).  The coverslips were washed three times with PBS and incubated 

with secondary antibody (1:500 anti-mouse-Texas Red, Invitrogen, in 3% BSA/PBS) 

containing 1 µg/mL Hoechst 33342 for 30 minutes at ambient temperature (protected 

from light).  The coverslips were washed three times with PBS and mounted onto glass 

slides using Anti-Fade Gold (Invitrogen) according to the manufacturer’s instructions.  

Once the slides had cured for 24 hours, images were acquired using a Zeiss LSM 510 

inverted confocal microscope.            

 

Epifluorescence Microscopy 

 Images were captured using an Image ExpressMicro  high-throughput microscope 

(Molecular Devices).   

 

GST Pull-Down 

 This procedure was performed as in section 3.2, except that HeLa cells were used 

instead of HEK293T cells.   
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shRNA-mediated Knock-downs and Whole-cell Lysate Preparation 

 U2OS cells were transfected with the indicated shRNA plasmids.  shRNAs were 

allowed to express for 48 hours.  Transfected cells were then selected by incubation in 

growth media containing 2 µg/mL puromycin.  Selection was carried out for four days.  

The selection media was renewed once during selection.  Whole-cell lysates of selected 

U2OS cells were prepared by rinsing the cells twice with ice-cold PBS, then scraping the 

cells into M-Per Cell Extraction Buffer (Pierce) supplemented with 150 mM NaCl and 

1:500 each of Phosphatase Inhibitor Cocktails 2 and 3 and Protease Inhibitor Cocktail 

(Sigma).  

 

Luciferase Reporter Assay 

 U2OS cells were grown in 12-well cell culture dishes and co-transfected with 500 

ng of the indicated shRNA plasmids and 250 ng of the indicated reporter construct.  Total 

DNA was kept constant at 1.25 µg per well by the addition of non-silencing shRNA 

plasmid where necessary.  Transfected cells were selected as described above.  Cells 

were lysed in Glo Lysis Buffer (Promega) supplemented with 1:500 Protease Inhibitor 

Cocktail (Sigma) at ambient temperature according to the manufacturer’s instructions.  

Protein concentration was measured by the BCA assay (Pierce) and concentrations were 

normalized by addition of Glo Lysis Buffer as necessary.  Normalized lysates were 

transferred in triplicate to wells of an opaque, white-walled 96-well plate (Falcon).  

Bright-Glo™ Reagent (Promega) was added in a 1:1 (v:v) ratio and luminescence was 

measured immediately using an Envision® Multilabel plate reader (PerkinElmer) with a 

0.1 sec integration time.  
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X-Gal Staining for Senescence-Associated β-Galactosidase Activity      

 U2OS cells were grown in 6-well cell culture dishes transfected with 1 µg of each 

shRNA plasmid as indicated.  Total DNA was kept constant at 2 µg per well by the 

addition of non-silencing shRNA plasmid where necessary.  Transfected cells were 

selected as described above.  X-gal staining for senescence-associated β-galactosidase 

activity was performed using the Senescence β-galactosidase Staining Kit from Cell 

Signaling (9860) according to the manufacturer’s instructions.  A pH meter was used to 

ensure that the staining solution was at a pH between 5.9 and 6.0 and staining was 

allowed to proceed for 24 hours in a “dry” 37°C incubator without CO2 control or 

humidified conditions.  Cells were then rinsed twice with PBS and covered with 70% 

glycerol for long-term storage.  Images were captured using a Zeiss Axiovert inverted 

microscope.  Cells were scored and counted by two blinded, impartial investigators.  Nine 

sites per well were counted in each experiment.     

  

4.3 Results 

4.3.1 PRAS40 dynamically shuttles between the cytoplasm and the nucleus. 

Although mTORC1 is thought to function primarily in the cytoplasm, various 

reports have indicated that PRAS40 and other mTORC1 components can be found in the 

nucleus (100; 101; 120-127).  To rigorously test the subcellular localization of PRAS40, I 

purified nuclei from HeLa cells by centrifuging through a sucrose cushion.  The nuclear 

fraction obtained via this method is void of cytosolic and endoplasmic reticulum (ER) 

contamination as evidenced by lack of the marker proteins GAPDH and calnexin, 
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respectively.  As expected, PRAS40 is found in great abundance in the post-nuclear 

fraction.  Importantly, I also detected a distinct population of PRAS40 present in the 

nuclear fraction, albeit in lower abundance (Figure 4-1).  Because PRAS40 is 

theoretically small enough to freely diffuse between the cytoplasm and the nucleus 

(27kDa, despite running near 40kDa on SDS polyacrylamide gels) (128), I hypothesized 

that an active nuclear shuttling process is responsible for the concentration differential of 

PRAS40 between the cytoplasm and nucleus.  To test this, I treated cells expressing 

Venus-PRAS40 with the nuclear export inhibitor Leptomycin B (LMB).  As determined 

by confocal microscopy, PRAS40 accumulates in the nuclei of U2OS (Figure 4-2) and 

HeLa (Figure 4-3) cells treated with LMB, but not with vehicle control, suggesting that 

PRAS40 subcellular localization is controlled at least in part by active, dynamic 

nucleocytoplasmic shuttling.  In all LMB experiments a portion of Ven-PRAS40 remains 

in the cytoplasm regardless of treatment time, suggesting that only a sub-population of 

PRAS40 is involved in nucleocytoplasmic shuttling.  Importantly, no difference is 

observed between wild-type Venus-PRAS40 and Raptor-binding null Venus-

PRAS40F129A (52; 55; 56) in response to LMB treatment, suggesting that PRAS40 

nucleocytoplasmic shuttling does not require interaction with mTORC1 (Figure 4-4). 

 

4.3.2 PRAS40 residues 218-227 serve as a Nuclear Export Signal (NES) Sequence. 

I next sought to identify Nuclear Localization or Nuclear Export Signal (NLS or 

NES) sequences responsible for PRAS40’s dynamic nucleocytoplasmic shuttling.  

Deletion of the C-terminus of PRAS40 abolishes its subcellular concentration 

differential, producing a construct (Ven-PRAS40 1-110) that localizes in a diffuse pattern 
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throughout the cytoplasm and nucleus and is unresponsive to LMB treatment.  

Conversely, deletion of the N-terminus of PRAS40 (Ven-PRAS40 110-256) has no effect 

on its subcellular localization or response to LMB, suggesting that sequence motifs 

critical to subcellular localization lie in the C-terminus of PRAS40 (Figure 4-5A).  

Although PRAS40 residues 251KLKRKY256 represent a potential NLS in the C-terminus, 

deletion of these residues induces no observable change in subcellular localization or 

response to LMB (data not shown).  Sequence analysis identifies at least two putative 

NES sequences in PRAS40 – 28LVLL31 in the N-terminus and, as noted by others (129; 

130), 218IAASMRALVL227 in the C-terminus.  Deletion of residues 218-227, but not 28-

31, results in diffuse cytoplasmic and nuclear localization of PRAS40, suggesting that 

residues 218-227 serve as a functional NES sequence in PRAS40 (Figure 4-5B). 

 

4.3.3 PRAS40 is a member of a nuclear-specific RPL11-containing complex.  

It is completely unknown what, if any, function PRAS40 may serve in the 

nucleus.  The existence of proline-rich domains in its N-terminus and 14-3-3-binding 

phospho-sites in its C-terminus suggests that PRAS40 may participate in or serve as a 

scaffold for various protein-protein interactions.  Therefore, I decided to probe the 

PRAS40 interactome of the cytoplasm and nucleus.  To achieve this, I 

immunoprecipitated (IPed) N-terminally or C-terminally tagged Flag-PRAS40 from post-

nuclear and nuclear fractions of HeLa cells.  The eluates were subjected to tryptic 

digestion and analyzed by liquid chromatography-tandem mass spectrometry (Figure 4-

6A).  Eluates from post-nuclear and nuclear fractions of untransfected HeLa cells were 

used as negative controls.  As expected, the known PRAS40 binding partner 14-3-3 was 
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identified in eluates from both the cytoplasm and nucleus, thus supporting the validity of 

this approach.  Table 4-1 lists all the potential PRAS40-associated proteins identified and 

their spectral counts averaged between N- and C-terminally tagged PRAS40 IPs in the 

nuclear and cytoplasmic fractions.  To identify binding partners enriched in the nucleus 

we normalized spectral counts of putative binding partners (“prey”) in each subcellular 

fraction to those of PRAS40 (“bait”) from the same fraction.  Any putative binding 

partner with a normalized nuclear to cytoplasmic ratio greater than 1 (or with zero 

cytosolic spectral counts) was identified as a potential nuclear-enriched PRAS40 binding 

partner (Fig. 4-6B).  Of the identified proteins by this analysis, we chose to focus on 

ribosomal protein L11 (RPL11) because its average spectral count value is similar to that 

of some 14-3-3 isoforms, which are know PRAS40-binding proteins.  Notably, despite 

their high cellular concentrations, no ribosomal proteins other than L11 were identified in 

our eluates.  As predicted from the IP-MS results, endogenous RPL11 robustly co-

precipitates with N-terminally- and C-terminally-tagged Flag-PRAS40 from nuclear, but 

not cytoplasmic extract (Fig. 4-7A).  It is important to note that PRAS40 and RPL11 are 

both present in each subcellular fraction, thus supporting the notion that the PRAS40-

RPL11 association is nuclear-specific.  Furthermore, endogenous RPL11 co-precipitates 

with endogenous PRAS40 IPed from the nuclear, but not cytoplasmic fraction of 

untransfected HeLa cells (Fig. 4-7B).  Neither non-specific IgG nor PRAS40-specific 

antibody pre-blocked with a PRAS40 peptide is capable of precipitating RPL11, 

supporting the specificity of the endogenous PRAS40-RPL11 association (Fig. 4-7B).  In 

further support of a nuclear-specific association, Flag-PRAS40 co-localizes with Venus-

RPL11 in the nucleoli of U2OS cells via confocal microscopy (Fig. 4-8). 
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4.3.4 The nuclear PRAS40- and RPL11-containing complex is distinct from 

mTORC1.   

To determine whether the nuclear PRAS40-RPL11 co-precipitation represents a variant 

of the established mTOR Complex 1 or a novel complex independent of mTORC1, 

nuclear extract was isolated from HeLa cells and processed via gel filtration 

chromatography using a Superose 6 column in an FPLC setup.  At least two separate 

peaks of PRAS40 were observed, representing different high molecular-weight 

complexes (Figure 4-9).  The larger of these complexes is approximately 2600 kDa and 

co-migrates with the mTORC1 components mTOR and Raptor, but not RPL11.  The 

smaller PRAS40 complex is approximately 450-700 kDa and co-migrates with RPL11, 

but not mTOR or Raptor.  A second Raptor peak was observed around 100-200 kDa, 

most likely representing monomeric Raptor (predicted molecular weight = 150 kDa).  

These results suggest that the nuclear-specific PRAS40- and RPL11-containing complex 

is distinct from mTORC1 and may contain other, as-of-yet unidentified components. 

 

4.3.5 The nuclear-specific PRAS40- and RPL11-containing complex requires 

PRAS40 residues S221 and T246 and is phosphorylation-dependent.   

I next sought to identify the sequences or residues of PRAS40 critical for nuclear 

association with RPL11.  In order to narrow down the binding region, constructs 

encoding GST-tagged PRAS40 truncations were generated and used in a GST pull-down 

(PD) assay to assess co-precipitation of endogenous RPL11.  Notably, one binding 

determinant may be present within PRAS40 residues 98-109, as indicated by the sharp 
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increase in relative RPL11 co-precipitation between the 110-256 and 98-256 PRAS40 

constructs (Figure 4-10, Compare quantification of lanes 5 and 6).  This short region 

contains a long string of negatively charged amino acids – 101EDNEEDEDE109 – 

suggesting that electrostatic forces may contribute to the PRAS40-RPL11 association.  

This isn’t altogether surprising, given that PRAS40 is an acidic protein, with a theoretical 

pI of 4.65, while RPL11 is basic, with a theoretical pI of 10.00.  Additionally, deletion of 

C-terminal, but not N-terminal regions of PRAS40 abrogates RPL11 co-precipitation, 

indicating that sequences or residues critical for RPL11 binding are also likely found 

within the C-terminus, i.e. residues 171-256, of PRAS40 (Figure 4-10).  Importantly, 

phosphorylation of residues within this C-terminal domain is known to control the 

interaction of PRAS40 with its established binding partners, Raptor and 14-3-3.  

Specifically, non-phosphorylated PRAS40 binds and inhibits mTORC1 through direct 

interaction with Raptor, while phosphorylation of PRAS40 at residues S221 and T246 

promotes 14-3-3 binding and dissociation of the PRAS40-14-3-3 complex from 

mTORC1 (51-56; 58; 59).  Therefore, I hypothesized that phosphorylation might also 

control the novel, nuclear-specific PRAS40- and RPL11-containing complex.  To test 

this, Flag-PRAS40 plasmids harboring single, non-phosphorylatable Ser or Thr to Ala 

point mutations of all the major previously identified PRAS40 phosphorylation sites were 

generated.  These sites include the mTORC1-targeted residues S183, S212, and S221, as 

well as the Akt-targeted residue T246 (52; 55-57).  An F129A mutation in PRAS40’s Tor 

Signaling (TOS) motif was also generated.  This mutation is known to drastically 

attenuate the interaction of PRAS40 with Raptor/mTORC1 (52; 55; 56).  The effect of 

each of these mutations on PRAS40-RPL11 and PRAS40-Raptor co-precipitation was 
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assessed by immunoblot analysis of Flag-PRAS40 immunocomplexes isolated from 

HeLa nuclear extracts.  Mutation of PRAS40 F129, S183, and S212 has minimal effect 

on RPL11 association.  However, mutation of the mTORC1-targeted residue S221 or the 

Akt-targeted residue T246 abolishes RPL11 binding, suggesting that these residues are 

critical for PRAS40-RPL11 association (Figure 4-11).  Although PRAS40 residues S221 

and T246 are clearly important, this finding does not directly implicate phosphorylation 

in the regulation of the PRAS40-and RPL11-containing complex.  To address this issue, 

IP’s of wt or T246A Flag-PRAS40 from HeLa nuclear extracts were performed using 

buffers either containing or lacking phosphatase inhibitors.  The wild-type PRAS40-

RPL11 co-precipitation, while robust in the presence of phosphatase inhibitors, is 

abolished in the absence of phosphatase inhibitors (Figure 4-12, Lane 2 and 5).  As 

anticipated from the results shown in Figure 4-11, Flag-PRAS40T246A fails to co-

precipitate RPL11 regardless of the presence of phosphatase inhibitors (Figure 4-12, 

Lanes 3 and 6).  Importantly, use of a phospho-specific antibody confirms that the 

absence of phosphatase inhibitors does in fact abolish phosphorylation of PRAS40 at 

T246 (Figure 4-12, compare Input Lanes 2 and 5).  Taken together, these results 

indicate that the nuclear PRAS40- and RPL11-containing complex not only requires 

PRAS40 residues S221 and T246, but is phosphorylation-dependent as well.  

 

4.3.6 The nuclear-specific PRAS40- and RPL11-containing complex is controlled by 

amino acids and serum factors through the kinase activities of mTORC1 and Akt. 

Because PRAS40 residues S221 and T246 are known targets of mTORC1 (57) and Akt 

(58), respectively, I hypothesized that these kinases and their upstream 
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microenvironmental activators can regulate the nuclear PRAS40- and RPL11-containing 

complex.  PI3K-Akt signaling is potently activated by growth factors found in serum.  As 

demonstrated by Flag-PRAS40 coIP from HeLa nuclear extracts, serum withdrawal 

reduces PRAS40-RPL11 co-precipitation to background levels.  This effect of serum 

withdrawal is negated by expression of constitutively active Akt (HA-AktΔPH) during 

serum withdrawal, whereas expression of dominant negative Akt (HA-AktK179M) 

abolishes PRAS40-RPL11 co-precipitation in the presence of serum (Figure 4-13).  

mTORC1 kinase activity requires both growth factors and an ample supply of 

extracellular nutrients such as amino acids and glucose.  To specifically manipulate 

mTORC1 activity without significantly affecting Akt, HeLa cells were incubated in 

media lacking Leu and Met but replete with serum.  Nuclear PRAS40-RPL11 co-

precipitation is enhanced by stimulation with Leu- and Met-rich media (Figure 4-14, 

Lanes 1 and 2).  This effect is robustly inhibited by treatment with the potent and 

specific mTORC1 inhibitor rapamycin, but not vehicle (DMSO) control (Figure 4-14).  It 

is important to note that upon rapamycin treatment (Figure 4-14, Lane 4) mTORC1 

activity is suppressed as evidenced by disruption of p70S6K and PRAS40S183 

phosphorylation, while Akt remains active as demonstrated by continuous 

phosphorylation of PRAS40T246.  This finding suggests that inhibition of mTORC1 

activity alone is sufficient to disrupt the nuclear PRAS40- and RPL11-containing 

complex.  Together with the point mutation studies (Figures 4-11 and 4-12), these 

findings indicate that the nuclear PRAS40- and RPL11-containing complex requires the 

amino acid- and serum-stimulated kinase activities of both mTORC1 and Akt. 
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4.3.7 PRAS40 negatively regulates p53 protein stability and activity in an RPL11-

dependent manner. 

It is unknown what, if any, effect PRAS40 might have on nuclear RPL11 function.  In 

addition to its role in protein synthesis as a component of the ribosome, RPL11 is also a 

key signaling molecule in communicating aberrant ribosome biogenesis to the cellular 

stress response machinery.  Specifically, when ribosome assembly is disrupted (a 

condition referred to as nucleolar stress) RPL11 translocates from the nucleoli to the 

nucleoplasm where it binds and inhibits the E3 ubiquitin ligase HDM2.  This triggers 

protein stabilization of HDM2’s primary target, the tumor suppressor p53, leading to cell 

cycle arrest, senescence, or apoptosis mediated by p53’s transcriptional targets (87-90; 

94; 131; 132).  Because PRAS40 displays pro-survival (100-102) and pro-tumorigenic 

(103; 104) activity through an unknown mechanism, I hypothesized that PRAS40 can 

negatively regulate p53 through RPL11.  To explore this possibility, U2OS osteosarcoma 

cells were depleted of PRAS40 using plasmids expressing shRNAs targeted to various 

regions of the PRAS40 transcript.  U2OS cells express wildtype p53 and possess a 

functional RPL11-HDM2-p53 pathway, but do not express p14ARF (87-89), another 

known inhibitor of HDM2.  Transient transfection was used to avoid issues of 

compensation and artifacts of clonal selection potentially associated with stable knock 

down (KD).  Interestingly, KD of PRAS40 induces an increase in p53 protein levels 

compared to control cells transfected with non-silencing (NS) shRNA (Figure 4-15).   

This p53 upregulation is accompanied by an increase in protein levels of the p53 

transcriptional targets p21 and Bax.  Importantly, these effects are proportional to the 

efficiency of PRAS40 KD by two different shRNAs, suggesting that the observed effects 
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are directly related to PRAS40 KD (Figure 4-15).  Because p53 is a critical mediator of 

cell fate, it is subject to multiple layers of regulation, including transcriptional, 

translational, and post-translational control mechanisms.  The RPL11-HDM2 pathway 

acts specifically at the post-translational level by inhibiting the E3 ubiquitin-ligase 

activity of HDM2, thereby increasing p53 protein stability.  Considering this, I sought to 

test whether PRAS40 might also control p53 through regulation of protein stability.  To 

explore this possibility I treated cells expressing either NS or PRAS40-targeted shRNAs 

with the translation inhibitor cycloheximide for various times.  PRAS40 KD increases 

p53 protein half-life approximately 6-fold compared to the NS control (Figure 4-16).  

This effect, and p53 degradation in general, is abolished by co-treatment with the 

proteasome inhibitor MG132, suggesting that PRAS40 negatively regulates p53 protein 

levels in a proteasome-dependent manner (Figure 4-16).  Importantly, I find that the 

effect of PRAS40 KD on p53 protein level is abolished by co-KD of RPL11 using two 

different shRNAs (Figure 4-17).  To test whether the observed PRAS40 KD-induced p53 

upregulation corresponds to an increase in p53 transcriptional activity, a p53 reporter 

plasmid in which the consensus p53-binding promoter sequence drives luciferase 

transcription was used.  PRAS40 KD significantly increases p53 transcriptional activity 

compared to the NS control.  Importantly, this effect is abolished by co-KD of either p53 

or RPL11 (Figure 4-18).  Taken together, these findings suggest that PRAS40 negatively 

regulates p53 protein stability and activity in an RPL11-dependent manner. 

 

4.3.8 PRAS40 KD induces p53 upregulation through a mechanism similar to low 

concentration Actinomycin D. 
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The disruption of ribosome biogenesis, also known as nucleolar stress (86), can be 

induced by various cellular insults including oncogene expression (90), serum starvation 

(89), and various immunosuppressant and chemotherapeutic drugs including 

mycophenolic acid (133), 5-fluorouracil (134; 135), and Actinomycin D (ActD) (87-92; 

136-138).  ActD is a polypeptide antibiotic that binds GC-rich regions of DNA.  At very 

low concentrations, i.e. <10nM, ActD binds primarily to rDNA and specifically inhibits 

RNA Polymerase 1 (136; 137).  This results in disruption of ribosome biogenesis without 

inducing DNA damage and triggers p53 upregulation specifically through the RPL11-

HDM2 nucleolar stress response pathway (87-92; 136-138).  Therefore, I used a low 

concentration dose curve of ActD in conjunction with PRAS40 KD to test whether 

PRAS40 plays a role in regulating RPL11-HDM2-p53 nucleolar stress response pathway.  

While PRAS40 KD and ActD have an additive effect at low ActD concentration, there is 

no combinatorial effect at high ActD concentrations, suggesting that PRAS40 KD and 

ActD activate p53 through a similar mechanism (Figure 4-19).  Taken together with my 

previous results, this finding suggests that PRAS40 is an Akt- and mTORC1-controlled 

regulator of the p53 response to nucleolar stress. 

 

4.3.9 PRAS40 suppresses induction of cellular senescence in a p53-dependent 

manner. 

Finally, I sought to test whether PRAS40 KD-associated p53 upregulation has any effect 

on cell survival or growth.  In efforts to suppress tumorigenesis, p53 transcriptional 

activity is known to induce cell death, temporary cell cycle arrest, or a permanent loss of 

replicative potential known as cellular senescence.  While I was not able to detect any 
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significant induction of cell death in the U2OS cells studied [data not shown], I did find 

that PRAS40-depleted cells possess significantly increased levels of senescence-

associated β-galactosidase (SA-β-gal) activity compared to NS control cells, as indicated 

by conversion of the β-gal substrate X-gal to the insoluble blue dye 5,5'-dibromo-4,4'-

dichloro-indigo at pH 6.0.  Importantly, this effect is abrogated by co-KD of p53 (Figure 

4-20).  Taken together, these results suggest that PRAS40 acts to keep p53 levels and 

activity low in an RPL11-dependent manner, thus helping to suppress the p53-mediated 

induction of premature cellular senescence.  
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Figure 4-1.  PRAS40 is present in the nuclear and post-nuclear fractions of HeLa 

cells.  HeLa cells were fractionated via swelling in hypotonic buffer, Dounce 

homogenization, and centrifugation through a sucrose gradient. Total cell lysate and post-

nuclear (cytoplasmic) and nuclear extracts were resolved via SDS-PAGE.  Endogenous 

PRAS40 and fractionation markers were detected via Western Blotting.  The results 

presented are representative of greater than three independent experiments.   
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Figure 4-2.  PRAS40 undergoes dynamic nucleocytoplasmic shuttling in U2OS cells. 

U2OS cells growing on poly-D-lysine-coated glass coverslips were transfected with 

cDNA encoding Venus-PRAS40 and treated with 100 nM Leptomycin B (LMB), a 

potent inhibitor of Crm1/Exportin-1-dependent nuclear export, or vehicle control (EtOH) 

for six hours.  The cells were then fixed and mounted on glass slides.  Images were 

obtained using a Zeiss LSM 510 META inverted confocal microscope.  Scale bars 

represent        10 µM.  A) Single slice image; B) Z-stack 
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Figure 4-3.  PRAS40 undergoes dynamic nucleocytoplasmic shuttling in HeLa cells.  

HeLa cells growing on poly-D-lysine-coated glass coverslips were transfected with 

cDNA encoding Venus-PRAS40 and treated with 100 nM Leptomycin B (LMB), a 

potent inhibitor of Crm1/Exportin-1-dependent nuclear export, or vehicle control (EtOH) 

for six hours.  The cells were then fixed and mounted on glass slides.  Images were 

obtained using a Zeiss LSM 510 META inverted confocal microscope.  Scale bars 

represent        10 µM.  Results are representative of three independent experiments.   
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Figure 4-4.  PRAS40 nucleocytoplasmic shuttling does not require interaction with 

mTORC1.  U2OS cells growing on poly-D-lysine-coated glass coverslips were 

transfected with cDNA encoding Raptor/mTORC1 binding-null Venus-PRAS40F129A and 

treated with 100 nM Leptomycin B (LMB), a potent inhibitor of Crm1/Exportin-1-

dependent nuclear export, or vehicle control (EtOH) for six hours.  The cells were then 

fixed and mounted on glass slides.  Images were obtained using a Zeiss LSM 510 META 

inverted confocal microscope.  Scale bars represent 10 µM.  Results are representative of 

three independent experiments.   
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Figure 4-5.  PRAS40 residues 218-227 serve as a functional NES sequence.  A) HeLa 

cells were transfected with cDNAs encoding Venus-tagged full length, 1-110, or 110-256 

PRAS40.  Cells were either left untreated or were treated with the nuclear export 

inhibitor Leptomycin B (LMB) (20 nM) for 1 hour.   

B)  Two putative leucine-rich nuclear export signal (NES) sequences were identified by 

analysis of the PRAS40 primary amino acid sequence – 28LVLL31 in the N-terminus and 

218IAASMRALVL227 in the C-terminus.  HeLa cells were transfected with cDNAs 

encoding Venus-tagged PRAS40 harboring a deletion of either 28-31 (Δ28-31) or 218-

227 (Δ218-227).  Cells were not treated with Leptomycin B prior to imaging.  All images 

were acquired using an Image ExpressMicro® epifluorescence microcope (Molecular 

Devices).   
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Table 4-1. Putative PRAS40-interacting proteins identified by IP-MS.   

Table 1.  Putative PRAS40-interacting proteins identified by IP-MS. 

Protein Average Nuclear SCs Average Cytoplasmic SCs 
HSP70 
PRAS40 
14-3-3 ε 
14-3-3 γ 
RPL11 
14-3-3 ζ 
14-3-3 η 
Hypothetical Protein 
14-3-3 β 
14-3-3 τ 
14-3-3 σ 
Albumin Preproprotein 
Chaperonin 
TOPO I 
SNRPD1 
GRPEL1 
GAPDH 
PFK 
ZF425 
HspBP1 
VWF 

 

153.0 
87.0 
21.5 

6.0 
4.5 
3.5 
3.0 
2.5 
1.5 
1.5 
1.5 
1.0 
2.0 
1.5 
1.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

 

297.0 
109.5 

88.0 
18.0 

2.0 
8.5 
6.5 
2.5 
8.0 
4.5 
4.0 
1.0 
0.0 
0.0 
0.0 
4.0 
3.0 
1.5 
1.5 
1.0 
1.0 
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Figure 4-6.  Flag-immunoprecipitation and mass spectrometry analysis identifies 

putative nuclear PRAS40-interacting proteins.  A) Schematic for IP-MS approach 

used to identify putative novel PRAS40 binding proteins.  B) Analysis of IP-MS results. 

Spectral counts of putative binding partners (“prey”) in each subcellular fraction were 

normalized to those of PRAS40 (“bait”) from the same fraction.  Any putative binding 

partner with a normalized nuclear to cytoplasmic ratio less than 1 was considered a 

potential cytoplasmic-specific PRAS40 binding partner, while a ratio greater than 1 (or 

with zero cytoplasmic spectral counts) was identified as a potential nuclear-specific 

PRAS40 binding partner.    
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Figure 4-7.  PRAS40 is a member of a nuclear-specific RPL11-containing complex.  

A) HeLa cells were either untransfected, transfected with N-terminally tagged Flag-

PRAS40, or transfected with C-terminally tagged PRAS40-Flag.  Cells were fractionated 

via swelling in hypotonic buffer, Dounce homogenization, and centrifugation.  Isolated 

nuclei were subjected to three freeze/thaw cycles to obtain nuclear extract.  Cytoplasmic 

(Cyt) and nuclear (Nuc) fractions were then subjected to immunoprecipitation with anti-

Flag- agarose.  Immunoprecipitates were eluted using a competitive Flag peptide.  

Eluates and inputs were processed by SDS-PAGE and analyzed by Western Blotting.   

B)  Untransfected HeLa cells were fractionated as in A.  PRAS40 was 

immunoprecipitated from nuclear and cytoplasmic extract using a PRAS40-specific 

monocolonal antibody.  Non-specific, species-matched IgG or PRAS40 antibody pre-

blocked with the immunogenic PRAS40 peptide were used as negative controls.  Eluates 

and inputs were processed by SDS-PAGE and analyzed by Western Blotting.  Results are 

representative of three independent experiments. 
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Figure 4-8.  Flag-PRAS40 and Ven-RPL11 co-localize within nucleoli.  U2OS cells 

growing on poly-D-lysine-coated cover slips were transfected with plasmids expressing 

Flag-PRAS40 and Ven-RPL11, fixed, and mounted on glass slides.  Images were 

obtained using a Zeiss LSM 510 META inverted confocal microscope.  Scale bars 

represent 10 µM.  A and B are representative images from different sites on the same 

coverslip.   
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Figure 4-9.  The nuclear PRAS40- and RPL11-containing complex is distinct from 

mTORC1.  HeLa nuclear extract was resolved by gel filtration chromatography using a 

Superose 6 size exclusion column.  0.5 mL fractions were collected.  Odd-numbered 

fractions were processed by SDS-PAGE and analyzed by Western Blotting.  The left-

most box (purple) represents the void volume of the column.  The middle box (blue) 

highlights fractions in which PRAS40, Raptor, and mTOR, but not RPL11, co-migrate on 

the column.  These fractions likely contain fully formed mTORC1.  Finally, the right-

most box (red) highlights fractions in which PRAS40 co-migrates with RPL11 but not 

Raptor, implying that these fractions contain a ~300-700 kDa complex containing 

PRAS40, RPL11, and potentially other as-of-yet unidentified proteins. 
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Figure 4-10.  Critical determinants for formation of the nuclear PRAS40- and 

RPL11-containing complex are found within residues 98-109 and the C-terminal 

region of PRAS40.  HeLa cells were transfected with plasmids encoding Flag-RPL11 

and the indicated GST-tagged PRAS40 truncations.  GST-tagged proteins were 

precipitated from whole-cell lysates using glutathione-conjugated beads.  The inputs and 

eluates were processed via SDS-PAGE.  Flag-PRAS40 and GST-tagged PRAS40 

truncations were detected via Western Blotting.  Results were quantified by densitometry 

using ImageJ software. 
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Figure 4-11.  Formation of the nuclear PRAS40- and RPL11-containing complex is 

dependent upon PRAS40 residues S221 and T246.  HeLa cells were transfected with 

plasmids encoding wild-type or mutated Flag-PRAS40 as indicated.  Cells were 

fractionated via swelling in hypotonic buffer, Dounce homogenization, and 

centrifugation.  Isolated nuclei were lysed by three freeze/thaw cycles to obtain nuclear 

extracts, which were then subjected to immunoprecipitation with anti-Flag-agarose beads.  

Immunoprecipitates were eluted using a competitive Flag peptide.  Eluates and inputs 

were processed by SDS-PAGE and analyzed by Western Blotting.  Results presented are 

representative of three independent experiments. 
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Figure 4-12.  Formation of the nuclear PRAS40- and RPL11-containing complex is 

dependent upon phosphorylation.  HeLa cells were either untransfected, transfected 

with Flag-PRAS40, or transfected with Flag-PRAS40T246A as indicated.  One set of 

samples was prepared using buffers containing phosphatase inhibitors, while the other set 

was prepared simultaneously using buffers lacking phosphatase inhibitors.  Cells were 

fractionated via swelling in hypotonic buffer, Dounce homogenization, and 

centrifugation.  Isolated nuclei were lysed by three freeze/thaw cycles to obtain nuclear 

extracts, which were then subjected to immunoprecipitation with anti-Flag-agarose beads.  

Immunoprecipitates were eluted using a competitive Flag peptide.  Eluates and inputs 

were processed by SDS-PAGE and analyzed by Western Blotting.    
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Figure 4-13.  The nuclear PRAS40- and RPL11-containing complex requires the 

serum-activated kinase activity of Akt.  HeLa cells were either untransfected or 

transfected with plasmids encoding the indicated PRAS40 and Akt constructs.  40 hours 

after transfection, the indicated samples (-FBS) were serum-starved for 24 hours.  Cells 

were fractionated via swelling in hypotonic buffer, Dounce homogenization, and 

centrifugation.  Isolated nuclei were lysed by three freeze/thaw cycles to obtain nuclear 

extracts, which were then subjected to immunoprecipitation with anti-Flag-agarose beads.  

Eluates and inputs were processed by SDS-PAGE and analyzed by Western Blotting.  

Results presented are representative of three independent experiments. 
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Figure 4-14.  The nuclear PRAS40- and RPL11-containing complex requires the 

amino acid-activated kinase activity of mTORC1.  HeLa cells were transfected with a 

plasmid encoding Flag-PRAS40.  40 hours after transfection, the cells were starved of 

Leu and Met for 24 hours.  Cells were either left in amino acid limiting media or returned 

to Leu- and Met-rich media for 6h in the presence of either no additive, vehicle (DMSO), 

or 20 nM rapamycin (Rapa.) as indicated.  Cells were fractionated via swelling in 

hypotonic buffer, Dounce homogenization, and centrifugation.  Isolated nuclei were lysed 

by three freeze/thaw cycles to obtain nuclear extracts, which were then subjected to 

immunoprecipitation with anti-Flag-agarose beads.  Immunoprecipitates were eluted 

using a competitive Flag peptide.  Eluates and inputs were processed by SDS-PAGE and 

analyzed by Western Blotting.  Results presented are representative of three independent 

experiments. 
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Figure 4-15.  PRAS40 KD induces upregulation of p53 and its transcriptional 

targets p21 and Bax.  U2OS cells were transfected with plasmids encoding shRNAs as 

indicated.  The two different PRAS40 shRNAs used target different regions of the 

PRAS40 transcript.  Transfected cells were selected by puromycin treatment.  Whole-cell 

lysates were prepared, processed by SDS-PAGE, and analyzed by Western Blotting.  

Results are representative of greater than five independent experiments.     
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Figure 4-16.  PRAS40 KD increases the protein stability of p53 through a 

proteasome-dependent mechanism.  U2OS cells were transfected with plasmids 

encoding shRNAs as indicated.  Transfected cells were selected by puromycin treatment. 

Cells were treated with 20 µg/mL cycloheximide in the absence or presence of 20 µM 

MG132 and lysed at various time points as indicated.  Whole-cell lysates were prepared, 

processed by SDS-PAGE, and analyzed by Western Blotting.  Results were quantified by 

densitometry using ImageJ software.     
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Figure 4-17.  PRAS40 KD-induced p53 upregulation is dependent upon RPL11.  

U2OS cells were transfected with plasmids encoding shRNAs as indicated.  The two 

different RPL11 shRNAs used target different regions of the RPL11 transcript.  

Transfected cells were selected by puromycin treatment.  Whole-cell lysates were 

prepared, processed by SDS-PAGE, and analyzed by Western Blotting.  Blots are 

representative of three independent experiments.  Western Blot bands were quantified by 

densitometry using ImageJ software.  Results are presented as the means of three 

independent experiments +/- SEM.  (*p < 0.5, **p < 0.01 using the Bonferroni Multiple 

Comparisons Test) 
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Figure 4-18.  PRAS40 KD induces p53 transcriptional activity in an RPL11-

dependent manner.  U2OS cells were transfected with plasmids encoding PRAS40-, 

p53-, and RPL11-targeted shRNAs as indicated.  The cells were co-transfected with one 

of two luciferase reporter plasmids in which luciferase transcription is driven by 13 

repeats of the consensus p53-binding element (wt) or 15 repeats of a mutated version of 

the p53-binding element (mut).  Whole-cell lysates were prepared and analyzed by the 

BCA protein concentration assay (Pierce).  The lysates were normalized to equal total 

protein concentrations by adding empty lysis buffer as appropriate.  Luiferase activity 

was measured in triplicate using the Bright-Glo™ Luciferase Assay System from 

Promega.  Luminescence was measured immediately after substrate addition using an 

Envision® Multilabel plate reader (PerkinElmer) with a 0.1 sec integration time.  Results 

are reported as the means of three independent experiments +/- SEM.  (***p < 0.001 

using the Bonferroni Multiple Comparisons Test)  
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Figure 4-19.  PRAS40 KD induces p53 through a mechanism similar to low 

concentration Actinomycin D.  U2OS cells were transfected with plasmids encoding 

non-silencing or PRAS40-targeted shRNA as indicated.  Transfected cells were selected 

by puromycin treatment.  Cells were then treated with various concentrations of 

Actinomycin D (ActD) as indicated.  Whole-cell lysates were prepared, processed by 

SDS-PAGE, and analyzed by Western Blotting.  Western Blot bands were quantified by 

densitometry using Image J software.  Results presented are representative of three 

independent experiments.    
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Figure 4-20.  PRAS40 KD induces premature cellular senescence in a p53-dependent 

manner.  U2OS cells were transfected with plasmids encoding various shRNAs as 

indicated.  Transfected cells were selected by treatment with puromycin.  Cells were then 

fixed and stained for senescence-associated β-galactosidase X-gal cleavage activity at pH 

6.0 (Senescence β-Galactosidase Staining Kit, Cell Signaling 9860).  A) Images are 

representative of three independent experiments.  B) Cells were counted and scored by 

two blinded, impartial investigators.  Nine sites per well were counted in each 

experiment.  Results are presented as the means of three independent experiments +/-

SEM. (***p<0.001 using the Bonferroni Multiple Comparisons Test)   
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4.4 Conclusions and Discussion 

In this study, I have explored the subcellular localization and interactome of 

PRAS40.  I find that while PRAS40 is a predominantly cytoplasmic protein, it is also 

present in significant quantities in the nuclei of cancer cells, in agreement with previous 

reports (100; 101; 120-123).  Although it has been suggested by others (129; 130), I 

demonstrate for the first time that PRAS40 nuclear localization is controlled at least in 

part by Crm1-dependent active nuclear export directed by a functional NES sequence in 

the C-terminus of PRAS40 (218IAASMRALVL227).  While I also identified a putative 

nuclear localization signal (NLS) sequence (251KLKRKY256), its deletion has no effect on 

LMB-induced nuclear accumulation of PRAS40.  Proteins equal to or less than 40kDa in 

size are generally thought to be capable of entering the nucleus via passive diffusion 

(128).  Despite migrating at 40kDa on SDS-PAGE gels, the actual molecular weight of 

PRAS40 is 27kDa.  Therefore, it is possible that PRAS40 nuclear import is accomplished 

through passive diffusion, although this seems unlikely to be the sole explanation, as 

Venus- and GST-tagged PRAS40 (~54kDa each) are also able to enter the nucleus.  

Additionally, the possibility of active nuclear import mediated by an unidentified 

conformation-dependent NLS in PRAS40 or by an NLS in one of its binding partners 

cannot be ruled out.   

In order to better understand the role of PRAS40 in various sub-cellular 

compartments, I sought to identify PRAS40-interacting proteins in the cytoplasm and 

nucleus.  Immunoprecipitation from cytoplasmic and nuclear cell fractions followed by 

mass spectrometry analysis identifies RPL11 as a nuclear-specific PRAS40-associated 

protein.  Size exclusion chromatography reveals that the nuclear PRAS40- and RPL11-
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containing complex has a high molecular weight (~300-700kDa) and therefore likely 

contains other as-of-yet unidentified members.   It seems probable that this is the case, 

because although the mass spectrometry analysis was substantiated through identification 

of the known PRAS40 interacting protein 14-3-3, it failed to detect another well-

established binding partner, Raptor.  Subsequent validation experiments revealed via 

Western Blotting that Raptor was indeed present in the same eluates used for mass 

spectrometry analysis, indicating that the results of this screen likely underrepresent the 

full extent of the PRAS40 interactome.  Notably, size-exclusion chromatography analysis 

also indicates that the nuclear PRAS40- and RPL11-containing complex is distinct from 

mTORC1.  Furthermore, it appears unlikely that PRAS40 binds to fully formed 

ribosomes because 1) the molecular weight of the PRAS40- and RPL11-containing 

complex (~300-700kDa) is far less than that of a mature ribosome, and 2) no PRAS40-

RPL11 co-precipitation occurs in the cytoplasmic fraction despite the vast majority of 

mature ribosomes being found therein.   

I go on to show that the nuclear PRAS40- and RPL11-containing complex is 

phosphorylation-dependent and requires PRAS40 residues S221 and T246, known 

mTORC1 and Akt target sites, respectively (57; 58).  This complex is responsive to 

extracellular serum and nutrient conditions and requires the kinase activities of both 

mTORC1 and Akt.  In U2OS cells with a functional RPL11-HDM2-p53 nucleolar stress 

response pathway and inactive p14ARF, PRAS40 KD leads to an RPL11-dependent 

increase in p53 protein levels and transcriptional activity.  This increase in p53 protein 

level is achieved through a decrease in the rate of p53 proteasomal degradation, resulting 

in increased p53 protein half-life.  Finally, PRAS40 KD sensitizes cells to p53 
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upregulation in response to ActD-induced nucleolar stress and results in increased levels 

of premature cellular senescence.  Taken together, these data suggest that PRAS40 is a 

dual-input signal integrator and effector of mTORC1 and Akt kinases that promotes 

inhibition of the RPL11-HDM2-p53 pathway in the presence of sufficient extracellular 

growth factors and nutrients (Figure 4-21).  Further biochemical characterization of the 

nuclear PRAS40- and RPL11-containing complex, including identification of all its 

constituent proteins, will likely provide greater insight into its function and the 

mechanistic details of its relationship to the RPL11-HDM2-p53 pathway.  The present 

data identify PRAS40 as the first known regulatory link between the Akt/mTORC1 

signaling axis and the RPL11-HDM2-p53 nucleolar stress response pathway (Figure 4-

21).  

 

  



   128   

Figure 4-21.  A model for PRAS40’s role in regulating the RPL11-HDM2-p53 

pathway.  A) Prior knowledge of PRAS40’s molecular function.  Previously, it was 

known that when in its non-phosphorylated state, PRAS40 binds and inhibits mTORC1.  

In response to growth factors and nutrients, PRAS40 is phosphorylated by Akt and 

mTORC1, causing it to dissociate from mTORC1.  The fate or function of 

phosphorylated, mTORC1-dissociated PRAS40 was completely unknown.  Despite the 

fact that other mTORC1 inhibitors are known tumor suppressors, PRAS40 displays pro-

survival and pro-tumorigenic activity in rodents and humans.  Therefore, I hypothesized 

that phosphorylated, mTORC1-dissociated PRAS40 has a pro-survival function 

independent of mTORC1 inhibition.  B) Findings of this dissertation.  In response to 

growth factors and nutrients, Akt and mTORC1 phosphorylate PRAS40 leading to the 

formation of a nuclear-specific PRAS40- and RPL11-containing complex.  PRAS40 

suppresses the RPL11-HDM2-p53 pathway and inhibits the induction of cellular 

senescence under growth conditions.  In healthy cells, this may be one mechanism by 

which mTORC1 and Akt prevent aberrant activation of the RPL11-HDM2 pathway 

during routine ribosome biogenesis.  Cancer cells that overexpress PRAS40 may exploit 

this mechanism to overcome the tumor suppressive effects of oncogene-induced 

senescence.     
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5.1 Implications for the role of PRAS40 in regulation of the RPL11-HDM2-p53 

pathway under homeostatic conditions 

The data presented in this dissertation identify PRAS40 as the first known 

regulatory link between the Akt/mTORC1 signaling axis and the RPL11-HDM2-p53 

nucleolar stress response pathway (Figure 4-21).  These findings have important 

implications for homeostatic and disease-related cellular signaling.   

 The findings of this dissertation suggest a molecular mechanism by which 

activation of ribosome biogenesis may be coordinated with suppression of the RPL11-

HDM2-p53 nucleolar stress response pathway (Figure 5-1).  The biosynthesis of 

ribosomes is one of the most energy-demanding endeavors undertaken by proliferating 

eukaryotic cells, occupying up to 60% of all transcriptional activity in dividing yeast 

(139).  As such, cells go to great lengths to ensure proper execution of ribosome 

production.  One primary regulator of this process is mTORC1.  The growth factor- and 

nutrient-dependent kinase activity of mTORC1 promotes translation of ribosomal protein 

(RP) mRNA, as well as activation of all three RNA polymerases involved in rRNA and 

RP mRNA transcription (140; 141).  If ribosome biogenesis is disrupted, the overall 

biosynthetic capacity of a cell will be greatly diminished and will not be able to meet the 

demands of cell proliferation.  Therefore, these two processes must be tightly regulated 

and coordinated.  It was recently found that RPL11 serves as a critical signal relay 

molecule linking ribosome biogenesis status to the control of cell proliferation and 

survival.  Specifically, when ribosome biogenesis is disrupted, RPL11 translocates from 

the nucleolus to the nucleoplasm where it binds and inhibits the E3 ubiquitin-ligase 

HDM2, thereby stabilizing and activating the tumor suppressor p53.  Activated p53 
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subsequently induces a transcriptional program to promote cell cycle arrest, senescence, 

or apoptosis (94; 131; 132).  While the importance of the RPL11-HDM2-p53 pathway in 

preventing improper cell division during nucleolar stress is widely appreciated, how this 

pathway is suppressed during properly executed ribosome biogenesis remains unclear 

(Figure 5-1A) (94).  Ribosomal proteins comprise the single most abundant class of 

proteins in the mammalian proteome (142).  During active ribosome biogenesis, newly 

translated ribosomal proteins undergo high-volume trafficking from the cytoplasm 

through the nucleoplasm and into the nucleoli.  Because the interaction of RPL11 and 

HDM2 appears to be direct and spontaneous, the law of mass action suggests that the 

high nucleoplasmic concentrations of RPL11 associated with ribosome biogenesis would 

trigger activation of the RPL11-HDM2-p53 pathway (Figure 5-1A) (94).  Such 

activation would be detrimental to the proliferation and/or survival of healthy, growing 

cells.  Therefore, it seems likely that cells possess a mechanism for suppressing aberrant 

RPL11-HDM2-p53 pathway activation during properly executed ribosome biogenesis.  

Recently, PICT1 was identified as a nucleolar protein that helps retain RPL11 in the 

nucleolus (143).  While this finding begins to shed light on regulation of the RPL11-

HDM2-p53 pathway under basal conditions, it does not directly address how this 

pathway is kept in check during ribosome biogenesis-associated nuclear trafficking of 

RPL11, nor how such regulation may be coordinated with extracellular conditions.  Here 

I demonstrate that in addition to its functions in activating translation and ribosome 

biogenesis, mTORC1 also promotes formation of a nuclear-specific PRAS40- and 

RPL11-containing complex through phosphorylation of PRAS40 S221 in a manner 

dependent upon extracellular conditions.  This complex appears to suppress the RPL11-
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HDM2-p53 pathway, as KD of PRAS40 induces p53 protein stabilization and 

transcriptional activation in an RPL11-dependent manner.  Thus, these findings suggest a 

mechanism whereby mTORC1 activity coordinates ribosome biogenesis with suppression 

of the RPL11-HDM2-p53 pathway through PRAS40 (Figure 5-1B).  (As an interesting 

side note, the genes encoding PICT1 and PRAS40 are located within close proximity to 

one another on chromosome 9.  Both are found in the 19q13.33 region.)  Furthermore, I 

show that the nuclear PRAS40- and RPL11-containing complex also requires Akt-

mediated phosphorylation of PRAS40 T246, suggesting that both growth factors and 

nutrients must be present in the extracellular environment to suppress activation of the 

RPL11-HDM2-p53 pathway during ribosome biogenesis.  Importantly, such dual-input 

regulation would allow for activation of the RPL11-HDM2-p53 pathway as a safeguard 

when mTORC1 is aberrantly activated in the absence of growth factors, as could 

potentially occur in cases of tuberous sclerosis complex (TSC) or lung cancer, wherein 

the negative mTORC1 regulators TSC2 or LKB1, respectively, are inactivated through 

mutation (96; 97; 99).  Thus, these findings suggest that nuclear PRAS40 represents a 

dual-input signaling checkpoint that coordinates cell proliferation with ribosome 

biogenesis and microenvironmental conditions (Figures 4-21 and 5-1). 
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Figure 5-1.  mTORC1 may coordinate ribosome biogenesis with suppression of the 

RPL11-HDM2 pathway through PRAS40.  A)  Nucleoplasmic concentrations of 

RPL11 are greatly increased during ribosome biogenesis while RPL11 is transported 

from the cytoplasm through the nucleoplasm and into the nucleoli for ribosome assembly.  

Because the RPL11-HDM2 interaction is thought to be direct and spontaneous, the law of 

mass action predicts that the RPL11-HDM2-p53 pathway should be activated during 

routine ribosome biogenesis.  The molecular mechanism preventing this from happening 

in healthy cells is unknown (94).  B)  A model for PRAS40’s potential role in 

coordinating ribosome biogenesis with suppression of the RPL11-HDM2-p53 pathway.   
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5.2 A potential molecular mechanism for the observed pro-tumorigenic function of 

PRAS40 

These findings also suggest a mechanism by which aberrant PRAS40 

upregulation may support tumorigenesis.  Nearly all previous studies of PRAS40’s 

function in cell-based and animal disease models have demonstrated a pro-survival 

function for PRAS40.  It has been shown that PRAS40 is upregulated in Ewing Sarcoma 

cells (104), and total and phospho-T246 PRAS40 levels are positively correlated with 

disease progression in melanoma (103).  Importantly, PRAS40 KD not only attenuates 

the pro-proliferative effect of EWS protein disruption in Ewing Sarcoma cells (104), but 

it also reduces tumorigenesis and increases chemosensitivity in melanoma cells (144).  

These findings suggest that PRAS40 can play a critical role in tumor formation and 

progression; however, it is unlikely that PRAS40’s known ability to inhibit mTORC1 can 

fully account for these effects.  These findings suggest an mTORC1-independent 

PRAS40 function for at least two reasons - 1) Although there are some exceptions, 

inhibition of mTORC1 through other means, such as the use of potent and specific small 

molecule inhibitors, i.e. the rapalogues, tends to have a cytostatic, i.e. not a pro-

proliferative, effect on tumor cells (74; 145-148).  However, it should be kept in mind 

that mTORC1 inhibition is also known to induce autophagy, which can play a pro-

survival role in cancer cells under certain conditions (41).  2) PRAS40 is thought to bind 

and inhibit mTORC1 only when in a non-phosphorylated state (52-56).  In the Ewing 

Sarcoma and melanoma cells studied previously, and in many cancer cells in general, the 

PI3K-Akt pathway is hyperactivated, resulting in hyper-phosphorylation of PRAS40 

(103; 104; 149-152).  This presumably leads to the dissociation of PRAS40 from 
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mTORC1, rendering PRAS40 incapable of inhibiting or affecting mTORC1 in any way.  

Therefore, it seems plausible that phosphorylated, mTORC1-dissociated PRAS40 may 

serve its own mTORC1-independent pro-survival function.  Indeed, others have reported 

that radiation-induced phosphorylation of PRAS40 promotes formation of a trimeric 

PRAS40-14-3-3-FOXO3A complex, resulting in cytoplasmic sequestration of FOXO3A 

and radio-insensitivity in lung cancer cells (122; 123).  While this may be one important 

pro-survival mechanism of PRAS40, it appears to be a specific response to radiation 

exposure and is dependent upon genetic background.  Therefore, it is possible that 

PRAS40 achieves its pro-tumorigenic function through multiple mechanisms.  Here I 

show that mTORC1- and Akt-mediated phosphorylation of PRAS40 at residues S221 and 

T246, respectively, promotes formation of a nuclear-specific high molecular weight 

complex containing PRAS40 and RPL11 that is distinct from mTORC1.  This complex 

appears to suppress activation of the nucleolar stress-triggered RPL11-HDM2-p53 

pathway, as PRAS40 KD enhances p53 protein stability and transcriptional activity in an 

RPL11-dependent manner.  As described above, these molecular events may function as 

a safeguard against inappropriate p53 activation during ribosome biogenesis in healthy 

cells; however, aberrant PRAS40 upregulation in cancer cells may allow this process to 

be exploited (Figure 4-21B).   

Oncogene-induced p53 activation is a major tumor suppressive mechanism in 

cells (153-155).  Recently it has been shown that the RPL11-HDM2-p53 pathway plays a 

critical role in this process in vivo in a genetic mouse model of tumorigenesis.  

Specifically, Macias et al. (2010) show that Eµ-myc-induced p53 stabilization is 

attenuated and, subsequently, lymphomagenesis is significantly accelerated in mice 
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expressing an Mdm2 mutant incapable of binding RPL11 but retaining E3 ubiquitin 

ligase activity towards p53 (90).  Importantly, they also show that p19ARF is not required 

for the p53 response to ribosomal perturbation, and that the RPL11-HDM2 and p19ARF-

HDM2 pathways function in parallel to mediate oncogene-induced p53 activation.  

Because my results imply that PRAS40 is a negative regulator of the RPL11-HDM2-p53 

pathway, it is plausible that upregulation of PRAS40 may be one mechanism by which 

cancer cells overcome the tumor suppressive effects of oncogene-induced p53 activation.  

Importantly, I also show that PRAS40 KD leads to increased levels of p53-dependent 

premature cellular senescence in cancer cells.  It has been shown previously that 

expression of oncogenes such as RAS, B-RAF, and E2F3 can trigger p53-mediated 

senescence (153-155). In melanoma for example, progression from benign, oncogene-

harboring nevi (or moles) to a malignant phenotype is a multi-step process that depends 

on the ability of cells to overcome oncogene-induced senescence (156-158).  It was 

recently found that activation of the PI3K-Akt pathway via PTEN deletion or Akt3 

upregulation is sufficient to reverse oncogenic B-RAFV600E-induced senescence and cause 

progression to malignant melanoma (159).  However, the exact mechanism by which 

PI3K-Akt achieves this in not fully understood.  Here I show that Akt-mediated 

phosphorylation of PRAS40 promotes formation of a nuclear-specific PRAS40- and 

RPL11-containing complex, leading to suppression of the RPL11-HDM2-p53 pathway.  

As such, it will be interesting to determine whether PRAS40 is a mediator of the PI3K-

Akt pathway responsible for overcoming oncogene-induced senescence in melanoma.  

Indeed, it has already been demonstrated that PRAS40 KD significantly decreases 

tumorigenicity of melanoma cells in a xenograft mouse model and attenuates the 
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proliferation of Ewing Sarcoma cells (103; 104).  Considering the reported upregulation 

of PRAS40 in both melanoma and Ewing sarcoma cell lines, it will be interesting to test 

whether PRAS40 upregulation is a general mechanism used by tumors to overcome 

oncogene-induced p53 activation. 

Interestingly, a number of reports show that activation of both p53 and mTOR is 

required for induction of cellular senescence (160; 161).  Considering this, it is not 

altogether surprising to observe increased levels of premature cellular senescence in 

PRAS40-depleted cells, as PRAS40 KD has the effect of activating both p53 and mTOR.  

Thus, it seems that PRAS40 is well-suited to behave as a regulator of cellular senescence.  

It will be interesting to monitor PRAS40 levels in proliferating versus naturally-senescent 

cells to determine if senescence may be physiologically regulated by PRAS40 abundance 

(Figure 4-21B).  

 

5.3 An Alternative Interpretation 

While the interpretation that PRAS40 serves as an mTORC1- and Akt-controlled 

regulator of the RPL11-HDM2-p53 pathway is attractive, an alternative explanation 

cannot be ruled out.  It is also possible that mTORC1- and Akt-phosphorylated nuclear 

PRAS40 plays an RPL11-dependent role in the execution of ribosome biogenesis.  As 

such, depletion of PRAS40 may in fact be a cause of ribosome biogenesis disruption, and 

hence trigger activation of the nucleolar stress response pathway.  Like its alternative 

described above, this interpretation also suggests a potential explanation for PRAS40’s 

apparent pro-tumorigenic effects.  In this scenario, PRAS40 may serve as a limiting 

factor for ribosome biogenesis and its upregulation in cancer may support the increased 
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biosynthetic capacity required of rapidly growing and proliferating cancer cells.  Because 

the association of PRAS40 and RPL11 is regulated by the kinase activities of Akt and 

mTORC1, this interpretation could suggest a novel mechanism linking Akt and mTORC1 

to the control of ribosome biogenesis.  Further biochemical characterization of the 

nuclear PRAS40- and RPL11-containing complex, as well as rigorous assessment of 

ribosome assembly dynamics may help to distinguish between these two alternative 

interpretations.  

 

5.4 Therapeutic Implications and Summary 

In summary, while PRAS40 was previously thought to function primarily as a 

binding partner and inhibitor of mTORC1 (Figure 4-21A), the findings described herein 

identify PRAS40 as a novel effector of Akt and mTORC1 that negatively regulates the 

RPL11-HDM2-p53 nucleolar stress response pathway (either directly or via participation 

in ribosome biogenesis) to control the induction of cellular senescence (Figure 4-21B).  

These findings suggest a mechanism for suppression of the RPL11-HDM2-p53 pathway 

during ribosome biogenesis in healthy cells (Figure 5-1), and provide a potential 

explanation for the pro-tumorigenic effects of PRAS40 (Figures 4-21B).  Importantly, 

because it requires the kinase activities of both mTORC1 and Akt, the PRAS40- and 

RPL11-containing complex may form with greater frequency in cancer cells harboring 

hyperactive mTORC1 and Akt pathways compared to healthy cells.  As such, the 

PRAS40- and RPL11-containing nuclear complex may represent a novel, potentially 

cancer-specific target for the discovery of p53-restorative anti-cancer therapeutics to treat 

tumors harboring wild-type p53.   
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