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Abstract 
Castration resistant prostate cancer (CRPC) causes significant morbidity and 

mortality around the world, and improving treatment options for patients with CRPC is a 

major concern for biomedical research.  Because of the importance of activating 

mutations in the PI3K/AKT/mTOR pathway in prostate cancer, several mTOR inhibitors 

have been tested for efficacy in CRPC but despite promising preclinical findings, the 

results of clinical trials have been disappointing.  The findings of several groups, 

including a clinical trial of RAD001 conducted at Duke, suggest that feedback 

upregulation of PI3K and autophagy may be potential mechanisms for resistance of 

CRPC to mTOR inhibitor therapy.   

The main goal of this dissertation was to explore these mechanisms in vitro and 

to determine if combinations of PI3K inhibitors and different classes of mTOR inhibitors 

can overcome resistance to mTOR inhibitor monotherapy.  In particular, we used 

immunoblotting, reverse phase protein microarrays, polysome profile analysis, cell cycle 

analysis, and several techniques for determining cell survival and proliferation to explore 

the differences in survival, proliferation, autophagy, and activity of cell signaling networks 

involving AKT, translation initiation, and autophagy in prostate cancer cell lines treated 

with different combinations of mTOR and PI3K inhibitors.  Our findings reveal that the 

combination of PI3K and mTOR inhibition leads to a synergistic inhibition of prostate 

cancer cell survival and cytostasis that is correlated decreased translation rates, 

hypophosphorylation of 4E-BP1, autophagy, and an uncoupling of normal signaling 

between AKT and mTOR.  We were able produce an effect on cell survival similar to 
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treatment with high doses of mTOR/PI3K inhibitor combinations by inhibiting cap-

dependent translation using a non-phosphorylatable mutant of 4E-BP1.  In contrast, 

knocking down two major autophagy genes had little to no effect on the survival of 

prostate cancer cells treated with PI3K/mTOR inhibitors but did protect from cell death 

caused by the UPR activator tunicamycin.   

We conclude that treatment strategies that target PI3K, mTORC1 and mTORC2 

simultaneously have the potential to be clinically useful in CRPC, probably due to the 

increased inhibition of eIF4E activity and cap-dependent translation when compared to 

monotherapy with allosteric mTORC1 inhibitors.  Although autophagic cell death can be 

induced in prostate cancer cells, the autophagy observed after inhibition of PI3K and 

mTOR does not appear to contribute to cell death and is not a major resistance 

mechanism under these conditions.  Nevertheless, we did observe different roles for 

autophagy in the survival of cells exposed to different types of stressors, and further 

elucidation of autophagy signaling networks may yet provide useful clinical targets.   
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1. Background 

1.1 Prostate Cancer 

Prostate cancer is the most commonly diagnosed non-skin-cancer in men in the 

United States and the second common most in the world, with an estimated 241,740 

new cases diagnosed in the U.S. in 2012 and 903,500 new cases diagnosed globally in 

2008 (American_Cancer_Society 2008; American_Cancer_Society 2012).  Despite its 

frequency, most cases of prostate cancer in the U.S. are effectively treatable.  In 

developed countries with early screening programs, the natural progression of prostate 

cancer after diagnosis usually follows a lengthy course to metastasis, and organ-specific 

prostate cancer can often be treated effectively with surgery, cryoablation, or radiation 

therapy.  

Because of its treatability and the often lengthy disease course and late median 

age (67) at diagnosis (National_Cancer_Institute 2011), prostate cancer is sometimes 

overlooked as a leading cause of cancer mortality and morbidity.  For the period of 2001-

2007, the 5-year survival rates after prostate cancer diagnosis (adjusted for normal life 

expectancy) in the U.S. was 100% (American_Cancer_Society 2012).  In a study of 450 

men who had PSA recurrence (>0.2 ng/mL) after radical prostatectomy but never 

received adjuvant or salvage chemotherapy, the median metastasis-free survival time 

was 10.0 years (Antonarakis, Feng et al. 2012).  Nevertheless, not all cases of prostate 

cancer are effectively treated, and prostate cancer is the second leading cause of cancer 

death in men in the United States, leading to an estimated 28,170 deaths in 2012 

(American_Cancer_Society 2012).  Additionally, death rates from prostate cancer among 
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African American males is more than double the rates among total males in the U.S. 

(54.9 vs. 24.4 per 100,000 men) (National_Cancer_Institute 2011).   

Until very recently, treatment of metastatic prostate cancer was limited to 

androgen ablation therapies and the chemotherapeutic agent docetaxel (Sartor 2011; 

Omlin and de Bono 2012).  While these therapies can lead to modest improvements in 

survival and quality of life, metastatic prostate cancer eventually develops resistance and 

leads to significant morbidity and mortality (Crawford, Eisenberger et al. 1989; Tannock, 

Osoba et al. 1996; Kantoff, Halabi et al. 1999; Petrylak, Tangen et al. 2004; Tannock, de 

Wit et al. 2004).  Since 2010, the US Food and Drug Administration has approved three 

additional drugs for the treatment of metastatic CRPC: Cabazitaxel, Abiraterone Acetate, 

and sipuleucel-T (Sartor 2011; Omlin and de Bono 2012).  Despite these advances, 

median overall survival for patients with metastatic CRPC still generally ranges between 

10-25 months, depending on the trial (Tannock, Osoba et al. 1996; Therasse, Arbuck et 

al. 2000; Dagher, Li et al. 2004; Sternberg, Petrylak et al. 2009; Buonerba, Federico et 

al. 2011; Castellano, Gonz√°lez-Larriba et al. 2011; Pili, Häggman et al. 2011; Sartor 

2011; Shamash, Powles et al. 2011; Omlin and de Bono 2012).  Novel therapeutics 

based on an increased understanding of prostate cancer biology that target specific 

oncogenic pathways or pathway combinations are needed to improve clinical outcomes 

in CRPC.   

1.2 PI3K/AKT/mTOR Pathway Overview 

Constitutive over-activation of the PI3K/AKT/mTOR pathway has been implicated 

in a large variety of cancers (Vivanco and Sawyers 2002; Sansal and Sellers 2004), and 

mutations that lead to the activation of this pathway are among the most common 



 

3 

mutations found in prostate cancer (DeMarzo, Nelson et al. 2003; Sansal and Sellers 

2004).  Activation of PI3K/AKT/mTOR has been shown in various contexts to increase 

cell growth and proliferation, confer resistance to apoptosis and cell stress, alter 

cytoskeletal dynamics, lead to metastasis, regulate autophagy, and even to affect 

organism lifespan (Vivanco and Sawyers 2002; Paez and Sellers 2003; Ma, Ziel-van der 

Made et al. 2005; Paglin, Lee et al. 2005; Song, Ouyang et al. 2005; Levine and 

Kroemer 2008; Ramirez-Valle, Braunstein et al. 2008; Harrison, Strong et al. 2009; 

Selman, Tullet et al. 2009; Szabolcs, Keniry et al. 2009).   

There is also evidence suggesting that the PI3K/AKT/mTOR pathway can 

contribute to resistance phenotypes in cancer (Grunwald, DeGraffenried et al. 2002; 

Burchert, Wang et al. 2005).  Loss of PTEN (a tumor suppressor that antagonizes PI3K) 

has been implicated in the development of androgen resistance in prostate cancer 

through the downstream AKT-mediated inhibition of GSK3β, which leads to disinhibition 

of androgen receptor (AR) and increased coactivation of AR by nuclear β-catenin 

accumulation (Sharma, Chuang et al. 2002; Mulholland, Dedhar et al. 2006).   Activation 

of PI3K/AKT has also been shown to confer intermediate resistance to imatinib in Bcr-

Abl positive cells that was permissive for the development of strong resistance mediated 

by mutations in the target kinase (Burchert, Wang et al. 2005).   
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Table 1:  Cancers commonly associated with activating mutations of PI3K 
pathways (used with permission from Vivanco and Sawyers 2002). 

 

1.2.1 PI3K 

As shown by Table 1, overactivation of PI3K signaling through either activating 

mutations of PI3K, constitutively active growth factor receptors, or the inactivation of 

PTEN has been implicated in a broad variety of human cancers.  

The PI3Ks are a family of lipid kinases divided into three classes (Vivanco and 

Sawyers 2002). Class I PI3Ks are composed of a p85 regulatory subunit and a p110 

catalytic subunit, and they phosphorylate phosphatidylinositol-4,5-biphosphate (PIP2) in 

the cell membrane to generate the second messenger phosphatidylinositol-3,4,5-
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trisphosphate (PIP3).  Class IA PI3Ks are activated by receptor tyrosine kinases (RTKs) 

that respond to insulin and other growth factors.  This activity is mediated either through 

direct binding to receptor phosphotyrosine residues, by the adaptor protein insulin 

receptor substrates (IRS) 1 and 2, or by activated Ras bound to RTKs through adaptor 

molecules SHC, GRB2, and GAB (Vivanco and Sawyers 2002; Paez and Sellers 2003; 

Sansal and Sellers 2004).   

1.2.2 PTEN 

PTEN is a tumor suppressor that was discovered in 1997 by three groups who 

independently mapped the candidate gene (also called MMAC1 and TEP1) to a region 

on chromosome 10q23 that undergoes frequent hemizygous loss in several human 

cancers (Li and Sun 1997; Li, Yen et al. 1997; Steck, Pershouse et al. 1997).  As shown 

in Figure 1, PTEN counteracts the AKT-stimulating activity of PI3K by 

dephosphorylating PIP3, thus preventing AKT and PDK1 localization at the cellular 

membrane (Maehama and Dixon 1998).  



 

6 

 

Figure 1: Interconversion of PIP2 and PIP3 by PI3K and PTEN (used with 
permission from Sansal and Sellers 2004). 

  

Several lines of evidence support the role of PTEN as a tumor suppressor.  In 

humans, PTEN loss-of-heterozygosity is very common in prostate cancer, occurring in 

over 60% of primary prostate cancers in some studies (Cairns, Okami et al. 1997; Dong, 

Sipe et al. 1998; Gray, Stewart et al. 1998; Whang, Wu et al. 1998; Muller, Rink et al. 

2000; Rubin, Gerstein et al. 2000; Dong 2001; Yoshimoto, Cutz et al. 2006).  Biallelic 

loss of PTEN is not as common in early stage prostate cancer, but it occurs in up to 50% 

of metastatic disease (Suzuki, Freije et al. 1998).  Furthermore, PTEN loss is correlated 

with Gleason score (McMenamin, Soung et al. 1999), and FISH analysis shows that 

genomic PTEN loss is a negative indicator of clinical outcomes in prostate cancer 

(Yoshimoto, Cunha et al. 2007). 
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Additional evidence for the role of PTEN loss in prostate oncogenesis comes 

from in vivo laboratory models.  PTEN heterozygosity is a prominent feature of primary 

prostate cancers, and the penetrance of monoallelic loss of PTEN varies across mice of 

different genetic backgrounds, ranging from minimal areas of focal dysplasia to high 

grade prostate adenocarcinoma (Ma, Ziel-van der Made et al. 2005; Ratnacaram, Teletin 

et al. 2008; Blando, Portis et al. 2009).  Germline heterozygous loss of PTEN in 

129/C57BL6 mice leads to neoplasia in multiple tissues, including prostate 

(Podsypanina, Ellenson et al. 1999), and the heterozygous loss of PTEN increases the 

rate of prostate cancer progression in the TRAMP model, which expresses prostate 

specific SV40 early genes (Kwabi-Addo, Giri et al. 2001).  Furthermore, the biallelic loss 

of PTEN driven by the prostate specific PSA promoter is sufficient to lead to prostate 

intraepithelial neoplasia (PIN), prostate cancer, and eventually metastasis in mice (Ma, 

Ziel-van der Made et al. 2005).   

1.2.3 AKT 

One of the main effects of PI3K stimulation and PTEN loss is the activation of 

AKT.  Viral-Ak transforming murine thymoma viral oncogene homolog (AKT), also known 

as protein kinase B (PKB), is a member of the AGC kinase family.  As shown in Figure 

2, AKT activation affects many processes in the cell through its ability to phosphorylate a 

very broad range of proteins.  AKT has an N-terminal pleckstrin homology domain (PH) 

that serves to bind PIP3 and recruit AKT to the cellular membrane.  Once at the 

membrane, AKT is activated through phosphorylation at two sites, T308 and S473 

(Stokoe, Stephens et al. 1997; Stephens, Anderson et al. 1998; Vivanco and Sawyers 

2002; Song, Ouyang et al. 2005).  PDK1 is a PH-containing serine/threonine kinase 
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responsible for phosphorylating AKT at T308 in the activation loop of its catalytic 

domain.  Phosphorylation at the T308 site confers AKT activity toward some targets, but 

further phosphorylation at the S473 site within AKTʼs regulatory domain is required for 

the full spectrum of AKT activity.  

The identity of the kinase or kinases responsible for S473 activation has been the 

subject of some debate (Feng, Park et al. 2004; Dong and Liu 2005; Song, Ouyang et al. 

2005).  A hypothetical PDK2 kinase has been postulated for some time, but although 

several candidates have been proposed (including AKT autophosphorylation, integrin-

linked kinase 1 (ILK-1), DNA-dependent Protein Kinase-1, mitogen-acivated protein 

kinase(MAPK)-activated protein kinase 2 (MK2), p38 MAPK, or protein kinase C (PKC) 

isoforms), conflicting reports involving these candidates have kept the debate open.  

Recently, findings that mTOR participates in a multi-protein complex called mTORC2 

that phosphorylates AKT S473 have led to the belief that mTORC2 is primarily 

responsible for PDK2 activity in most cells (Frias, Thoreen et al. 2006; Guertin, Stevens 

et al. 2006; Polak and Hall 2006; Shiota, Woo et al. 2006). 

Inactivation of AKT is carried out by Protein Phosphatase 2A (PP2A), but the 

ability of PP2A to dephosphorylate AKT is blocked by heat shock protein 90 (Hsp90), 

based on evidence that Hsp90 strongly binds AKT residues 289-309 and interference 

with this binding through overexpression of a truncated AKT inhibits endogenous AKT 

activity and sensitizes cells to apoptosis (Sato, Fujita et al. 2000). 
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Figure 2: Overview of the PI3K/AKT/mTOR pathway. 

  

1.2.4 mTOR 

mTOR plays a major role in the oncogenic activity of the PI3K/AKT pathway.  

mTOR is a large molecular weight (289 kDa) member of the phosphatidyl inositol kinase-

like protein kinase (PIKK) subfamily of serine/threonine kinases and serves as a major 

coordinator of cellular growth, translation regulation, cell cycle progression, and 

autophagy in response to changes in cell stress, nutritional status, and growth factor 

signaling (Gingras, Raught et al. 2004; Hay and Sonenberg 2004; Avruch, Hara et al. 

2006; Mamane, Petroulakis et al. 2006; Petroulakis, Mamane et al. 2006; Garcia and 
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Danielpour 2008; Lian, Yan et al. 2008; Populo, Lopes et al. 2012).  mTOR originally 

carried the alternative names rapamycin target-1 (RAPT-1), FKBP-rapamycin-associated 

protein (FRAP), and rapamycin and FKBP target 1 (RAFT1) because it was cloned and 

identified independently by four groups based on its binding to a complex of FK binding 

protein 12 (FKBP12) and the mTOR inhibitor, rapamycin (Brown, Albers et al. 1994; 

Chiu, Katz et al. 1994; Sabatini, Erdjument-Bromage et al. 1994; Sabers, Martin et al. 

1995).  

Cancer cell lines with PTEN deficiency are sensitized to mTOR inhibition with 

rapamycin analogues (Neshat, Mellinghoff et al. 2001), and the rapamycin analog 

Rad001 is sufficient to completely block PIN caused by genetic overactivation of AKT in 

mice (Majumder, Febbo et al. 2004).  Additionally, the rapamycin analog CCI-779 slows 

the growth of uterine and adrenal medulla tumors in PTEN+/- mice, but does not reduce 

AKT activation (Podsypanina, Lee et al. 2001).  This evidence suggests that much of the 

oncogenic capability of AKT may be mediated via mTOR signaling.  

mTOR has been found to participate in two distinct protein complexes, known as 

mTORC1 and mTORC2.  mTORC1 is composed of mTOR, Raptor, mLST8 (also G 

protein β-subunit-like protein, or GβL), and proline-rich AKT substrate 40 (PRAS40).  

mTORC2 is composed of mTOR, Rictor, mLST8, mSin1, and Protor (Frias, Thoreen et 

al. 2006; Guertin, Stevens et al. 2006; Polak and Hall 2006; Wang, Harris et al. 2007; 

Breuleux, Klopfenstein et al. 2009; Copp, Manning et al. 2009).  

1.2.4.1 Regulation of mTOR Activity 

The regulation of mTOR activity is exceedingly complex (Hay and Sonenberg 

2004; Petroulakis, Mamane et al. 2006; Garcia and Danielpour 2008; Lian, Yan et al. 
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2008; Populo, Lopes et al. 2012).  mTORC1 activity is stimulated by serum, amino acids, 

and growth factors such as insulin, and it is blocked by rapamycin and its analogues 

(Hara, Yonezawa et al. 1998; Kim, Sarbassov et al. 2002; Hay and Sonenberg 2004; 

Avruch, Hara et al. 2006). Growth factor signaling through the PI3K/AKT pathway leads 

to inhibition of the tuberin/hamartin complex (also known tuberous sclerosis complex 1 

and 2, or TSC1 and TSC2) through AKT phosphorylation and inactivation of TSC2 (Inoki, 

Li et al. 2002).  TSC2 inhibits mTOR through its GTPase-activating protein (GAP) activity 

toward the small GTPase Ras homolog enriched in brain (Rheb) (Inoki, Li et al. 2003).  

Rheb binds and activates the mTOR catalytic domain in a GTP-dependent manner 

(Wullschleger, Loewith et al. 2006).  Cellular energy status also modulates mTORC1 

activity through elevated AMP to ATP ratios that activate AMP-activated protein kinase 

(AMPK) in energy-depleted cells.  AMPK phosphorylates TSC2 and increases its GAP 

activity toward Rheb, which in turn leads to mTOR inhibition (Inoki, Li et al. 2003).  

Hypoxia leads to mTORC1 inactivation through HIF-1α mediated transcription of REDD1 

(regulated in development and DNA damage responses 1), which promotes dissociation 

of TSC2 from inhibitory 14-3-3 proteins (Brugarolas, Lei et al. 2004; Sofer, Lei et al. 

2005; DeYoung, Horak et al. 2008).  Amino acids activate mTORC1 independently of 

TSC1/2/Rheb by activating the Class III PI3K vacuolar sorting protein 34 (hVps34) 

(Byfield, Murray et al. 2005; Nobukuni, Joaquin et al. 2005).  PRAS40 normally inhibits 

mTORC1 substrate recognition by binding with Raptor and mTOR.  AKT can 

phosphorylate and inhibit PRAS40, and mTORC1 can also enhance its own activity 

through phosphorylation of PRAS40 (Wang, Harris et al. 2007; Wang, Harris et al. 2008), 
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thus PRAS40 provides both an autoregulatory input and a second AKT signaling input to 

mTORC1.   

1.2.4.2 mTORC1 Targets 

The canonical targets of mTORC1 are p70 ribosomal protein S6 kinase (S6K) 

and eukaryotic initiation factor 4E-binding protein (4E-BP) (Burnett, Barrow et al. 1998; 

Hara, Yonezawa et al. 1998).  mTORC1 activates S6K in a rapamycin-dependent 

manner by phosphorylating its T389 residue, and this phosphorylation is important for 

the translation of mRNAs with 5ʼ oligopyrimidine tracts (5ʼ TOP mRNAs) which 

exclusively encode for elements of translational machinery, including poly-A binding 

protein (PABP), elongation factors, and all ribosomal proteins (Jefferies, Reinhard et al. 

1994; Jefferies, Fumagalli et al. 1997; Burnett, Barrow et al. 1998).  More recent studies 

have also demonstrated additional targets of S6K.  Several studies have implicated S6K 

as a mediator of mTOR feedback inhibition to the PI3K/AKT pathway (Simpson, Li et al. 

2001; Shi, Yan et al. 2005; Sun, Rosenberg et al. 2005; O'Reilly, Rojo et al. 2006; Wan, 

Harkavy et al. 2007; Wang, Yue et al. 2007; Carracedo, Ma et al. 2008).  Depending on 

cell type, activated S6K is able to phosphorylate and inhibit IRS1, IRS2, or growth factor 

receptors themselves in order to inhibit RTK signaling to PI3K.  Two independent groups 

have also shown that S6K can phosphorylate Rictor at S1135 (Julien, Carriere et al. 

2009; Treins, Warne et al. 2009), and although the implications of this are not entirely 

clear, their findings suggest that Rictor phosphorylation may lead to reduced mTORC2 

activity through binding by 14-3-3 protein, which has also been shown to bind and 

inactivate phosphorylated Raptor (Gwinn, Shackelford et al. 2008) and PRAS40 (Wang, 

Harris et al. 2008).   
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Compared to phosphorylation of S6K, mTORC1 phosphorylation of 4E-BP is 

somewhat more complex (Gingras, Gygi et al. 1999; Yang, Brunn et al. 1999; Gingras, 

Raught et al. 2001; Schalm, Fingar et al. 2003; Choo, Yoon et al. 2008; Michlewski, 

Sanford et al. 2008).  The 4E-binding proteins are a group of small molecular weight 

proteins that inhibit cap-dependent translation initiation by binding the cap-binding factor 

eIF4E.  Binding of eIF4E by 4E-BP prevents the binding of eIF4G to key residues 

required for assembly of the eIF4F complex.  Of the 3 major 4E-BP isoforms in 

mammalian cells, 4E-BP1 is the best studied.  4E-BP1 is phosphorylated at multiple 

sites in a hierarchical fashion, and phosphorylation at T37, T46, S65, and T70 in humans 

(in rodent 4E-BP, residue numbers are equal to n-1) are required for eIF4E release 

(Gingras, Gygi et al. 1999; Gingras, Raught et al. 2001; Wang, Beugnet et al. 2005).  

Phosphorylation of T37 and T46 by mTOR is sensitive to amino acid withdrawal, 

insensitive to rapamycin and insulin, and required for further phosphorylation.  

Phosphorylation of 4E-BP1 at S65 and T70 sites is insulin and rapamycin sensitive, but 

there is some debate over whether these sites are phosphorylated by mTOR directly or 

by a downstream kinase (Wang, Beugnet et al. 2005; Eguchi, Tokunaga et al. 2006).   

Relief of 4E-BP inhibition of eIF4E is thought to be one of the major downstream 

effectors of mTOR oncogenic activity because of several studies demonstrating that 

eIF4E has the ability to transform cells in vitro and that increased eIF4E expression is a 

negative survival factor in some human cancers (Mamane, Petroulakis et al. 2004; Graff, 

Konicek et al. 2009).  The effects of eIF4E seem to be related to its ability to increase 

translation of specific subsets of mRNAs that are deregulated in cancer and important for 

cell cycle progression and survival, such as cyclin D1, c-myc, Bcl-2, and VEGF 
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(Hashemolhosseini, Nagamine et al. 1998; West, Stoneley et al. 1998; Graff and Zimmer 

2003).  

1.2.4.3 mTORC2 Targets 

The in vivo functions of mTORC2 are not as well understood as mTORC1.  Its 

target substrates include AKT, serum-glucocorticoid-induced protein kinase -1 (SGK1), 

and protein kinase C (PKC) and is thought to participate in cytoskeletal remodeling 

(Sarbassov, Guertin et al. 2005; Guertin, Stevens et al. 2006; Treins, Warne et al. 2009).  

mTORC2 phosphorylates AKT at S473, which has led some to conclude that it is the 

elusive PDK2 (Sarbassov, Guertin et al. 2005; Polak and Hall 2006).  It was long thought 

that AKT S473 phosphorylation was required for full kinase activity of AKT, but recent 

evidence suggests that it may instead alter AKT substrate specificity (Sarbassov, 

Guertin et al. 2005; Guertin, Stevens et al. 2006; Jacinto, Facchinetti et al. 2006).  AKT 

phosphorylation at S473 leads to phosphorylation of the forkhead (FKH) family of 

transcription factors (also referred to as the FOXO family) which causes them to be 

excluded from the nucleus and inactivated (Matsuzaki, Daitoku et al. 2003).  Some in 

vitro studies also report that AKT phosphorylation of GSK3β is dependent on mTORC2 

activity, but in vivo reports are conflicting (Guertin, Stevens et al. 2009). 

mTORC2 is essential for development, as Rictor or mSin1 null embryos are not 

viable (Jacinto, Facchinetti et al. 2006; Shiota, Woo et al. 2006).  mTORC2 may also be 

required for oncogenesis in PTEN deficient cells, as a recent study found that Rictor-

deficient PC3 cells are unable to form tumors in mouse xenografts, and mice with 

prostate specific PTEN loss showed a greatly reduced propensity to develop 

adenocarincoma after Rictor loss (Guertin, Stevens et al. 2009).    
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1.3 Autophagy 

In addition to protein translation, one of the major cellular processes regulated by 

mTOR is autophagy.  Autophagy is a process of cellular self-digestion through which 

damaged organelles, insoluble protein aggregates, or regions of cytoplasm are 

compartmentalized in double membrane vesicles called autophagosomes and then 

degraded through fusion with lysosomes to form autophagolysosomes (Kundu and 

Thompson 2008; Levine and Kroemer 2008; Maiuri, Tasdemir et al. 2009).  The 

mechanics of autophagy are best understood in yeast and involve over 30 autophagy 

genes (ATGs), most of which have mammalian homologues.  Autophagy is a normal 

process in cells to facilitate degradation of insoluble protein aggregates, metabolize 

glycogen, and turnover damaged organelles, especially mitochondria (Klionsky, 

Abeliovich et al. 2008).   

Mitophagy (selective autophagy of mitochondria) is known to be important for the 

maintenance of overall cellular mitochondrial DNA quality and membrane potential (ΔΨ) 

stabilization (Twig, Hyde et al. 2008; Grandemange, Herzig et al. 2009; Tolkovsky 2009; 

Wikstrom, Twig et al. 2009), possibly by preventing defective mitochondria from rejoining 

the mitochondrial network. It has been hypothesized that periodic fusion of individual 

mitochondria into a larger mitochondrial network allows the redistribution of membrane 

proteins, facilitates repair of mtDNA damaged by oxidation, and reduces mitochondrial 

heterogeneity, and based on the available evidence, it seems that depolarized 

mitochondria are targeted for autophagy based on the deficiency or excess of certain 

proteins involved fusion with the mitochondrial network (Twig, Hyde et al. 2008; 

Wikstrom, Twig et al. 2009; Narendra, Jin et al. 2010).   
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Figure 3: Steps of Autophagy (used with permission from Kundu and Thompson 
2008). 

 

Additionally, autophagy can serve as a survival response by facilitating the 

clearance of unfolded proteins during hypoxic- or ER stress-induced unfolded protein 

responses, by supplying substrates for protein synthesis, and by allowing TCA cycle 

ATP generation from liberated amino acids during amino acid withdrawal or cellular 

starvation.  As shown in Figure 3, autophagy has seven discrete steps: 

selection/packaging of cargo, nucleation, vesicle expansion, completion, fusion, 

degradation, and export of metabolic building blocks (Kundu and Thompson 2008).  

Autophagy can be selective (targeted toward a specific cellular component) or 

nonselective (caused by direct activation of the autophagic machinery). 
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Defects or overactivation of autophagy have been implicated in a wide variety of 

diseases, including neurodegenerative disorders, liver disease, myopathies, congestive 

heart failure, and cancer.  Several oncogenic and tumor suppressor pathways are 

involved in regulating autophagy (Kundu and Thompson 2008; Levine and Kroemer 

2008; Balakumaran, Porrello et al. 2009; Maiuri, Tasdemir et al. 2009).  mTOR activation 

inhibits autophagy by phosphorylating the essential autophagy gene Atg1 (also known 

as Ulk1) at S757, causing it to move from the pre-autophagosomal structure to the 

cytoplasm (Kundu and Thompson 2008; Levine and Kroemer 2008; Kim, Kundu et al. 

2011).  AMP-dependent kinase (AMPK) activates Ulk1 by phosphorylation at S317 and 

S777 in response to increased ratios of AMP to ATP (a measure of energy depletion), 

but phosphorylation at S757 by mTOR blocks this interaction, thereby providing a 

regulatory switch that triggers autophagy in response to ATP depletion in cells (Kim, 

Kundu et al. 2011).  Low dose radiation treatment of MCF-7 cells leads to decreased 

mTOR activity and autophagy, and this effect is potentiated by rapamycin (Paglin, Lee et 

al. 2005).  DNA damage leads to p53-dependent autophagy activation.  Additionally, 

anti-apoptotic proteins Bcl-2 and Bcl-XL can inhibit autophagy through binding Beclin-1 

(BECN1), an essential autophagy gene.  Beclin-1 has also been implicated as a tumor 

suppressor based on findings that monoallelic deletions of Beclin-1 are found in 50% of 

breast cancers, 75% of ovarian cancers, and 40% of prostate cancers and that Beclin-1 

heterozygous mice develop spontaneous tumors in lung, liver, and lymphatic tissues 

(Qu, Yu et al. 2003; Yue, Jin et al. 2003; Kundu and Thompson 2008; Levine and 

Kroemer 2008).   
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Despite evidence linking autophagy defects to cancer, the role of autophagy in 

tumor biology is still poorly understood.  The oncogenic pathways active in many 

cancers suppress autophagy, yet tumor cells are subjected to hypoxic, nutritional, and 

acidotic cellular stresses.  This fact has led several groups to propose that therapeutic 

manipulation of autophagy may be able to lead to metabolic catastrophe in tumor cells 

deficient in apoptosis and autophagy (Degenhardt, Mathew et al. 2006; Jin, DiPaola et 

al. 2007; Mathew, Kongara et al. 2007).  Autophagy may promote cancer cell survival 

under stress, but distinguishing cell death with autophagy from cell death caused by 

autophagy is not always straightforward.  A small molecule inhibitor of Ras induces 

autophagic cell death in prostate cancer cells, but in this model, inhibitors of autophagy 

potentiate cell death suggesting that autophagy may serve a protective role (Wang, Tan 

et al. 2008).  HEK293 cells stably transfected with dominant negative AKT show high 

levels of baseline autophagy and are resistant to starvation, whereas HEK293 cells 

expressing constitutively active AKT have low levels of baseline autophagy, rapidly form 

autophagic vacuoles during starvation, and are sensitized to starvation-induced 

apoptosis (Bruno, Calastretti et al. 2007).  This would suggest that AKT status, not 

autophagy, is the determinant of HEK293 cellular responses to starvation.  In another 

study, cell death in HeLa cells treated with EGFR-targeted diphtheria toxin was primarily 

apoptotic, whereas cell death in U87MG glioblastoma cells was autophagic, despite 

similar levels of cell death in both cell lines (Thorburn, Horita et al. 2008).  The inhibition 

of autophagy in the glioblastoma cell line led to slightly increased cell death and caspase 

activation, suggesting that autophagy may prevent apoptosis in cells predetermined for 

death.  Nevertheless, results have been mixed, with some studies showing that 
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autophagy promotes tumor cell survival, but may inhibit tumorigenesis brought on by 

inflammatory necrosis and chromosome instability (Degenhardt, Mathew et al. 2006; Jin, 

DiPaola et al. 2007). 

1.4 MYC 

Recently published work in our laboratory suggests that MYC may be an 

additional and understudied modulator of mTOR activity and autophagy (Balakumaran, 

Porrello et al. 2009; Balakumaran, Herbert et al. 2010).  MYC (myelocytomatosis) was 

one of the first discovered oncogenes, and it was originally identified as a transforming 

sequence of the M29 avian tumor virus (Meyer and Penn 2008).  MYC has been 

implicated in a variety of human cancers, especially hematologic malignancies.  MYC is 

upregulated in 20%-30% of advanced prostate cancers (Jenkins, Qian et al. 1997; 

Nupponen, Kakkola et al. 1998; Mark, Samy et al. 2000).  Prostate specific MYC 

overexpression in PTEN +/- mice leads to increased cell proliferation and prostate 

neoplasia, but increased p53-dependent apoptosis (Kim, Eltoum et al. 2009).  

The role of MYC in oncogenesis is very complex.  MYC can act as a transcription 

factor by binding CACGTG sites, known as E-box elements (Tsuneoka, Nakano et al. 

1997).  MYC may be able to bind to as much as 15% of the genome and regulate the 

transcription of both mRNAs and small functional non-coding RNAs (Meyer and Penn 

2008).  Gene targets for MYC transcription include cell cycle progression genes (cyclin 

D1, cyclin D2, E2F1, E2F2) and translation initiation factors (eIF4E, eIF4G, eIF4A) (Lin, 

Cencic et al. 2008; Meyer and Penn 2008).  On the other hand, MYC can function as a 

transcriptional repressor for cell cycle checkpoint genes (p21, GADD45) and tumor 

suppressors (TSC2) (Ravitz, Chen et al. 2007).   
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MYC can also indirectly influence protein translation by upregulating translation 

initiation factors, but recent evidence suggests that it may influence translation more 

directly by stimulating mRNA cap methylation of its transcripts, which protects mRNA 

from exonuclease activity and stimulates ribosomal loading (Cole and Cowling 2009).  

MYC can increase the translation of certain mRNAs such as VEGF (Mezquita, Parghi et 

al. 2005), and repression of eIF4E activity through expression of a dominant active 4E-

BP can block the ability of MYC to transform cells (Lynch, Fitzgerald et al. 2004).  eIF4E 

is generally thought to be the rate-limiting step in translation, and MYC leads to 

increased eIF4E transcription.  Furthermore, findings that eIF4E stimulates MYC mRNA 

translation has led to a proposed feed forward loop between these two oncogenes (Lin, 

Cencic et al. 2008).  Evidence from our own lab has also shown that MYC 

overexpression in genetically transformed prostate epithelial cells leads to rapamycin 

resistance and 4E-BP1 overexpression, and that this rapamycin resistance is dependent 

on 4E-BP1 (Balakumaran, Porrello et al. 2009; Balakumaran, Herbert et al. 2010). 
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2. Methods and Materials 

2.1 Cell Culture Lines and Conditions 

Prostate cancer cell lines LNCaP, PC3 and DU145 were obtained from American 

Type Culture Collection (ATCC).  Cells were grown in RPMI medium (Cellgro) with 10% 

fetal bovine serum supplemented with 10 mM HEPES, 1 mM Sodium Pyruvate, 2 mM L-

Glutamine, and either Plasmocin (Invivogen) at 1 µg/ml or Penicillin (50 U/mL) and 

Streptomycin (50µg/mL) and incubated at 37oC and 5% CO2.  All culture reagents were 

obtained from Invitrogen unless otherwise noted.   

2.2 Gene and Protein Expression  

2.2.1 mRNA Analysis from Clinical Tissue Samples 

Prostate cancer specimens were collected as part of the RAD001 clinical trial at 

Duke Medical center and de-identified samples were analyzed under an IRB approved 

protocol (Duke IRB NNN).  RNA was harvested from tumor specimens isolated by laser 

dissection microscope (LCM) and processed for hybridization to Oligonucleotide 

microarrays (Affymetrix U133A) using standard methods (Singh, Febbo et al. 2002; 

Febbo, Richie et al. 2005). Gene expression was determined from the CEL files using 

RMA with background correction and quantile normalization (Bolstad, Irizarry et al. 

2003). Previously developed genomic pathway signatures were used for predicting 

pathway activation (Bild, Yao et al. 2006).  

2.2.2 Tissue Immunohistochemistry 

Tissue immunohistochemistry was carried out by the lab of Massimo Loda as 

previously described (Majumder, Febbo et al. 2004).   
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2.2.3 Protein Analysis 

2.2.3.1 Protein Isolation 

To investigate changes in protein abundance and phosphorylation, treated cells 

were starved for 48 hours in 0.2% serum containing medium (or PrGEM that has only 

1/50th of the recommended supplements) and returned to medium containing 10% serum 

for 30 minutes before protein isolation.  Cells were washed in ice-cold PBS twice, 

harvested using a cell scraper, and spun at 1,000 x g for 5 minutes at 4o C to yield a cell 

pellet.  Cells were then re-suspended in RIPA lysis buffer supplemented with Mini–

Complete EDTA-free Proteinase Inhibitor cocktail tablets (Roche) and PhosStop 

Phosphatase inhibitor cocktail tablets (Roche) for 20 minutes on ice, and supernatant 

was collected following centrifugation at 13,000 rpm for 10 minutes at 4o C.  

2.2.3.2 Western Blotting 

Protein lysates (20-40 µg/sample) were separated on pre-cast gradient gels 

(Criterion, BioRad or NuPage, Invitrogen) by electrophoresis according to manufacturer 

instructions and transferred using standard semi-dry or wet transfer techniques to a 

nylon membrane (Immobilon-P).  

The membranes were blocked in 5% non-fat dry milk for one hour and hybridized 

to primary antibodies in Tris-Buffered Saline with 0.05% Tween-20 (TBS-T) overnight at 

4o C.  The membranes were washed in TBS-T for 5 minutes three times and incubated in 

secondary antibody anti-mouse or anti-rabbit linked to Horseradish peroxidase (1:2000) 

for one hour.  Following five washes of 5 minutes each, the membranes were processed 

using ECL Western Blotting Reagents (Thermo Scientific) and exposed to film (Hyblot 

CL, Denville Scientific Inc.).  
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Alternatively, blots were blocked with 1 X Blocking Buffer for Fluorescent 

Western Blotting (Rockland) for 30 minutes at room temperature and incubated 

overnight at 4o C with primary antibodies diluted in 1X Rockland buffer.  Blots were then 

washed three times for 5 minutes in PBS-T (Phosphate-Buffered Saline with 0.05% 

Tween-20), and incubated with species-specific fluorescent-conjugated secondary 

antibodies in 1X Rockland Buffer for 1 hour.  Secondary antibodies were conjugated to 

near-infared IRDye fluorophores (Li-Cor) with emission maxima near either 800 nM or 

700 nM and obtained from either Rockland or Invitrogen.  Following secondary antibody 

binding, blots were washed four times for 5 minutes with PBS-T, once for 5 minutes with 

PBS, and scanned on a Li-Cor Odyssey Near Infared Scanner.  All primary antibodies 

used were obtained from Cell Signaling, with the exception of Beta-Actin (Santa Cruz).   

2.2.3.3 Immunoprecipitation 

Protein-A Agarose beads (Roche) were washed three times with 1 mM EDTA, 

0.5 mM EGTA, 10 mM Tris-HCl (pH 8.0), and bound overnight with 2% BSA in hypotonic 

lysis buffer (see below).  Cells were rinsed and scraped in ice-cold PBS and briefly 

centrifuged.  Pellets were resuspended and incubated in a hypotonic lysis buffer made 

up of 10 mM Tris-HCl, 10 mM NaCl, 2 mM EDTA, 0.1% Triton X-100, Mini-Complete 

Protease Inhibitor Cocktail Tablet (Roche), 2.5 mM Sodium Pyrophosphate, 1 mM 

Glycerophosphate, pH 7.5 for 5 minutes on ice, and then 4 M NaCl was added up to a 

final concentration of 150 mM.  Lysates were centrifuged at 13,000 X g for 10 minutes at 

4°C, then pre-cleared with washed agarose beads twice for 1 hour each at 4°C.  Pre-

cleared lysates were then incubated overnight at 4°C with approximately 1:250 total 4E-

BP1 antibody (Cell Signaling). The following day, beads were briefly centrifuged, BSA 
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was aspirated, and the beads were resuspended in hypotonic lysis buffer to make a 50% 

slurry.  Lysates with bound 4E-BP1 (~250 µL) were incubated with 50 µL protein-A 

agarose beads for 2 hours at 4°C, and bound beads were then washed five times in 

wash buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), and 0.05% Triton X-100.  

Bead pellets were eluted with 2X Laemmli buffer (BioRad) for 5 minutes at 95°C, cooled, 

and analyzed by gel electrophoresis and Western blotting.   

2.2.3.4 Reverse Phase Protein Arrays 

Reverse-phase protein microarrays (RPPMs) were constructed and analyzed as 

described previously (Pierobon, Calvert et al. 2009). Briefly, cultured LNCaP cells were 

washed twice with ice-cold 1X PBS, scraped with cell scraper, pelleted at 500 X g for 5 

minutes, and pellets were frozen at -80°C.  Pellets were resuspended and lysed for 10 

minutes at room temperature into extraction buffer (2X Trix-Glycine SDS Sample Buffer 

(Invitrogen Life Technologies, Carlsbad, CA), Tissue Protein Extraction Reagent (Pierce, 

Rockford, IL) and β-mercaptoethanol). Samples were boiled and then spotted in 

duplicate using an Aushon 2470 arrayer (Aushon BioSystems Ins., Billerica, MA), 

equipped with 350 micron pins onto nitrocellulose-coated glass slides (Whatman Inc, 

Sanfort, ME). Blocked slides were stained with antibodies on an automated slide stainer 

(Dako Cytomation, Carpinteria, CA) using the Catalyzed Signal Amplification System kit 

according to the manufacterʼs recommendation using fluorescent IRDye 680 

Strepatavidin (LI-COR Inc., Lincoln, NE) as detection system. Each antibody was 

extensively validated by Western blotting for single band at correct molecular weight and 

ligand induction (for phospho-specific antibodies). Each slide is printed with high and low 

cell lysate controls (e.g. Hela +/- pervandate) for process QA/QC.  
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Stained slides were scanned individually with NovaRay Image Acquisition 

Software (Alpha Innotech, San Leandro, CA) and analyzed with MicroVigene analysis 

software (Version 2.0, Vigene Tech, North Billerica, MA) which performs spot finding, 

local background subtraction, replicate averaging, and total protein normalization 

resulting in a single value for each sample (Scale 0–150000).   

2.2.4 Creation of Lentiviral Constructs and Tet-Inducible Cell Lines 

2.2.4.1 Stably Expressing Lentiviral shRNA Cell Lines 

In order to create stable knockdown PC3 cell lines, we obtained shRNA sets 

based on published sequences from the Broad Institute RNAi consortium for Beclin-1 (in 

pLKO.1 vector) and Atg7 (in pLKO.1-Neo vector).  Information about TRC clone number 

and sequences of the shRNA are shown in Table 2.  The shRNA set for BECN1 was 

obtained as bacterial glycerol stock from Open Biosystems and the Atg7 shRNA set was 

obtained as high-titer lentivirus from Sigma-Aldrich, along with Mission® Non-Target 

shRNA Control Transduction Particles as a negative control (referred to as shSCR).  

To make lentivirus expressing BECN1 shRNAs, we transfected 293FT plated in 

10-cm plates at about 40% confluence with 3 µg each of pLKO.1-shRNA vectors, 

psPAX2 (Addgene) and pMD2.G (Addgene) DNA vectors using FuGene 6 (Roche) in 6 

mL of antibiotic-free growth media.  The following day, the transfection was repeated.  

Approximately 8 hours after the second transfection, the transfection media was 

replaced with 6 mL of fresh growth media.  After two overnight incubations 

(approximately 36 hours), viral supernatant was harvested, briefly centrifuged at 500 x g 

and filtered through a 0.45 µm syringe filter.  
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Table 2: Information About shRNA Constructs Used in This Manuscript. 

Designation 
in this 

manuscript 

TRC clone Sequence 

C-2 TRCN0000033549 CCGGCCCGTGGAATGGAATGAGATTCTCGA
GAATCTCATTCCATTCCACGGGTTTTTG 

C-3 TRCN0000033550 CCGGCCGACTTGTTCCTTACGGAAACTCGA
GTTTCCGTAAGGAACAAGTCGGTTTTTG 

C-4 TRCN0000033551 CCGGGCCAGGATGATGTCCACAGAACTCGA
GTTCTGTGGACATCATCCTGGCTTTTTG 

C-5 TRCN0000033552 CCGGCTCAAGTTCATGCTGACGAATCTCGA
GATTCGTCAGCATGAACTTGAGTTTTTG 

C-6 TRCN0000033553 CCGGGCTTGGGTGTCCTCACAATTTCTCGAG
AAATTGTGAGGACACCCAAGCTTTTTG 

-84 TRCN0000007584 CCGGGCCTGCTGAGGAGCTCTCCATCTCGA
GATGGAGAGCTCCTCAGCAGGCTTTTT 

-86 TRCN0000007586 CCGGGCTTTGGGATTTGACACATTTCTCGAG
AAATGTGTCAAATCCCAAAGCTTTTT 

-87 TRCN0000007587 CCGGCCCAGCTATTGGAACACTGTACTCGA
GTACAGTGTTCCAATAGCTGGGTTTTT 

 

To make target cell lines, differing amounts of filtered viral supernatant or high 

titer lentivirus for each shRNA clone was combined with regular growth media and 

Polybrene (Sigma; final concentration of 4 µg/mL) and added to PC3 cells at %20 

confluence in 96 well plates.  Growth media was replaced with media containing 1 µg/mL 

puromycin (Beclin-1 shRNA and shSCR) or 750 µg/mL G418 (Atg7 shRNA) and 

resistant cells were selected in this manner and replated as necessary until there were 

sufficient cell numbers to perform Western blots for protein expression and freeze stocks 

of cells (approximately 1 well from a 6-well plate).  Beclin-1/Atg7 double knockdown cell 

lines were created in a similar matter to the Atg7 knockdown cell line, except that the 

Beclin-C3 shRNA polyclonal population was infected with Atg7-targeting lentivirus, rather 

than wild-type PC3 cells.  Polyclonal populations of cells showing the lowest expression 
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of the target proteins were maintained at 1 µg/mL puromycin (Beclin-1 shRNA), 500 

µg/mL G418 (Atg7 shRNA) or both (Beclin/Atg7 double knockdowns).   

2.2.4.2 Tet-On Inducible Transgenic Cell Lines 

To create a retroviral vector capable of creating stably integrated PC3 cell lines 

expressing a Tet-On transactivator protein, we transfected GP293 cells (HEK293 cells 

with stable gag-pol integrants) plated in 10-cm plates at about 40% confluence with 3 µg 

each of pRetroX-Tet-On Advanced (Clontech) and pMD2.G (Addgene) DNA vectors 

using FuGene 6 (Roche) in 6 mL of antibiotic-free growth media.  The following day, the 

transfection was repeated.  Approximately 8 hours after the second transfection, the 

transfection media was replaced with 6 mL of fresh growth media.  After two overnight 

incubations (approximately 36 hours), growth media was harvested, briefly centrifuged at 

500 x g and filtered through a 0.45 µm syringe filter. Approximately 2 mL of filtered viral 

supernatant was then combined with Polybrene (Sigma; final concentration of 4 µg/mL) 

and added to PC3 cells at %20 confluence.  The following day, fresh growth media was 

added to the PC3 cells, and 48 hours after infection, cells expressing the rTA construct 

were selected with 750 µg/mL G418.  Following selection, PC3-rTA cells were 

maintained in 250 µg/mL G418-media.  We tested the induction capability of the PC3-

rTA cell line by transfecting the pRetroX-Tight-Pur-Luc construct with Lipofectamine 

2000 (Invitrogen) and stimulating with 500 ng/mL doxycycline (Sigma) for 48 hours.  Cell 

lysates were tested for luciferase activity using the Luciferase Assay System (Promega) 

according to manufacturer protocols (data not shown).   

To make Tet-On inducible PC3 cell lines expressing Luciferase (control), wild-

type 4E-BP, or 4E-BP-5A, we first obtained pcDNA3-myc-4E-BP wild-type and 
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pCMVTag3-4E-BP1-5A gene constructs through a generous gift by Thurl Harris at the 

University of Virginia in the Department of Pharmacology.  We subcloned the myc-

tagged 4E-BP constructs into the pRetroX-Tight-Pur vector (Clontech) and results were 

confirmed using the PTight sequencing primer included in the Clontech product literature.  

Retroviral supernatants containing either pRetroX-Tight-Pur-Luc, pRetroX-Tight-Pur-

myc-4E-BP w.t., or pRetroX-Tight-Pur-myc-4E-BP-5A were created according to the 

procedure described above and used to infect the PC3-rTA cell line.  Polyclonal cell lines 

integrating containing both rTA and Tet-On transgenes were selected with a combination 

of 750 µg/mL G418 and 1 µg/mL puromycin.  

2.3 Methods for Assessing Cell Survival and Proliferation 

2.3.1 Cell Cytotoxicity Assays 

RAD001, BEZ235 (both kindly provided by Novartis) and LY294002 (Sigma 

Aldrich) were used in prostate cancer cell lines (LNCaP, PC3 and DU145) separately as 

single agents and in combination to determine the sensitivity of the cells to the drugs 

using a propidium iodide-based cell cytotoxicity assay that measures a combined 

endpoint of cell proliferation/survival (Skehan, Storeng et al. 1990).  Briefly, cells were 

plated in 96 well plates at a density of 5000 cells/well in 100 μl of tissue culture medium. 

The next day, serial dilutions of the drugs at varying concentrations were added in a 

volume of 100 μl.  One set of plates was taken out at this point as control, and other 

plates were incubated for 72-96 hours after which they were removed from the incubator 

and frozen at -80o C.  At least 12 hours after being frozen, the plates were thawed, 50 µl 

(stock 200 µg/ml) of propidium iodide was added to each well, and plates were incubated 

for one hour in the dark.  
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Fluorescent readings were measured with a FLUOstar OPTIMA (BMG 

labtechonologies) with excitation and emission wavelengths of 530 nm and 590 nm, 

respectively.  Cell growth was normalized to the no drug control and plotted against 

increasing drug concentration using Microsoft Excel software.  Inhibitory concentrations 

were obtained using GraphPad Prism to obtain a nonlinear regression curve fit to 

calculate the EC50 (GraphPad Software, Inc.).  The interaction between the drugs when 

used in combination was assessed using the software Calcusyn (Biosoft) based on the 

principle of Chou and Talalay (Chou and Talalay 1984).  

2.3.2 BrdU Incorporation Assays 

The effect of single concentrations (1X or 3X EC50) of RAD001 and BEZ235 

alone and in combination on cell proliferation was also assessed by BrdU incorporation 

experiments performed in LNCaP and PC3 cells.  Cells were exposed for 48 hours to 

these agents prior to pulsing with BrdU solution using the FITC BrdU Flow kit (BD 

Pharmingen).  Fluorescence cell fractions were determined with a BD FACS Canto II 

flow cytometer (BD Biosciences) and data analyzed using Flow Jo software (Tree star, 

Inc.). 

2.3.3 Clonogenic Survival Assays 

PC3 cells were plated in triplicate at a density of 200 or 600 cells per well in 6-

well plates in normal growth media and allowed to adhere overnight.  The following day, 

cells were exposed to various drug treatments for 24 hours, and at the end of the 

treatment period, the drugs were removed and replaced with fresh growth media.  Cells 

were then allowed to grow undisturbed until the formation of clonogenic colonies could 

be observed by eye (usual growth time ~ 10 days).  At the end of the growth period, cells 
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were washed with 1X PBS and fixed for 10 minutes with a solution of 10% methanol, 

10% acetic acid in dH2O.  Following fixation, cells were stained with a solution of 0.4% 

crystal violet and 20% Ethanol in dH2O for 10 minutes, and excess stain was aspirated 

and rinsed off by brief immersion in water.  

Clonogenic colonies were defined as clustered groups of cells numbering 50 or 

more.  Colonies were counted on a Oxford Optortonics ColCount colony counter using 

ColCount 5 software, and software settings were adjusted to account for minor variations 

in staining intensity from experiments performed on different days.  

Plating efficiency was determined by the following: (number of surviving 

colonies)/(total number of plated cells).  The survival fraction for each treatment group 

was calculated as (plating efficiency for treatment condition)/(plated efficiency of 

untreated control).  

2.3.4 Cell Cycle Analysis 

Cells were grown at low density on plates and exposed to 1X EC50 concentration 

of RAD001, LY294002 and BEZ235 for 48 hours.  Cells were detached using trypsin and 

all cells for each treatment were collected in a 1.5 ml micro centrifuge tube and spun at 

2000 rpm for 2 minutes.  Cells were washed in PBS, fixed in 70% ethanol, and re-

suspending in ice-cold Nuclear Isolation Medium (NIM – 0.5% BSA, 0.1% NP-40 in PBS) 

containing 5 µg/ml propidium iodide and 100 µg/ml DNase-free RNase.  Cell-cycle 

phases in 10,000 cells were determined with a BD FACS Canto II flow cytometer (BD 

Biosciences).  
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2.4 Methods for Assessing Autophagy 

2.4.1 LC3β  Lipidation Western Blots  

Cells were grown in 60 mm plates in the presence of RAD001, BEZ235 or the 

combination for 24 hours and harvested for analysis. For Western blots, cell lysates 

were separated using PAGE (as described above) and hybridized to an antibody for 

LC3β type II (Cell Signaling Technology, Inc.) at 1:1000 to detect conversion of LC3β 

from Type I to Type II due to post-translational lipidation.  

2.4.2 Acridine Orange Flow Cytometry 

For flow cytometry, cells growing in plates were exposed to 1 µg/ml acridine 

orange (Sigma Aldrich) for 15 minutes, trypsinized, and re-suspended in growth medium 

containing 2% FBS. Approximately 10,000 cells were analyzed with a BD FACS Canto II 

(BD biosciences) flow cytometer using the PerCP-Cy5.5-A channel. 

2.5 Polysome Profile Analysis 

Total cellular polysomes were isolated according to the methods of Stephens, et 

al. (Stephens, Dodd et al. 2008). Briefly, cells were pre-treated with 0.2mM 

cycloheximide for 5 minutes, then cells were washed in ice-cold 1X PBS and incubated 

in RNAse-free Lysis buffer containing 0.2 mM cycloheximide, 400 mM KOAc, 25 mM 

KHEPES pH 7.2, 15 mM Mg(OAc)2, 1%(v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 1 

mM DTT, 1 mM PMSF, and 40 U/mL RNase Out. for 5 minutes on ice.  Lysates were 

centrifuged in a 15%-50% linear sucrose gradients (gradient buffer same as lysis buffer 

minus detergents) at 35,000 x g for 3 hours in a Beckman SW-41 rotor.  Gradient 

fractions were analyzed and collected using an using an automated Isco Gradient 
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Fractionator with a continuous UV flow cell.  

2.6 Statistics 

Results from pS6 immunohistochemistry were compared using Mann-Whitney 

tests.  EC50 concentrations were determined using Prism software (vers. 5, GraphPad 

Software, Inc., La Jolla, CA) using Non-linear Regression analysis (Least Squares fit 

method, log (inhibitor) vs. response (three parameters) algorithm).  Combination Indices 

were calculated using Calcusyn software according to the methods of Chou and Talalay 

(Chou and Talalay 1984).  Data from RPPMs were analyzed by Two-Way ANOVA 

(Repeated measures, Bonferroni posttests) using Prism (vers. 5, GraphPad Software, 

Inc., La Jolla, CA).  Data from clonogenic assays were analyzed by Prism using Kruskal-

Wallis Tests (non-parametric One-Way ANOVA) with Dunns post tests.  Differences in 

BrdU incorporation between treatment groups were determined by two-tailed Studentʼs 

T-test.   
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3. Preliminary Studies 

3.1 mTOR Inhibitor Therapy in Clinical Trials 

As discussed in Chapter 1, evidence has shown that elevated mTOR activity is 

an important feature of many types of cancer, including prostate.  As a result, therapies 

that inhibit mTOR signaling are of great clinical interest (Albert, Serova et al. 2010; 

Klumpen, Beijnen et al. 2010; Fasolo and Sessa 2011; Voss, Molina et al. 2011; 

Zaytseva, Valentino et al. 2012).  

Prior to my joining, our lab was involved one such study conducted at Duke in 

collaboration with Dan George (Armstrong et al., manuscript in preparation; 

ClinicalTrials.gov Identifier: NCT00887640).  In this Phase II clinical trial, patients with 

metastatic, castration-resistant prostate cancer were treated with RAD001 (10 mg daily) 

at Duke University Medical Center.  Prior to treatment, FLT-PET scans and biopsy 

specimens of bone metastases were obtained for each patient, and follow-up FLT-PET 

and radiologically-guided tumor biopsy samples were collected after patients had been 

treated with RAD001 for one month.  The clinical response in this study was based on a 

combination of PSA measurements, reported pain, and RECIST criteria (Therasse, 

Arbuck et al. 2000).  Findings from this study showed a median progression-free survival 

of 83 days in the first 19 patients (Figure 4), a result comparable to placebo or 

treatments ruled to have no significant benefits in other Phase II trials (Sternberg, 

Petrylak et al. 2009; Buonerba, Federico et al. 2011; Pili, Häggman et al. 2011; 

Shamash, Powles et al. 2011). 
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Figure 4: Progression Free Survival in metastatic CRPC patients treated with 
RAD001.  Presented as Armstrong et al., ASCO meeting 2008.   

 

Two possible reasons for the treatment failure in this trial were either: (1) mTOR 

pathway activity was not elevated in the patient cohort or (2) RAD001 failed to inhibit 

mTOR.  To rule out both of these possibilities, the tumor biopsies from the trial were 

tested for the prevalence of phosphorylated ribosomal protein S6 (pS6).  As discussed 

earlier, S6 is phosphorylated by S6K, one of the main targets of the mTORC1 complex, 

therefore phosphorylated S6 can be used as a marker of mTOR activity.  Earlier reports 

in solid tumors indicated that RAD001 could reduce levels of pS6 (Tabernero, Rojo et al. 

2008).  Immuno-histochemical analysis of the 22 evaluable samples from our study 

(n=12 pre-treatment, n=10 post-treatment) indicated high levels of phosphorylated S6 in 

pretreatment samples, and RAD001 significantly reduced levels of pS6 in CRPC (Fig. 

5A and 5B)(p = 0.0121).  Based on this evidence, it appears that the PI3K/AKT/mTOR 
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pathway was both activated in our patient population, and that RAD001 was able to 

inhibit the pathway downstream from mTORC1.   

 

 

 

Figure 5: Effect of RAD001 treatment on the activity of the mTOR pathway and 
other signaling pathways. (A) Activity of the mTOR pathway in 22 prostate tumor 

samples isolated prior to and post RAD001 treatment for one month was estimated by 
immunohistochemistry staining for phosphorylated S6.  (B) Results of the analysis of 

phosphorylated S6 levels in the pre- and post-RAD001 groups presented as a box-and-
whisker plot.  Y-axis values are estimates of phospho-S6 staining graded by trained 

pathologists, and p value was generated using Mann-Whitney test. 

 

Based on this evidence, we must conclude that either mTOR activity was not an 

important oncogenic pathway in our patientsʼ metastatic CRPC or that prostate cancer 

cells are able to gain resistance to mTOR inhibition by activating other compensatory 

signaling pathways or feedback loops.  As discussed in Chapter 1, there is widespread 
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evidence to implicate the PI3K/AKT/mTOR pathway in oncogenic signaling in prostate 

cancer, therefore we decided to focus further research efforts on identifying changes in 

cell signaling in prostate cancer cells that may lead to mTOR inhibitor resistance.   

3.2 Early Evidence of Feedback Activation of PI3K/AKT 

In light of disappointing early clinical results in the RAD001 trial and the fact that 

it often takes years to recruit a full patient cohort for such trials, we subjected a subset of 

our first 10 patient samples to genomic microarray analysis while the trial was still 

recruiting in order to identify possible resistance mechanisms for further study.  In order 

to identify signaling pathways with increased activity, we performed oncogenic pathway 

analysis (Bild, Yao et al. 2006) and Gene Set Enrichment Analysis (GSEA) on patient 

samples to compare patterns of gene activation pre- and post-RAD001 treatment.  

These preliminary results seemed to indicate that the activity of PI3K, which is upstream 

of mTOR, was increased.  If true, this would represent an escape of the specific pathway 

that RAD001 therapy is meant to target.   

While this work was being conducted, other groups were publishing findings from 

cancer cell lines and patient samples that also suggested that mTORC1 inhibition by 

rapamycin or its analogs could lead to upstream activation of PI3K pathways (Simpson, 

Li et al. 2001; Shi, Yan et al. 2005; Sun, Rosenberg et al. 2005; O'Reilly, Rojo et al. 

2006; Wan, Harkavy et al. 2007; Wang, Yue et al. 2007; Carracedo, Ma et al. 2008; 

Carracedo and Pandolfi 2008).  Together, these data strongly suggested to us that an 

adaptive feedback loop through PI3K was a potential mechanism for resistance to 

TORC1 inhibition, and hypothesis that it may be possible to short-circuit this feedback 
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loop with a multi-drug approach served as the foundation for much of the work presented 

in this dissertation.   

When we analyzed the genomic data from our full patient cohort, the preliminary 

upregulation of PI3K we observed was no longer statistically significant.  Nevertheless, 

the data published by several other groups supporting the existence of this feedback 

loop was compelling enough to warrant further in vitro investigation.  Early results from 

our lab that will be presented later in this dissertation also support the model of a 

compensatory feedback loop activated by allosteric mTORC1 inhibitors that leads to 

increased AKT activation.    
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4. In Vitro Synergy Between mTOR and PI3K Inhibition 
Based on the early evidence from the RAD001 clinical trial and the emerging 

literature, we hypothesized that upstream inhibition of PI3K could target the feedback 

loop activated by mTOR inhibition and improve the efficacy of this targeting strategy.   

4.1 The PI3K inhibitor LY294002 is synergistic with the mTOR 
inhibitor RAD001.  

To study the effects of inhibiting both mTOR and PI3K in vitro, we treated 

LNCaP, PC3, and DU145 prostate cancer cell lines with a combination of the PI3K 

inhibitor LY294002 and the allosteric mTORC1 inhibitor RAD001 (Figure 6).  The 

combination of RAD001 and LY294002 dramatically decreased cell proliferation/survival 

in all of the cell lines tested.  The cell proliferation/survival results were analyzed using 

the methods of Chou and Talalay (Chou and Talalay 1984) to obtain combination indices 

for the multidrug treatment.  Using this method, a combination index (CI) less than 1.0 

indicates drug synergy; a CI equal to 1.0 indicates an additive effect, and a CI of greater 

than 1.0 indicates antagonism.  The combination index for LY294002 and RAD001 was 

significantly less than 1.0 in all the cell lines tested (DU145 CI: 0.59 +/- 0.34; LNCaP CI: 

0.45 +/- 0.19; PC3 CI: 0.62 +/- 0.10) (Figure 6), indicating that LY294002 and RAD001 

act synergistically.  Data from these experiments were also used to calculate EC50, EC75, 

and EC90 for RAD001 and LY294002 in these cell lines (Table 3).   
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Table 3: Doses of RAD001, LY294002, and BEZ235 Used in this Study. 

 LNCaP  PC3 DU145 

[nM] EC50 EC50 EC75 EC90 EC50 

RAD001 1.53 0.58 1.70 5.3 64.4 

LY294002 1717 3196   5003 

BEZ235 11.1 8.8 26.3 80.5 18.8 

 

4.1.1 The Effects of LY294002 and RAD001 on Signaling in the 
AKT/mTOR Pathway. 

To determine if the observed synergy between LY294002 and RAD001 may be 

due to more profound inhibition of PI3K and mTOR signaling, we performed western blot 

analysis of key pathway components including AKT, S6 Kinase, S6 and 4E-BP1 (Figure 

7).  In multiple repeated experiments, the combination of RAD001 with LY294002 

produced effects on cell signaling distinct from treatment with either drug alone due to a 

more profound inhibition of pS654E-BP1 and the persistence of p S473AKT.  

PC3 cells treated with EC50 concentrations of RAD001, LY294002, and the 

combination eliminated phosphorylation of the TORC1 target pT389S6K and its direct 

substrate, pS235/236S6.  LNCaP cells showed a similar pattern of dephosphorylation 

except for some residual phosphorylation with LY294002 used alone.  Phosphorylation 

of the mTORC1 target pS654E-BP1 is not completely reduced with either RAD001 or 

LY294002 alone, but it is more profoundly inhibited with the combination (Figure 7). 

Phosphorylation of AKT at Serine 473 (pS473AKT) is increased with RAD001, reduced or 

eliminated by LY294002, and more modestly reduced with the combination.  AKT S473 

phosphorylation is important for the ability of AKT to phosphorylate the full range of its 

targets and may be reflective of mTORC2 activity, as this complex is thought to be a 
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major contributor to PDK2 activity (Feng, Park et al. 2004; Dong and Liu 2005; Song, 

Ouyang et al. 2005; Frias, Thoreen et al. 2006; Guertin, Stevens et al. 2006; Polak and 

Hall 2006; Shiota, Woo et al. 2006).  

 

Figure 6: Dose Response Curves Demonstrating Synergy Between Ly294002 and 
RAD001. (Top left, top right, bottom right) RAD001 and LY294002 were used as 

single agents and in combination in cytotoxicity assays (see Materials and Methods) on 
the cell lines LNCaP, PC3 and DU145.  The Y-axis represents growth normalized to the 
no drug control for each cell line.  The X-axis represents the drug concentrations (in nM) 
of LY294002 and RAD001 (respectively) either used alone or in combination.  (Bottom 

Left) Combination Index values calculated for DU145, LNCaP and PC3 for RAD001 and 
LY294002 using the methods of Chou and Talalay (described in Materials and Methods). 
Values of less than 1 indicate greater than additive synergy.  The average and standard 
deviation of the combination index shown for each cell line is derived from at least three 

experiments. 
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Figure 7: Western Blots Showing Phosphorylation of AKT/mTOR Pathway 
Components After LY294002 and RAD001 Treatment. LNCaP and PC3 cells were 

treated for 24 hours with indicated regimens of RAD001 and LY294002, and total protein 
harvested from cells was subjected to Western blot for phospho- and total 4E-BP1, S6K, 

S6, and AKT.  Experiments were conducted a minimum of three times and a 
representative blot is shown.  Combined drug treatment shows decreased 

phosphorylation of 4EBP compared to either drug alone.   

 

4.2 The Dual mTOR-PI3K Inhibitor BEZ235 is Synergistic with the 
mTOR Inhibitor RAD001.  

LY294002 is widely used for in vitro experiments but is not suitable for clinical 

use due to low potency and high toxicity.  BEZ235 is an mTOR catalytic site inhibitor 

developed by Novartis, and because of the high degree of homology between the mTOR 

and PI3K catalytic sites, BEZ235 also has activity against PI3K.  As a dual PI3K-mTOR 

inhibitor, BEZ235 has greater clinical potential than LY294002 and is currently in clinical 

trials for solid malignancies (Maira, Stauffer et al. 2008; Liu, Koul et al. 2009; McMillin, 
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Ooi et al. 2009; National_Cancer_Institute 2012).  Because of its ability to inhibit both 

PI3K and mTOR, we were interested in whether BEZ235 may be equivalent to the 

combination of LY294002 and RAD001; therefore, we tested BEZ235 both as a single 

agent and in combination with RAD001 in LNCaP, PC3, and DU145 cell lines (Figure 8).   

 

Figure 8: Dose Response Curves Demonstrating Synergy Between BEZ235 and 
RAD001. (Top left, top right, bottom right) RAD001 and BEZ235 were used as single 

agents and in combination in cytotoxicity assays (see Materials and Methods) on the cell 
lines LNCaP, PC3 and DU145.  The Y-axis represents growth normalized to the no drug 

control for each cell line.  The X-axis represents the drug concentrations (in nM) of 
LY294002 and RAD001 (respectively) either used alone or in combination.  (Bottom Left) 

Combination Index values calculated for DU145, LNCaP and PC3 for RAD001 and 
LY294002 using the methods of Chou and Talalay (described in Materials and Methods).  
Values of less than 1 indicate greater than additive synergy.  The average and standard 
deviation of the combination index shown for each cell line is derived from at least three 

experiments.  
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BEZ235 was a potent inhibitor of cell proliferation/survival in the three prostate 

cancer cell lines we tested, with EC50 values approximately 3 logs lower than observed 

for LY294002 (Table 3).  Similarly to the combination of RAD001 and LY294002, the 

proliferation/survival of DU145, LNCaP, and PC3 prostate cancer cell lines demonstrated 

synergistic inhibition when BEZ235 was used in conjunction with RAD001 (DU145 CI: 

0.34 +/- 0.09; LNCaP CI: 0.64 +/- 0.23; PC3 CI: 0.46 +/- 0.02) (Figure 8). 

4.2.1 Effect of BEZ235, RAD001 treatment on cell cycle, survival, 
apoptosis, and autophagy 

Having established that RAD001 and BEZ235 exhibited synergistic increases in 

cell cytotoxicity, we set out to determine how prostate cancer cell lines are affected by 

combinations of PI3K and mTOR inhibition on a cellular level by we assessing treated 

cell lines for markers of cytostasis, cell death, and apoptosis.   

4.2.1.1 Cell Cycle Analysis 

Flow cytometry cell cycle analysis of PC3 and LNCaP cells treated with RAD001 

and/or BEZ235 demonstrated increased percentages of cells in G1 phase and 

decreased percentages of cells in both S and G2 phases (Figures 9&10).  Results from 

this cell cycle analysis revealed that treatment with both RAD001 and BEZ235 resulted 

in greater cytostasis than with either agent alone. 

Further evidence of the impact of these agents on cell cycle progression and 

proliferation comes from progressive decreases in BrdU incorporation observed after 

treatment with RAD001 and BEZ235.  PC3 cells grown in the presence of EC50 RAD001 

or BEZ235 had a 40% +/- 7% and 29% +/- 3% decrease in BrdU incorporation 

(respectively), and a 74% +/- 4% decrease when grown in the presence of both (p = 
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0.0077 for RAD001 vs combo, p=0.0064 for BEZ235 vs combo)(Figure 11).  LNCaP 

cells had 39%+/- 4% and 46% +/- 24% decrease in BrdU incorporation when grown in 

the presence of either RAD001 or BEZ235 alone at 1 X EC50 (respectively) and a 99.1 

%+/- 0.006% when grown in the presence of both agents (p < 0.0001 for RAD001 vs 

combo, p = 0.02 for BEZ235 vs combo).  Thus, the combination of low doses of RAD001 

and BEZ235 led to substantially greater cytostasis than either agent alone.  

 

Figure 9: Cell Cycle Analysis of PC3 Cells Treated with RAD001 and/or BEZ235.  
PC3 cells treated or 24 hours with 1 X EC50 RAD001, BEZ235, or both were fixed, 

permeabilized, and stained with propidium iodide.  Cells were then examined for cell 
cycle distribution using flow cytometry, and the percentage of cells in each phase is 

shown.  Combination treatment shows decreased S and G2 phase compared to control 
or either drug alone.   
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Figure 10: Cell Cycle Analysis of LNCaP Cells Treated with RAD001 and/or 
BEZ235.  LNCaP Cells treated or 24 hours with 1 X EC50 RAD001, BEZ235, or both 

were fixed, permeabilized, and stained with propidium iodide.  Cells were then examined 
for cell cycle distribution using flow cytometry, and the percentage of cells in each phase 

is shown. Combination treatment shows decreased S phase compared to control or 
either drug alone.   
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Figure 11: BrdU incorporation in Prostate Cancer Cell Lines After RAD001 and 
BEZ235 Treatment.  PC3 and LNCaP cells were grown untreated or in the presence of 

1X or 3X EC50 concentrations of RAD001 and BEZ235 as single agents or in 
combination for 48 hours.  Cells were pulsed with BrdU for one hour, fixed, and 

processed for analysis as described.  The Y-axis represents BrdU incorporation that is 
normalized to the value obtained when cells were grown untreated.  Drug combinations 
at 1X EC50 showed greater inhibition of proliferation than either drug alone in PC3 cells 

(p = 0.0077 for RAD001 vs combo, p=0.0064 for BEZ235 vs combo) and LNCaP cells (p 
< 0.0001 for RAD001 vs combo, p = 0.02 for BEZ235 vs combo).   

 

Increased doses of BEZ235 (3X EC50) had an increased effect on BrdU 

incorporation, whereas increasing the doses of RAD001 alone or in combination with 
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higher dose BEZ235 did not seem to have an additional impact on cell proliferation.  This 

suggests that EC50 doses of both RAD001 and BEZ235 and higher doses of BEZ may 

both approach a maximal inhibitory effect on cell proliferation observable by this assay.   

4.2.1.2 Cell Death/Senescence 

To determine whether the decreased cell proliferation/cytostasis and increased 

cytotoxicity we described earlier are accompanied by irreversible cell death/senescence, 

we conducted clonogenic survival assays on PC3 cells treated with RAD001 and 

BEZ235 (Figure 12).  We found that treatment with the combination of RAD001 and 

BEZ235 for 24 hours was able to significantly reduce the survival of replication 

competent PC3 cells at EC90 concentrations (p < 0.001 vs. DMSO control), and the 

combination at EC90 was significantly more inhibiting than at EC50 (p < 0.01).  At the 

highest dose tested, BEZ235 monotherapy was able to inhibit cell survival (p < 0.05), but 

a significant further decrease in survival was observed with addition of EC90 RAD001 (p 

< 0.05 for EC90 BEZ235 vs. EC90 combination).  In contrast, RAD001 monotherapy did 

not significantly affect cell survival at any dose tested.  Tunicamycin, a positive control 

for autophagy also significantly inhibited cell survival (p < 0.001 vs. DMSO).   

On first glance, these results seem to contrast somewhat with our earlier 

observations of increased cytotoxicity and cytostasis caused by RAD001 treatment.  It 

should be noted that in those earlier experiments, cells were treated with RAD001 or 

BEZ235 and immediately assayed, whereas in these clonogenic assays, cells were 

treated for 24 hours and allowed to grow without the presence of drug for as long as two 

weeks.  Therefore, clonogenic assays are necessary to differentiate reversible cytostatic 

effects on cell survival from irreversible death/senescence.  It should also be noted that, 
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while clonogenic assays are not able to differentiate quantitatively between cells that die 

and cells that survive but are not able to form colonies, a microscopic visual inspection of 

the plates used in the clonogenic assays immediately prior to harvesting did not reveal 

significant numbers of single cells interspersed between colonies that would indicate that 

observed effects were due to senescence rather that cell death.   

 

Figure 12: Clonogenic Assay Results from PC3 Cells Treated with RAD001 and 
BEZ235. Clonogenic assays were performed on PC3 cells (as described in materials 

and methods).  Tunicamycin dose = 2.5 µM.  EC75 in PC3: RAD001 = 1.70 nM, BEZ235 
= 26.3 nM.  Mean survival fraction (number of clones/total number of cells plated and 

normalized to untreated controls) is shown for each treatment group +/- SEM.  *** = p < 
0.001, ** = p < 0.01, * = p < 0.05.  Results for each group are from triplicate samples at 

two different cell densities from three independent experiments (n=18).  
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4.2.1.3 Apoptosis 

 No apoptosis was observed in PC3 or LNCaP cells in response to RAD001 or   

BEZ235 either alone or in combination, despite the evidence from clonogenic assays 

suggesting cell death occurred.  No cleavage of Caspase-3 occurred after treating PC3 

or LNCaP cells with RAD001, BEZ235, or the combination at 1 X EC50 (data not shown) 

or at 3 X EC50 (Figure 13) despite each cell line having an intact apoptotic machinery, as 

demonstrated by the cleavage of caspase-3 in both LNCaP and PC3 cells at 24 hours 

following treatment with cisplatin.  

Similarly, no cleavage of PARP was observed with the mTOR or PI3K inhibitors 

alone or in combination, while cisplatin induced cleavage in both LNCaP and PC3 

(Figure 13).  Finally, no significant increase in the proportion of cells in the sub-G1 

phase during flow cytometry was consistently associated with any treatment condition 

(Figures 9&10). 
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Figure 13: Western Blots Showing Absence of Apoptosis Markers After Treatment 
with RAD001 and BEZ235.  PC3 and LNCaP cells treated with various drug 

combinations for the specified times were harvested for total protein and subjected to 
Western blots for either cleaved Caspase 3 or PARP as described in Materials and 

Methods.  RAD001 and BEZ235 doses used were 3X EC50.  Neither RAD001, BEZ235, 
nor the combination were able to induce Caspase 3 or PARP cleavage in either cell line.   

 

4.2.2 The Effects of BEZ235 and RAD001 on Signaling in the 
AKT/mTOR Pathway. 

Data presented above show that treating prostate cancer cell lines with the 

combination of RAD001 and BEZ235 causes a synergistic increase in cytotoxicity in 
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addition to significantly greater cytostasis and cell death/senescence compared to either 

drug alone.  In contrast, the effect of mTORC1 inhibition by RAD001 alone seems to be 

largely cytostatic and reversible.  In the following section, we describe our efforts to 

determine signaling changes related to the AKT/mTOR pathway that underlie these 

different cell survival outcomes.   

4.2.2.1 Western Blots Data from Cells Treated with RAD001 and BEZ235 

We have already shown that the degree of hypophosphorylation of the mTOR 

target 4E-BP1 is a better correlate of cell cytotoxicity after treatment with the mTORC1 

inhibitor RAD001 and the PI3K inhibitor LY294002 than S6K or AKT S473 

phosphorylation (Figure 7).  Nevertheless because BEZ235 inhibits both PI3K and 

mTOR, it was unclear why RAD001 had an additional inhibitory effect that showed such 

strong synergy.  To clarify signaling differences which may account for this effect, we 

tested single agent BEZ235 and the combination of BEZ235 and RAD001 and assessed 

p S473AKT, pS654E-BP1, pT389S6K, and pS235/236S6 levels using Western blots (Figure 14).  

BEZ235 strongly reduced pS6K and pS6 at 1X EC50 (LNCaP = 11.14 nM; PC3 = 8.8 nM) 

and completely eliminated pS6K and pS6 at 5X EC50 (LNCaP = 55.7 nM; PC3 = 44 nM).  

In both LNCaP and PC3 cells, BEZ235 at 1X EC50 concentration had a limited impact on 

pS654E-BP1, but increasing the concentration of BEZ235 to 5X EC50 was able to 

significantly reduce pS654E-BP1 in both cell lines. The combination of BEZ235 and 

RAD001 each at 1X EC50 results in a nearly equivalent reduction of pS654E-BP1 when 

compared to 5X EC50 BEZ235. Thus, BEZ235 alone can inhibit downstream mTORC1 

activity as well as the combination of BEZ235 and RAD001, albeit at much higher doses.  
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Single agent BEZ235 led to slight-to-moderate decreases in p S473AKT at 1X EC50 

(depending somewhat on the cell line tested) with profound reductions observed at 5X 

EC50 (Figure 14). Interestingly, the combination of 1X EC50 BEZ235 with RAD001 

resulted in increased pS473AKT compared to treatment with 5X EC50 BEZ235 alone.  In 

LNCaPs, the addition of EC50 RAD001 completely reversed the effect of 1X EC50 

BEZ235 on pS473AKT.  Thus, while high dose BEZ235 and the combination of low dose 

RAD001 and BEZ235 have a similar impact on TORC1 activity (as judged by effects 

pS6K, pS6, and p4E-BP1), mTORC2 activity (based on AKT S473 phosphorylation) may 

be more profoundly inhibited by increased concentrations of BEZ235 than the 

combination, which has at least some level of persistent mTORC2 activity.  

 

Figure 14: Western Blots Showing Phosphorylation of AKT/mTOR Pathway 
Components After BEZ235 and RAD001 Treatment. LNCaP and PC3 cells were 

treated for 24 hours with indicated regimens of RAD001 and BEZ235, and total protein 
harvested from cells was subjected to Western blot for phospho- and total 4E-BP1, S6K, 

S6, and AKT.  Experiments were conducted a minimum of three times and a 
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representative blot is shown.  Combined drug treatment or high dose BEZ235 show 
decreased phosphorylation of 4EBP compared to low dose BEZ and control.   

 

The changes in signaling downstream of mTOR may somewhat explain why 

BEZ235 was more effective as a monotherapy in Figure 12 than RAD001, and why the 

combination was more effective still.  BEZ235 and RAD001 are both capable of inhibiting 

mTOR although their mechanisms of inhibition are different.  Rapamycin analogues 

bound to FKBP12 interfere with the normal assembly and function of the mTORC1 

complex, but they have no direct effect on mTORC2 (Guertin, Stevens et al. 2009). In 

contrast, BEZ235 interacts with the ATP binding cleft of the kinase domains of PI3Kα 

and mTOR, thereby effectively inhibiting both mTORC1 and mTORC2 as well as the 

PI3K enzyme.  By combining the different modes of action of RAD001 and BEZ235, it 

may be possible to have stronger inhibition of mTOR at pharmacological doses than 

what is achievable with either drug alone.   

4.2.2.2 Reverse Phase Protein Array data from LNCaP cells following 
treatment with RAD001 and BEZ235 

Based on the above survey of likely mTOR/AKT pathway signaling mediators 

using Western blots, we have presented evidence of complex changes in protein 

phosphorylation after treatment with RAD001 and BEZ235.  Because of extreme 

complexity of downstream PI3K/AKT/mTOR signaling and the limits of Western blots as 

a technique for large-scale analysis of signaling networks, we decided to collaborate with 

the group run by Chip Petricoin at George Mason University to use reverse phase 

protein microarrays (RPPMs) to more comprehensively identify changes in protein and 

phospho-protein levels that occur after treatment with RAD001 and BEZ235.   
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Examination of the heat maps generated from the RPPM data shown in Figure 

15 reveals that there are clusters of proteins and phosphoproteins that are upregulated 

and downregulated in LNCaP cells more strongly by the drug combination of RAD001 

and BEZ235 than either drug alone.  Magnified sections of the larger heat map show that 

several of these genes are effectors we have already examined (e.g. p4E-BP1 and pS6) 

and others are genes we had not previously investigated (e.g. pGSK3β).   

For the proteins we had already examined, the results of RPPM confirmed what 

we observed with Western blots.  We observed a significant decrease in pS235-236S6 

when cells were treated with either agent alone (p < 0.001 control vs. RAD001 and 

control vs. BEZ235), and the combination treatment caused significantly more inhibition 

of pS235-236S6 than RAD001 by itself (p < 0.001) (Figure 16).  Either agent alone also 

resulted in some reduction of pT704E-BP1 (Figure 17) with the combination resulting in 

significantly greater reduction (p < 0.001 for RAD001 vs. combination and BEZ235 vs. 

combination).  Additionally for both pS235-236S6 and pT704E-BP1, treatment with BEZ235 

alone was able to cause significantly more inhibition than RAD001 alone (p < 0.001 and 

p < 0.01, respectively).  Thus, the phosphorylation of downstream mTORC1 targets that 

regulate translation appear to be progressively inhibited according to the following 

pattern: RAD001 < BEZ235 < Combination.  This is also supported by the significant 

reduction of total and phosphorylated eIF4G upon treatment with either BEZ235 or the 

combination (p < 0.001)(Figure 18).  
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Figure 15: Heat Maps of Reverse Phase Protein Microarray data.  LNCaP cells were 
grown in the absence or presence of 1 X EC50 RAD001, BEZ235 as single agents or in 
combination for 24 hours and protein lysates were prepared for reverse phase proteomic 

analysis as described in Materials and Methods.  Three replicates were used for each 
growth condition and the heat-map shows the levels of phosphorylated or total proteins 

in the cells under the different treatment conditions (Green – low level; Red – high level). 
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Figure 16: RPPM Analysis of S6 Phosphorylation.  LNCaP cells were treated as 
indicated for 24 hours and total protein was harvested for analysis using Reverse Phase 

Protein Micro Arrays.  The mean expression level of phospho-S6 +/- SEM (based on 
arbitrary fluorescence units) from RPPM results is shown for each treatment group (n=3).  

*** = p < 0.001. 

 

Figure 17: RPPM Analysis of total 4E-BP1 and 4E-BP1 Phosphorylation.  LNCaP 
cells were treated as indicated for 24 hours and total protein was harvested for analysis 
using Reverse Phase Protein Micro Arrays.  The mean expression level +/- SEM (based 
on arbitrary fluorescence units) from RPPM results is shown for each treatment group 

(n=3). *** = p < 0.001, ** = p < 0.01. 
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Figure 18: RPPM Analysis of Total and Phosphorylated eIF4G.  LNCaP cells were 
treated as indicated for 24 hours and total protein was harvested for analysis using 

Reverse Phase Protein Micro Arrays.  The mean expression level +/- SEM (based on 
arbitrary fluorescence units) from RPPM results is shown for each treatment group (n=3). 

*** = p < 0.001. 

Results from RPPA also support and extend our earlier observations regarding 

mTORC2 activity and AKT phosphorylation with either agent alone and the combination.  

As shown in Figure 19, the basal phosphorylation of pS473AKT (8213 +/- 656 arbitrary 

fluorescence units) in LNCaP cells was significantly increased with RAD001 (31375 +/- 

16046) and the combination treatment (28281 +/- 6385)(p <0.001 and p < 0.01, 

respectively).  In contrast, BEZ235 alone had no effect.  One would also expect that 

mTOR inhibition would lead to increased PDK1 activity on AKT caused by decreased 

activity of feedback inhibition of S6K on PI3K.  Indeed, AKT phosphorylation at 

Threonine 308 (pT308AKT) showed an increase with all treatment conditions, though this 

trend was non-significant (Figure 19).  Importantly, there was a marked increase in 
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phosphorylation of several direct AKT targets with combination treatment.  Specifically 

pS21-9GSK3β was increased vs. control or either drug alone (p < 0.001 vs. control, p < 

0.01 vs. RAD001 or BEZ235)(Figure 20), as was phosphorylation of several members of 

the Forkhead Transcription Factor family (FKH, also known as FOXO family).   

pT32FKHRL1/pT24FKHR was increased vs. control (p < 0.05), while ps256FKHR and 

ps253FKHRL1 showed a non-significant trend toward increased phosphorylation (Figure 

21).   

One of the major roles of AKT is the modulation of cell metabolism in response to 

insulin signaling, and based on the RPPM data, it seems that AKT signaling to metabolic 

pathways is perturbed by the drug combination of RAD001 and BEZ235 in some 

interesting ways.  The Threonine 246 site of PRAS40 is an AKT target, and in contrast to 

the increased phosphorylation of several other AKT targets, both BEZ235 and the 

combination of RAD001 and BEZ235 significantly inhibited its phosphorylation vs. 

control (p < 0.001 for both)(Figure 22).  Furthermore, the combination was significantly 

more effective than RAD001 alone (p < 0.001), whereas BEZ235 was not.  Interestingly, 

PRAS40 is a modulator of the activation of mTORC1, and the ability of mTOR to respond 

to insulin stimulation requires phosphorylation of PRAS40 at T246 by AKT (Wang, Harris 

et al. 2008; Nascimento, Snel et al. 2010).  Phosphorylation at T246 is permissive for 

mTORC1 phosphorylation of PRAS40 at S183 and S221, which in turn allows PRAS40 

to bind 14-3-3 proteins.  The combination of RAD001 and BEZ235 may therefore cause 

significant inhibition of mTOR by inhibiting one of the upstream inputs from AKT in 

addition to the direct action of the drugs on mTOR and the mTORC1 complex.   
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AMPK regulates fatty acid synthesis by phosphorylating Acetyl-Coenzyme A 

Carboxylase (ACC) at residue S79 in response to ATP depletion and coordinates with 

mTORC1 to promote autophagy during times of nutritional stress (Short, Houston et al. 

2008; Berggreen, Gormand et al. 2009; Kim, Kundu et al. 2011).  Insulin-stimulated AKT 

signaling leads to phosphorylation of AMPK at residue S485 which blocks the ability of 

AMPK to phosphorylate ACC.  RPPM analysis shows a non-significant increase in 

AMPK phosphorylation after inhibition with RAD001, BEZ235, or the combination in a 

pattern similar to AKT T308 phosphorylation (Figures 19 and 23).  Phosphorylation of 

ACC, a commonly used marker for AMPK activity, is significantly decreased with BEZ or 

the combination (Figure 24)(p < 0.05 and p < 0.001, respectively).  Furthermore, the 

combination was significantly more effective than RAD001 alone (p < 0.01), whereas 

BEZ235 was not.    

The RPPM data presented above suggests that there is a complicated 

uncoupling of AKT and mTOR activities featuring a decrease in mTOR activities 

indicative of inhibited protein translation and autophagy activation coupled with a shift in 

AKT activity that could lead to impaired responses to nutrient stress and insulin 

stimulation, promotion of adipogenesis, and inhibition of apoptosis.  The net 

consequences of this shift in cellular metabolism are not entirely clear, and there are 

likely additional factors at work that our analysis was not designed to uncover.  

Nevertheless, metabolic dysregulation is one possible mechanism to explain the synergy 

RAD001 and BEZ235 exhibit in causing cell death/senescence.    
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Figure 19: RPPM Analysis of Total and Phosphorylated AKT.  LNCaP cells were 
treated as indicated for 24 hours and total protein was harvested for analysis using 

Reverse Phase Protein Micro Arrays.  The mean expression level +/- SEM (based on 
arbitrary fluorescence units) from RPPM results is shown for each treatment group (n=3). 

*** = p < 0.001, ** = p < 0.01. 

 

Figure 20: RPPM Analysis of Total and Phosphorylated GSK3β .  LNCaP cells were 
treated as indicated for 24 hours and total protein was harvested for analysis using 

Reverse Phase Protein Micro Arrays.  The mean expression level +/- SEM (based on 
arbitrary fluorescence units) from RPPM results is shown for each treatment group (n=3). 

*** = p < 0.001, ** = p < 0.01. 
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Figure 21: RPPM Analysis of Phosphorylated Forkhead Family Transcription 
Factors.  LNCaP cells were treated as indicated for 24 hours and total protein was 

harvested for analysis using Reverse Phase Protein Micro Arrays.  The mean expression 
level +/- SEM (based on arbitrary fluorescence units) from RPPM results is shown for 

each treatment group (n=3).  * = p < 0.05. 

  

Figure 22: RPPM Analysis of Phosphorylated PRAS40.  LNCaP cells were treated as 
indicated for 24 hours and total protein was harvested for analysis using Reverse Phase 

Protein Micro Arrays.  The mean expression level +/- SEM (based on arbitrary 
fluorescence units) from RPPM results is shown for each treatment group (n=3). *** = p 

< 0.001. 
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Figure 23: RPPM Analysis of Phosphorylated AMPK.  LNCaP cells were treated as 
indicated for 24 hours and total protein was harvested for analysis using Reverse Phase 

Protein Micro Arrays.  The mean expression level +/- SEM (based on arbitrary 
fluorescence units) from RPPM results is shown for each treatment group (n=3). 

 

Figure 24: RPPM Analysis of Phosphorylated Acetyl-Coenzyme A Carboxylase.  
LNCaP cells were treated as indicated for 24 hours and total protein was harvested for 

analysis using Reverse Phase Protein Micro Arrays.  The mean expression level +/- 
SEM (based on arbitrary fluorescence units) from RPPM results is shown for each 

treatment group (n=3). *** = p < 0.001, ** = p < 0.01, * = p < 0.05. 
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Figure 25: RPPM Analysis of Cell Cycle Proteins.  LNCaP cells were treated as 
indicated for 24 hours and total protein was harvested for analysis using Reverse Phase 

Protein Micro Arrays.  The mean expression level +/- SEM (based on arbitrary 
fluorescence units) from RPPM results is shown for each treatment group (n=3).  *** = p 

< 0.001.   

 

Our earlier findings suggested that increased inhibition of cell cycle progression 

might also partially explain the synergistic inhibition of proliferation/survival we observed 

after RAD001 and BEZ235 combination treatment.  Analysis of our RPPA findings 

corroborate that suggestion, as proteins that lead to cell cycle progression (such as 

CDK2, Cyclin B1 and Cyclin D1) decreased upon exposure to the drugs, with BEZ235 

and the combination treatment in general demonstrating the largest effects (for CDK2 

and Cyclin B1, p < 0.001 vs. control for both BEZ235 and combination)(Figure 25).  In 
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contrast, the inhibitory cell cycle protein p27/ Kip1 is present at significantly elevated 

levels (p < 0.001) when cells are treated with the RAD001 and BEZ235 combination vs. 

control or either drug alone.  Recent studies have shown that phosphorylation of p27 by 

AMPK leads to its cytosolic retention and stabilization, and that this cytoplasmic 

retention activates autophagy and protects from apoptosis (Liang, Shao et al. 2007; 

Short, Houston et al. 2008).  Unfortunately, our results cannot determine whether the 

elevated p27 observed in our study is cytoplasmic or nuclear, but given our observations 

of reduced AMPK activity and lack of any apoptosis, further study of this relationship 

may yield interesting findings.   

4.2.3 The Effect of BEZ235 and RAD001 on Translation Initiation 

Since TORC1 phosphorylation of 4E-BP1 disrupts the binding of 4E-BP1 to 

eIF4E, we ascertained whether the 4E-BP1 hypophosphorylation caused by the 

combination of BEZ235 and RAD001 resulted in increased eIF4E binding and the 

inhibition of protein translation.   

4.2.3.1 Binding and Phosphorylation of eIF4E 

We performed co-immunoprecipitation experiments of eIF4E using antibodies 

directed against total 4E-BP1 (Figure 26A).  In concordance with detected levels of p4E-

BP1 in Figure 14, there were increased levels of eIF4E co-immunoprecipitated with 4E-

BP1 following treatment with both BEZ235 and RAD001 as compared to treatment with 

either drug alone.  This increase is not attributable to changes in the levels of total eIF4E 

as total eIF4E levels were relatively stable in each of the different treatment conditions 

(Figure 26B).  Additionally, the combination of RAD001 and BEZ235 markedly reduced 

the levels of eIF4E S209 phosphorylation.  The consequences of eIF4E S209 
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phosphorylation are not completely understood, but recent work has shown that 

mutations blocking this phosphorylation site abrogate the oncogenic potential of eIF4E 

overexpression in transgenic mice (Furic, Rong et al. 2010).   

 

Figure 26: 4E-BP1 Binding and Phosphorylation of eIF4E After Treatment with 
RAD001 and BEZ235. (A) Co-Immunoprecipitation of eIF4E was performed on lysates 

of LNCaP cells treated with 1X EC50 RAD001 and/or BEZ235 by using antibodies 
directed at 4E-BP1 as described in Materials and Methods.  A Western blot of protein 

eluted from the pull-downs using an antibody toward total eIF4E shows increased eIF4E 
bound to 4E-BP after treatment with RAD001 and BEZ235 than control or treatment with 
either drug alone.  (B) A Western blot of total and pS209eIF4E on lysates of LNCaP cells 
treated with either RAD001 and BEZ235 at various multiples of EC50 concentrations and 

times.  Tunicamycin was used as a positive control at 2.5 µM. 

 

4.2.3.2 Polysome Profile Analysis 

Since the combination of mTORC1 and mTORC2 inhibition caused by RAD001 

and BEZ235 leads to increased binding, and presumably inhibition of eIF4E, we next 

sought to determine how the dual inhibition of mTORC1 and mTORC2 in our 
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experiments affects the overall rate of translation initiation.  Polysome fractionation 

analysis is a technique that can be used to measure the occupancy of mRNAs by 

ribosomes by freezing translating ribosomes in place on mRNAs with cycloheximide and 

then separating polysomes and monosomes by size on a sucrose gradient.  This 

technique can be used to give a picture of overall cap-dependent translation initiation in 

cells by comparing the ratio of monosomes to polysomes.   

We performed polysome fractionation on PC3 cells after treatment with various 

doses and combinations of RAD001 and BEZ235 (Figure 27).  The combination of EC50 

RAD001 and BEZ235 caused strong inhibition of the formation of polysomes and an 

increased monosome-to-polysome ratio, indicating decreased levels of cap-dependent 

translation initiation.  Similarly, EC90 BEZ235 (80.5 nM) was able to decrease translation 

initiation at a level similar to the combination of the EC50 RAD001 + BEZ235 

combination.  In contrast, neither low dose BEZ235 nor RAD001 monotherapy at either 

EC50 or EC90 (5.31 nM) doses was able to strongly suppress polysome formation.  Thus, 

the combination of RAD001 and BEZ235 at low pharmacological doses results in a 

greater reduction of p4E-BP1, increased binding of eIF4E by 4E-BP1, and decreased 

translation initiation compared to either drug alone.   
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Figure 27: Polysome Profile Analysis of PC3 Cells Treated with RAD001 and 
BEZ235.  Polysomes from PC3 cells treated for 24 hours with low or high dose RAD001 

(A), BEZ235 (B), or EC50 doses of both were analyzed as described in Materials and 
Methods.  Experiments were repeated 3 times and a representative fractionation profile 
is shown.  Arbitrary absorbance units at 260 nm is given on the Y-axis, and the X-axis is 

time of elution which corresponds to Svedberg units.  From left to right peaks indicate 
40S and 60S ribosomal subunits, monosomes, and further peaks indicate increasing 

integer numbers of ribosomes bound to mRNAs.   

 

4.3 Genetic Inhibition of Translation Initiation 

In the previous sections, we have shown a cytotoxic synergy in prostate cancer 

cell lines by inhibiting mTOR and PI3K with RAD001 and either LY294002 or BEZ235. 

While these drug combinations have differing effects on phosphorylation of AKT, they 
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both show greater decreases in the phosphorylation of 4E-BP1 than are achievable with 

similar doses of either drug alone.  Furthermore, the RAD001 and BEZ235 combination 

greatly increases eIF4E binding by 4E-BP1 and decreases eIF4E phosphorylation and 

the formation of actively translating polysomes.  Based on this evidence, we sought to 

test whether or not 4E-BP1 could be a major downstream modulator of the synergy 

effect.   
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Figure 28: Knockdown of 4E-BP1 Blocks the Protective Effect of MYC from 
Rapamycin in Transformed Prostate Epithelial Cells.  Propidium iodide cytotoxicty 
assays (described in Materials and Methods) conducted in LHMB-AR cells (prostate 

epithelial cells transformed by overexpression of hTERT, SV40 Large T, p110, Androgen 
Receptor, and c-MYC) show that knockdown of 4E-BP1 increases susceptibility to 

rapamycin (used with permission from Balakumaran, Porrello et al. 2009). 

 

4.3.1 The Effect of 4E-BP Knockdown on RAD001 and BEZ235 
Sensitivity 

In a previous study published by our laboratory, MYC overexpression was shown 

to be a resistance factor to RAD001 in a transformed prostate epithelial cell line 

(Balakumaran, Porrello et al. 2009; Balakumaran, Herbert et al. 2010).  Furthermore, the 

protective ability of MYC was blocked by the knockdown of 4E-BP1 (Figure 28). 

In light of these findings and the evidence presented earlier of suppressed 

translation and 4E-BP1 hypophosphorylation in prostate cancer cell lines, we tested 

whether knockdown of 4E-BP1 might affect cell sensitivity to RAD001 and BEZ235.  We 
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hypothesized that if 4E-BP1 was a mediator of resistance to mTORC1 inhibition as it 

was in the earlier MYC study, then PC3 and LNCaP cell lines with 4E-BP1 knocked 

down should exhibit increased sensitivity.  On the other hand, if knockdown decreased 

the pool of 4E-BP1 to a level where there was insufficient hypophosphorylated 4E-BP1 

to inhibit eIF4E, then cells should show decreased sensitivity to RAD001 and BEZ235.  

As is often the case in research, neither hypothesis turned out to be correct, and the 

knockdown of 4E-BP1 in LNCaP and PC3 cells had little, if any, effect on cell sensitivity 

to RAD001 and BEZ235 (Figures 29).  

The finding that knockdown of 4E-BP1 had little effect on cell survival was 

surprising given the amount of circumstantial evidence we have gathered that implicates 

4E-BP1 hypophosphorylation as a modulator of translation initiation after drug treatment 

with RAD001 and BEZ235.  Nevertheless, there is a possible explanation if one 

considers that the limiting step in translation initiation is thought to be the availability 

eIF4E.  In a normal state nearly all the 4E-BP1 in prostate cancer cells is 

hyperphosphorylated, and several groups attempting to influence eIF4E activity through 

the transgenic overexpression of 4E-BP1 have found across a variety of cellular contexts 

that the over-expressed 4E-BP1 is almost completely hyperphosphorylated and has 

almost no effect on translation (personal communications).  In fact, this has led several 

groups to favor non-phosphorylatable 4E-BP1 mutants when attempting to block eIF4E 

function (Yang, Brunn et al. 1999; Li, Sonenberg et al. 2002; Jiang, Coleman et al. 

2003). 

Therefore, it stands to reason that even small amounts of hypophosphorylated 

4E-BP1 could still be sufficient to inhibit eIF4E function and that residual pools of 4E-
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BP1 left after knockdown may be able to mask the effect of the knockdown on cell 

survival.  Additionally, eIF4E phosphorylation does not depend on mTOR or 4E-BP1 and 

is inhibited by the combination treatment of RAD001 and BEZ235.  Based on these 

possibilities, we decided to try another tactic to assess the importance of 4E-BP1 as a 

mechanism of synergy in our model; namely, over-expressing a non-phosphorylatable 

mutant form of 4E-BP1.   

4.3.2 Creation of Inducible 4E-BP mutant cell lines 

As described in the Materials and Methods, we obtained a myc-tagged wild type 

4E-BP1 and a mutant 4E-BP1 construct with its five phosphorylation sites mutated to 

alanines (Yang, Brunn et al. 1999), and we cloned this construct into a Tet-On inducible 

retrovirus.  After making several polyclonal cell lines and testing them for induction, we 

selected one to use in clonogenic survival assays.  As shown in Figure 30, doxycycline 

leads to expression of the myc-tagged transgenes that run on Western blots at a larger 

size than the endogenous 4E-BP1.  Additionally, because hypophosphorylated isoforms 

of 4E-BP1 run at a smaller size than hyperphosphorylated forms, on can see that the 5A 

mutant is non-phosphorylated and nearly all the induced wild type 4E-BP mutant is 

hyperphosphorylated, confirming what others have observed. 
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Figure 29: Knockdown of 4E-BP Does not Significantly Effect Sensitivity to 
RAD001 and BEZ235 in LNCaP and PC3 Cells.  Propidium iodide cytotoxicity assays 

of PC3 and LNCaP cells with stable 4E-BP1 knockdown conducted as described in 
Materials and Methods.  Doses of RAD001, BEZ235, or both are given on the X-axis, Y-

axis shows propidium iodide staining of total DNA normalized to untreated cells from 
each cell line.  Knockdown of 4E-BP1 shows no significant effect on susceptibility of 

cells to RAD001, BEZ235, or the combination.    
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Figure 30: Western Blot Showing Transgenic Cell Lines Are Capable of 4E-BP 
Induction.  PC3 cells were stably infected with Tet-On retrovirus expressing myc-tagged 
wild type 4E-BP1, 5A-mutant 4E-BP1, or Luciferase.  Cells were grown in the presence 

or absence of 500 ng/mL doxycycline for 48 hours and total protein was harvested.  
Western blots of protein for MYC tag (green) or total 4E-BP (red) show the presence of 

both tagged and endogenous 4E-BP after doxycycline treatment.   

 

4.3.3 The Effect of 4E-BP-5A on Survival of PC3 Cells 

If decreased 4E-BP1 phosphorylation after treatment with RAD001 and BEZ235 

is an important mediator of synergy, one would expect that non-phosphorylatable mutant 

4E-BP1 would cause an inhibition of cell survival in a clonogenic assay similar to that 

observed after high dose RAD001 and BEZ235.  This is indeed what occurs, as shown 

in Figure 31.   
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Figure 31: Plating Efficiency of PC3 Cells After Induction of 4E-BP1 Variants.  
Clonogenic Assay showing the plating efficiency (# of clones / total cells plated X 100) of 
PC3 cell lines expressing Luciferase, myc-4E-BP, or myc-4E-BP-5A.  Cells were treated 
as indicated (ND = no drug, Tunicamycin dose = 2.5 µM) for 24 hours concurrently with 
doxycycline induction (500ng/mL) and then maintained in growth media with doxycycline 
for 10-14 days (media and doxycycline were replaced every 48-72 hours).  Values are 
the mean +/- SEM of three separate experiments performed in triplicate (n=9).  Wells 

were initially plated with 200 cells per well.  *** = p < 0.001, ** = p < 0.01. 

The overexpression of wild type 4E-BP1 had no significant effect on survival in 

this assay, but the expression of the 4E-BP1-5A mutant significantly inhibited the 

number of surviving PC3 cell clones compared to both a luciferase-expressing control (p 

< 0.001) and the wild-type 4E-BP (p < 0.01).  These results show that 4E-BP1 

hypophosphorylation can significantly reduce the survival of prostate cancer cells in vitro 

and likely plays an important role in the synergy observed between RAD001 and 
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BEZ235.  Nevertheless, 4E-BP1 hypophosphorylation cannot completely account for the 

effects of the combination of EC90 RAD001 and BEZ235.  Figure 32 shows the data 

from Figure 31 calculated as a survival fraction (normalized to the untreated control for 

each cell line) rather than plating efficiency.  When the baseline effect of 4E-BP1-5A 

expression was taken into account, treatment with 2.5 μM Tunicamycin or the 

combination of EC90 RAD001 and BEZ235 was still able to significantly reduce the 

survival fractions of 4E-BP1-5A cells, despite a significant reduction in survival at 

baseline (p < 0.05 and p < 0.01, respectively).   
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Figure 32: Survival Fraction of PC3 Cells After Induction of 4E-BP1 Variants.  
Clonogenic Assay showing the survival fraction (plating efficiency normalized to 

untreated controls for each cell line) of PC3 cell lines expressing Luciferase, myc-4E-BP, 
or myc-4E-BP-5A.  Cells were treated as indicated (ND = no drug, Tunicamycin dose = 

2.5 µM) for 24 hours concurrently with doxycycline induction (500ng/mL) and then 
maintained in growth media with doxycycline for 10-14 days (media and doxycycline 
were replaced every 48-72 hours).  Values are the mean +/- SEM of three separate 

experiments performed in triplicate (n=9).  Wells were initially plated with 200 cells per 
well.  ** = p < 0.01, * = p < 0.05.
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5 Autophagy 
In Chapter 4, we demonstrated that the combined inhibition of PI3K and mTOR 

with combinations of RAD001 and either LY294002 or BEZ235 showed synergy in 

assays of cell cytotoxicity that measure a combined endpoint of cell proliferation and 

survival.  Further experiments with the RAD001 and BEZ235 combination showed that 

this synergy was accompanied by decreased markers of proliferation, and even short 

exposure to these agents was able to produce irreversible cell death/senescence.  

Nevertheless, we failed to find any evidence of apoptosis.  The absence of apoptosis in 

the presence of cell death prompted the question of whether this drug combination was 

producing autophagic cell death in prostate cancer cells.   

Normally, autophagy is a mechanism by which cells can survive in nutrient 

depleted environments or in the presence of cytotoxic agents, but autophagy can also be 

an alternative mechanism of cell death, termed Type II programmed cell death (Kroemer 

and Levine 2008; Rosenfeldt and Ryan 2009; Wang, Hossain et al. 2010).  In this 

chapter, we will examine whether autophagy occurs in our model system and attempt to 

dissect whether autophagy is acting as a compensatory or harmful response to the insult 

of dual PI3K/mTOR inhibition.   

5.1 Markers of Autophagy 

5.1.1 Western Blots for LC3 Lipidation 

To determine the whether mTOR and PI3K inhibition causes autophagy in our 

cells, the lipidation of Microtubule-Associated Protein Light Chain 3β (LC3β) was 

determined in both LNCaP and PC3 cells after treatment with RAD001, LY294002, 

and/or BEZ235.  Conversion of LC3β-type I to LC3β-type II (lipidated form) occurs during 
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creation of autophagosomes and is a marker for the presence of autophagosomal 

membranes in cells.  Antibodies that preferentially bind to the lipidated form (bottom 

band) can be used in Western blots to look at steady state levels of autophagosomes in 

cells.   

 

Figure 33: Western Blot of LC3 Lipidation After Treatment with RAD001 and 
LY294002.  LNCaP and PC3 cells were treated for 24 hours with either Tunicamycin (2.5 
µM) or EC50 doses of RAD001, LY294002, or both.  Total protein was harvested and 

analyzed using Western blots as described in Materials and Methods.  The lower band 
of LC3 indicates the lipidated form was increased by Tunicamycin, LY294002, or 

RAD001.  Experiments were repeated a minimum of 3 times and representative blots are 
shown.  Split in the blot image indicates a lane removed for clarity and not different blots.   
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Figure 34: Western Blot of LC3 Lipidation After Treatment with RAD001 and 
LY294002.  LNCaP and PC3 cells were treated for 24 hours with either Tunicamycin (2.5 
µM) or EC50 doses of RAD001, LY294002, or both.  Total protein was harvested and 

analyzed using Western blots as described in Materials and Methods. The lower band of 
LC3 indicates the lipidated form was increased by Tunicamycin, BEZ235, or RAD001, 
and that the combination of RAD001 and BEZ235 was more effective than either drug 
alone.  Experiments were repeated a minimum of 3 times and representative blots are 

shown. 

 

As shown in Figure 33, RAD001 and LY294002 drug alone each lead to slightly 

increased LC3β lipidation, but the combination of both did not lead to additional 

increases in LC3β-II versus either drug alone.  Tunicamycin, a potent inducer of 

autophagy, also induced LC3β lipidation in both cell lines.  When treated with RAD001 
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and BEZ235 in combination, LNCaP and PC3 cells did show increased autophagy vs. 

either drug alone (Figure 34).  Our interpretation of this data is that the combination of 

mTORC1, mTORC2, and PI3K inhibition seen with RAD001 and BEZ235 may represent 

a more complete blockade of mTOR activity than seen with RAD001 and LY294002 

treatment, and this increased mTOR inhibition may be responsible for a stronger 

induction of autophagy than the combination of mTORC1 and PI3K inhibition seen after 

RAD001 and LY294002 treatment.   

mTOR is known to directly inhibit autophagy by phosphorylating Ulk1 and is 

thought to be the main effector of PI3K/AKT influence on autophagy pathways (Liang 

2010; Kim, Kundu et al. 2011; Liu, Lin et al. 2011).  As shown by Western blot and 

RPPM data earlier, the combination of RAD001 and BEZ235 produces stronger 

inhibition of mTORC1 activity than either drug alone.  Somewhat paradoxically, the 

decreased activity of AMPK seen in the RPPM analysis after treatment of LNCaP cells 

with RAD001 and BEZ235 hypothetically should reduce autophagy (Kim, Kundu et al. 

2011), but under these conditions, it would appear that the pro-autophagy effect of 

increased mTOR inhibition outweighs the anti-autophagy effects of decreased AMPK 

activity.   

An alternative interpretation of this data is that because LY294002 is a broad 

inhibitor of PI3K, it may be having some off target effects that block autophagy 

(Mizushima, Yoshimori et al. 2010).  While growth factor signaling activates Class I 

PI3K, the Class III PI3K vps34 is important for autophagy induction, therefore LY294002 

may be both inducing and blocking autophagy simultaneously.  While we cannot exclude 

this possibility, because of mTORʼs important role in autophagy induction and the fact 
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that LY294002 by itself does increase LC3β lipidation, we believe the increased 

activation of autophagy seen after RAD001 and BEZ235 compared to RAD001 and 

LY294002 likely is due to increased mTOR inhibition.   

5.1.2 Acridine Orange Staining for Autophagy 

During autophagy, intermediate structures known as autophagolysosomes are 

formed in the cytoplasm and these vesicles have an acidic internal environment.  

Acridine orange is transported into these structures and fluoresces orange when at low 

pH (Paglin, Hollister et al. 2001; Wu, Dang et al. 2006).  Cells stained with acridine 

orange demonstrated an increase in autophagy after RAD001 and BEZ235 combination 

treatment (Figure 35).  Similar to the observations of LC3β lipidation, treatment with 

either RAD001 or BEZ235 alone modestly increases the percentage of cells with high 

orange fluorescence and the combination produces a more pronounced increase.   

Taken together, the increased LC3β lipidation and enhanced acridine orange staining of 

the cells in the presence of the RAD001and BEZ235 combination suggests that 

increased autophagy and/or autophagic cell death may be a potential mechanism 

enhancing the inhibition of proliferation/survival in the presence of both compounds 

together.  

5.1.3 Evidence of Autophagy from Clinical Specimens 

In addition to the in vitro evidence of autophagy presented above, our GSEA 

results of clinical biopsy specimens from the Phase II Trial of RAD001 (Armstrong et al., 

manuscript in preparation; ClinicalTrials.gov Identifier: NCT00887640) showed that 

autophagy pathway genes are among the most highly upregulated gene sets in prostate 

cancer tumor samples in patients with CRPC treated with RAD001 for one month.  
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Additionally, immunohistochemical analysis shows that Beclin-1 staining is significantly 

upregulated in these specimens compared to pre-treatment biopsies (p = 0.0247; Figure 

36).  The implications of increased Beclin-1 staining in vitro on the occurrence of 

autophagy is not entirely clear, however, since the induction of autophagy does not 

require increased levels of Beclin production or its degradation. 

 

Figure 35: Flow Cytometry of LNCaP and PC3 Cells Stained with Acridine Orange.  
LNCaP or PC3 cells were treated with EC50 concentrations of RAD001, BEZ235, or both 

for 24 hours and stained with acridine orange as described in Materials and Methods.  
Stained cells were subjected to flow cytometry and gated for unstained cells and cell 
debris.  The rightward shift observed after combination treatment indicates greater 

presence of autophagolysosomes than in control cells or those treated with either drug 
alone.  Experiments were repeated a minimum of 3 times and representative results are 

shown.   

 

Correlation of decreased Beclin-1 with increased tumor grade has been shown in 

brain neoplasms and some other tumor types, but the abundance of Beclin-1 in tissue is 
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not widely accepted as a reliable indicator of autophagic processes (Martinet, De Meyer 

et al. 2006; Miracco, Cosci et al. 2007; Klionsky, Abeliovich et al. 2008).  Nevertheless, 

in the context of increased markers of autophagy in vitro and increased expression of 

autophagy-related gene sets, the statistically significant increase in Beclin-1 staining 

after RAD001 treatment at least suggests that autophagy may be a resistance 

mechanism to allosteric mTOR inhibitor therapy in CRPC.   

 

Figure 36: Analysis of Beclin-1 IHC Staining in CRPC Tumor Samples Pre- and 
Post- RAD001 Treatment.  Prostate cancer biopsies taken before and after treatment 

with RAD001 for 1 month were stained for Beclin-1 expression, and the intensity of 
Beclin-1 staining was graded by a trained pathologist. Mean staining intensity +/- 95% 

CL is shown. P value was determined by Mann-Whitney test.  Results indicate that 
Beclin-1 staining increased after treatment.  
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5.2 The Effect of Blocking Autophagy on Resistance to mTOR 
Inhibitor Therapies 

As discussed in the Introduction, the role of autophagy in cancer biology is not 

fully understood.  In some circumstances it appears to be protective, but in others, 

autophagy may lead to increased susceptibility to insults (Qu, Yu et al. 2003; Yue, Jin et 

al. 2003; Degenhardt, Mathew et al. 2006; Kim, Mutter et al. 2006; Bruno, Calastretti et 

al. 2007; Mathew, Kongara et al. 2007; Degtyarev, De Mazière et al. 2008; Gaillard and 

Aguilera 2008; Li, Jiang et al. 2008; Wang, Tan et al. 2008; Zhu, Dunner et al. 2009; 

Sini, James et al. 2010; Wang, Hossain et al. 2010; Eum and Lee 2011; Janku, 

McConkey et al. 2011; Kung 2011; Liu, Lin et al. 2011).  In light of the evidence we have 

presented showing that autophagy activation is a) correlated with irreversible cell death 

and b) may also be upregulated after RAD001 treatment in our clinical trial, we decided 

to ascertain whether autophagy is protective or destructive in our model system by 

inhibiting autophagy and reassessing prostate cancer cell susceptibility to mTOR and 

PI3K inhibitors.   

5.2.1 Chemical Inhibitors of Autophagy 

A major strategy for blocking autophagic turnover in cell culture is the application 

of drugs that inhibit autophagy.  The major advantage of chemical inhibition of autophagy 

is convenience when compared to genetic approaches since drugs can be applied and 

removed rapidly and across a variety of cell culture conditions.  The drawbacks to 

chemical inhibitors are that they tend to be fairly non-specific, require high doses, and 

have a variety of off-target effects and toxicity.  They also may not ultimately be as 

effective as knockouts or knockdowns, depending on the context.  
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There are two major classes of drugs designed to block autophagy (Mizushima, 

Yoshimori et al. 2010), Class III PI3K inhibitors and drugs that block autophagosome 

fusion with lysosomes and subsequent acidification.  Class III PI3K inhibitors block 

autophagy in the early stages and prevent accumulation of autophagosomes.  

Lysosomal inhibitors do not prevent the initiation of autophagy, rather they prevent 

autophagosomes from being digested.  As a result they lead to the increased presence 

of autophagosomes and lipidated LC3β, despite decreased autophagic turnover. 

 

 

Figure 37: Dose Response of PC3 Cells to Quinacrine.  Propidium iodide cytotoxicity 
assays were conducted on PC3 cells as described in materials and methods to 

determine the IC50 dose of quinacrine.  In this experiment, final PI staining at 72 hours 
was compared to PI staining at 0 hours to determine fold growth.  Values below the 

dashed blue line indicate cell death.  Data points represent the mean +/- SEM of at least 
3 separate experiments with 3 replicates per experiment (n=18). 
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5.2.1.1 Lysosomal Inhibitors 

Because of their low cost and clinically acceptable side-effect profiles, there has 

been some recent interest in anti-malarial drugs that inhibit the lysosomal acidification 

steps in autophagy such as chloroquine, hydroxychloroquine, and quinacrine.  Several 

groups have demonstrated synergy between this class of inhibitors and pro-autophagic 

stimuli, such as mTOR inhibitors like rapamycin (Degtyarev, De Mazière et al. 2008; 

Kim, Bold et al. 2009; Marceau, Bawolak et al. 2009; Fan, Cheng et al. 2010; Gupta, Roy 

et al. 2010).  The working model for these studies has been that the combination of an 

autophagic stimulus and the cellsʼ inability to digest the resulting autophagosomes may 

lead to metabolic catastrophe.   

We tested whether the combination of quinacrine and RAD001 led to synergy in 

our model—first by determining the concentration of quinacrine required for half-maximal 

inhibition (Figure 37), and then by using stepped multipliers of the EC50 concentrations 

of RAD001 (0.58 nM), Quinacrine (2143 nM) or the combination to determine whether 

there was a greater than additive inhibition (synergy) between the two (Figure 38).  

Though RAD001 and quinacrine were both effective at inhibiting cell survival at the 

highest doses, we failed to find any evidence that the combination of RAD001 and 

quinacrine was any more effective at inhibiting PC3 cell growth than quinacrine alone.   

Our observations that RAD001 was not potentiated by quinacrine contrasts with 

the recent findings of other groups, so we conducted additional experiments to 

determine whether this lack of additive or synergistic response is specific to the 

combination of RAD001 and quinacrine and/or specific to PC3 cells.  As shown in 

Figure 39, the addition of 5 µM hydroxychloroquine makes almost no difference in ability 
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of RAD001 to induce cytotoxicity in any of the prostate cancer cell lines tested (LNCaP, 

VCaP, LAPC-4, PC3, and DU-145) until RAD001 is far outside of its normal dose range 

(16.7 µM).  Based on these findings, it seems that at least in prostate cancer cell lines, 

the inhibition of mTORC1 combined with the inhibition of late-stage autophagy does not 

lead to any deleterious effects on cell proliferation or survival within the first 72 to 96 

hours after treatment. 
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Figure 38: Cell Cytotoxicity After RAD001 and Quinacrine Treatment.  Propidium 
iodide cell cytotoxicity assays conducted on PC3 cells show that RAD001 and quinacrine 

treatment is no more effective at inhibiting cell survival/proliferation than quinacrine 
alone.  The X axis shows stepped ratios of EC50 combinations (EC50 X 20 = 1 X EC50; 

EC50 X 22 = 4 X EC50; etc.).  The Y-axis shows the ratio of growth compared to 
untreated cells.  Data points represent the mean +/- SEM of at least 3 separate 

experiments with 3 replicates per experiment (n=18). 
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Figure 39: The Impact of Hydroxychloroquine on the Sensitivity of Prostate 
Cancer Cell Lines to RAD001.  Propidium iodide cytotoxicity assays showing the 

fraction of cell proliferation/survival relative to untreated controls (Y-axis) of the 
designated prostate cancer cell lines exposed to various concentrations of RAD001 (X-
axis) in the presence or absence of 5 µM hydroxychloroquine (HCQ).  The presence of 
HCQ did not significantly affect the sensitivity of any of the cell lines tested to RAD001.   

 

5.2.1.2 PI3K Inhibitors 

We next devised an experiment to test whether the dose of hydroxychloroquine 

we were using was adequate to bock autophagic turnover, and we also wanted to 

determine if we could inhibit the induction of autophagy by using the Class III PI3K 

inhibitor 3-MA to block hydroxychloroquine-induced accumulation of autophagosomes in 

cells stably expressing a GFP-tagged LC3 (Figure 40).  Using this technique, LC3-GFP 
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is found evenly distributed throughout the cytoplasm in normal cells, but lipidated LC3β-

GFP aggregates to autophagosomes and appears as cytoplasmic punctae in cells 

undergoing autophagy.  We found that hydroxychloroquine was able to induce significant 

accumulation of lipidated LC3-GFP punctae, even at doses an order of magnitude lower 

than those used in conjunction with RAD001.  The addition of 5 mM or 10 mM 3-MA was 

able to inhibit most or all of the LC3 trafficking to autophagosomes observed after 

treatment with hydroxychloroquine at concentrations of up to 1 µM.   

To determine whether chemically inhibiting an early point in the autophagy 

pathway could potentiate the effects of RAD001 cytotoxicity in prostate cancer cells, we 

tested dose-response curves of RAD001 in several prostate cancer cell lines in the 

presence or absence of the Class III PI3K inhibitor 3-MA.  Preliminary results from these 

tests (replicates are from one experiment) are given in Figure 41.  Similarly to our 

observations with hydroxychloroquine, 3-MA did not affect the sensitivity of prostate 

cancer cell lines to RAD001, although there may have been some protective effect of 3-

MA in PC3 cells.   



 

91 

 

Figure 40: Fluorescent Microscopy of LNCaP Cells Expressing LC3-GFP and 
Treated with 3-MA and Hyrdoxychloroquine.  LNCaP cells stably expressing GFP-

tagged LC3 were treated for 48 hours with hydroxychloroquine and/or 3-MA as indicated.  
Aggregation of GFP punctae after HCQ treatment indicates autophagosome 
accumulation.  Addition of 3-MA reduces or blocks LC3-GFP accumulation.  

Representative fields are shown. 
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Figure 41: Preliminary Results on the Impact of 3-MA on the Sensitivity of 
Prostate Cancer Cell Lines to RAD001. Propidium iodide cytotoxicity assays showing 

the fraction of cell proliferation/survival relative to untreated controls (Y-axis) of the 
designated prostate cancer cell lines exposed to various concentrations of RAD001 (X-

axis) in the presence or absence of 5 mM 3-MA. The presence of 3-MA did not 
significantly affect the sensitivity of any of the cell lines tested to RAD001. 

 

The results of Figure 40 indicate that the doses of hydroxychloroquine and 3-MA used in 

our experiments with RAD001 are adequate to inhibit autophagy, and the preliminary 

results shown in Figure 41 suggest that autophagic turnover is not an important survival 

mechanism in prostate cancer cells treated with mTORC1 inhibitors.   
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5.2.2 Genetic Inhibition of Autophagy 

Chemical inhibitors of autophagy are notoriously non-specific, and in our 

experience, the doses required to block autophagy are frequently toxic to cells (data not 

shown).  In order to rule out these off-target effects, we also decided to use genetic 

knockdowns to examine the role of autophagy as a possible resistance mechanism in 

our model of prostate cancer cells.  Beclin-1 is an important autophagy gene that 

controls the nucleation of the autophagosomal membrane, and several studies have 

used RNAi approaches targeting Beclin-1 to inhibit autophagy (Yue, Jin et al. 2003; 

Miracco, Cosci et al. 2007; Gaillard and Aguilera 2008; Kundu and Thompson 2008; 

Levine and Kroemer 2008; Tasdemir, Galluzzi et al. 2008).   

5.2.2.1 Beclin-1 Knockdown 

In order to block autophagy induction in our model system, we created a Beclin-1 

knockdown PC3 cell line using lentiviral-delivered shRNA sequences from the Broad 

Institute RNAi Consortium (listed in Table 2).  As shown in Figure 42, we were able to 

achieve a stable 90% knockdown using the C3 shRNA sequence compared to a 

scrambled control.  Despite the significant knockdown in available Beclin-1 protein, we 

were not able to significantly reduce the lipidation of LC3β in knockdown cell lines 

(Figure 43).  As can be seen from Western blots of polyclonal cell lines expressing the 

C3 and C4 Beclin-1 shRNA clones, the amount of lipidated LC3β is not appreciably 

different after Tunicamycin or RAD001 + BEZ235 treatment versus the wild type or 

shScramble PC3 cells.   

One concern was that puromycin, the antibiotic used to select the polyclonal cell 

lines, may activate autophagy by causing premature termination of translating peptides 
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and therefore trigger UPR-related autophagy.  As shown in Figure 43, puromycin does 

indeed induce strong autophagy in non-resistant wild type cells, but it does not induce 

significant LC3β lipidation in cells expressing a puromycin resistance gene (all of the 

shRNA and shScramble lines).   

 

Figure 42: Beclin-1 Knockdown in PC3 Cells.  Wild-type PC3 cells were infected with 
lentiviral constructs expressing one of more shRNA sequences to Beclin-1 as described 
in Materials and Methods.  Drug-selected polyclonal cell lines were tested for Beclin-1 
expression using Western blots (Top), and the constitutive expression of Beclin-1 for 

each cell line was quantified relative to the shScramble control cell line (Bottom).   
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Figure 43: Beclin-1 Knockdown Does Not Block LC3β  Lipidation.  (Top) Western 
blot of polyclonal PC3 cell lines expressing C3 and C4 Beclin-1 shRNA clones.  Cells 

were treated for 24 hours with either Tunicamycin (2.5 µM) or EC90 RAD001 + BEZ235 in 
the presence or absence of Puromycin selection (1µg/mL).  (Bottom) Quantification of 
LC3 lipidation.  Y-axis shows percentage of lipidated LC3 compared to control.  X-axis 

numbers correspond to lane numbers in the above blot.  Data indicate that despite 
Beclin-1 knockdown, no significant decrease of LC3 lipidation was achieved.   

 

Even though a stable 90% knockdown of Beclin-1 is insufficient to reduce LC3β 

lipidation in PC3 cells, we decided to test whether it has any impact on cell sensitivity to 

cytotoxicity from RAD001 an BEZ235.  As shown in Figures 44-46, there is no 

appreciable difference in the sensitivity of Beclin-1 knockdown cell lines to RAD001, 

BEZ235, or the combination.   
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Figure 44: Effect of Beclin-1 Knockdown on Sensitivity to RAD001.  Drug 
cytotoxicity assays performed on polyclonal PC3 cell lines expressing C3 and C4 Beclin-

1 shRNA clones show no change in sensitivity to RAD001.  Y-axis shows the growth 
ratio vs. untreated for each cell line.   

 

Figure 45: Effect of Beclin-1 Knockdown on Sensitivity to BEZ235.  Drug 
cytotoxicity assays performed on polyclonal PC3 cell lines expressing C3 and C4 Beclin-

1 shRNA clones show no change in sensitivity to BEZ235.  Y-axis shows the growth 
ratio vs. untreated for each cell line. 
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Figure 46: Effect of Beclin-1 Knockdown on Sensitivity to RAD001 and BEZ235.  
Drug cytotoxicity assays performed on polyclonal PC3 cell lines expressing C3 and C4 

Beclin-1 shRNA clones show no change in sensitivity to the RAD001 and BEZ235 
combination.  Y-axis shows the growth ratio vs. untreated for each cell line.  X-axis 

shows the log2 (n) * EC50 concentrations of each drug (0 = 1X EC50; 3 = 8X EC50; etc.).   

 

5.2.2.2 Atg7 Knockdown 

Given the widespread use of RNAi to target Beclin-1 in the literature, it was 

surprising that a 90% knockdown in PC3 cells in our experiments was neither able to 

block LC3β lipidation nor have any effect on cell sensitivity to cytotoxic stimuli that 

strongly induce autophagy.  There are some rare reports in the literature of a Beclin-

independent autophagy pathway that relies on the presence of Atg7 (Scarlatti, Maffei et 

al. 2008; Scarlatti, Maffei et al. 2008).  Atg7 is another important autophagy gene that is 

directly involved in the lipidation of LC3β by Atg3 as well as the conjugation of Atg5 and 

Atg12 (Levine and Kroemer 2008).   

 



 

98 

 

Figure 47: Knockdown of Atg7 in PC3 Cells. Wild-type PC3 cells were infected with 
lentiviral constructs expressing shRNA sequences to Atg7 as described in Materials and 

Methods.  Drug-selected polyclonal cell lines were tested for Atg7 expression using 
Western blots (Top), and the constitutive expression of Atg7 for each cell line was 

quantified relative Actin and the shScramble control cell line (Bottom).  Volume 
designation indicates the amount of high titer lentivirus used to infect the cells (surrogate 

for MOI).  Data indicate approximately 80% knockdown after infection with 2 µL Atg7 
sh84 construct.   

 

RNAi directed at Atg7 is also commonly used in the literature to block autophagy, 

so we decided to knockdown Atg7 and see if this approach would inhibit autophagy.  As 

shown in Figure 47, we were able to cause an approximately 80% knockdown using the 

Atg7 shRNA-84 clone.  Nevertheless, as shown in Figure 48, this level of knockdown 

was insufficient to block lipidation of LC3β.  Likewise, the knockdown of Atg7 had no 
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effect on sensitivity to cytotoxicity caused by RAD001, BEZ235, or the combination 

(Figures 49-51).   

That an Atg7 knockdown of 80% was insufficient to inhibit LC3β lipidation or 

effect sensitivity to RAD001 and BEZ235 is unexpected.  There is only one report of 

Atg7-independent autophagy in the literature, and in that case, LC3β was not lipidated 

and autophagy had to be assessed using electron microscopy (Nishida, Arakawa et al. 

2009).  

 

Figure 48: Effect of Atg7 Knockdown on LC3β  Lipidation in PC3 Cells.  Polyclonal 
PC3 cell lines expressing shAtg7-84, shBECN-C3, or shScramble were treated with 

Tunicamycin (2.5 µM) or EC90 RAD001 + BEZ235 as indicated and examined by 
Western blot for Atg7 and LC3β lipidation.  Blots shown are from matched samples 

aliquoted, electrophoresed, and blotted simultaneously.  Results show that LC3 lipidation 
is not reduced by Atg7 knockdown.   
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Figure 49: Effect of Atg7 Knockdown on Sensitivity to RAD001.  Drug cytotoxicity 
assays performed on polyclonal PC3 cell lines expressing the Atg7-84 shRNA clone, C3 
Beclin-1 shRNA, or shScramble show no change in sensitivity to RAD001.  Y-axis shows 

the growth ratio vs. untreated for each cell line. 

 

Figure 50: Effect of Atg7 Knockdown on Sensitivity to BEZ235.  Drug cytotoxicity 
assays performed on polyclonal PC3 cell lines expressing the Atg7-84 shRNA clone, C3 
Beclin-1 shRNA, or shScramble show no change in sensitivity to BEZ235.  Y-axis shows 

the growth ratio vs. untreated for each cell line. 
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Figure 51: Effect of Atg7 Knockdown on Sensitivity to RAD001 and BEZ235.  Drug 
cytotoxicity assays performed on polyclonal PC3 cell lines expressing the Atg7-84 

shRNA clone, C3 Beclin-1 shRNA, or shScramble show no change in sensitivity to the 
combination of RAD001 and BEZ235.  Y-axis shows the growth ratio vs. untreated for 
each cell line.  X-axis shows the log2 (n) * EC50 concentrations of each drug (0 = 1X 

EC50; 3 = 8X EC50; etc.). 

 

5.2.2.3 Atg7/BECN1 Dual Knockdown 

In the only report of Atg7-independent autophagy, the occurrence of Atg7-

independent autophagy was dependent on the presence of Beclin-1 (Nishida, Arakawa 

et al. 2009).  Since we found no reports in the literature of autophagy that occurred 

independent of both Beclin-1 and Atg7, we decided to make a double knockdown cell 

line in an attempt to answer the question of whether autophagy acts as a resistance 

factor to mTOR and PI3K inhibition.  As shown in Figure 52, the double knockdown had 

little effect on LC3β lipidation under normal conditions, despite stable knockdown of both 

Beclin-1 and Atg7 (Figure 53).  
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In these experiments, we also added hydroxychloroquine to prevent the turnover 

of autophagosomes in an attempt to rule out the possibility that differences in autophagic 

flux between the knockdowns and controls were being masked by excess capacity for 

the rapid turnover of autophagosomes.  Autophagic flux is a term used to denote the 

overall quantity of cellular contents that enter into autophagy and are digested in a given 

time window.  In the presence of hydroxychloroquine, it appears that there may be a 

marginal difference in autophagic flux between the Atg7/BECN knockdown cells and the 

shScramble control.  It should also be noted that when we first tested the double 

knockdown cell line immediately after drug selection, we did observe about a 60% 

reduction in the amount of lipidated LC3β (data not shown).  The effect was unstable, 

since it largely disappeared upon subsequent testing after the cell line was expanded 

sufficiently to permit functional assays (shown in Figure 52).   
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Figure 52: The Effect of Double Knockdown of Atg7 and BECN1 on LC3β  
Lipidation in PC3 Cells.  Polyclonal PC3 cell lines expressing shScramble, shBECN-

C3, or both shBECN-C3/shAtg7-84 were treated with Tunicamycin (2.5 µM) or EC90 
RAD001 + BEZ235 in the presence or absence of hydroxychloroquine (5 µM) as 

indicated and examined by Western blot for LC3β lipidation (Top).  Quantification of the 
blot is shown (Bottom) with the Y-axis showing fold expression relative to untreated 

shScramble cells and normalized to Actin.  Hydroxychloroquine increases LC3 lipidation, 
but knockdown of Atg7 and/or Beclin-1 do not block LC3 lipidation.   
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Figure 53: Maintenance of BECN1 and Atg7 Knockdown in Stable Cell Lines.  The 
expression of Beclin-1 and Atg7 was determined by Western blot (Left: blots; Right:  

quantification of blot relative to Actin and normalized to Atg7 or BECN in the shScramble 
cell line) in the presence or absence of hydroxychloroquine (5 µM).  Results show that 

double knockdown PC3 cell lines maintain > 80% knockdown of Beclin1 and > 60% 
knockdown of Atg7.   

 

Because of the initial result that showed decreased LC3β lipidation and the 

possible marginal impairments in autophagic flux, we decided to proceed with clonogenic 

assays of the double knockdown cell line to see if there were any effects on survival after 

treatment with RAD001 and BEZ235 (Figure 54).  As expected, the shScramble cell line, 

shBECN-C3 cell line, and shBECN/shAtg7 double knockdown cell line all showed 

significantly reduced survival after EC90 RAD001 and BEZ235 treatment (p < 0.001 for 

all).  Furthermore, no significant differences in the surviving fraction of cells were 

observed between corresponding treatment groups in the difference cell lines except for 

one: interestingly, the double knockdown cell line displayed significantly better survival 

after treatment with tunicamycin than the Scramble control (p < 0.05).   
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Figure 54: Clonogenic Survival Assays of Autophagy Gene Knockdown PC3 Cell 
Lines.  PC3 Cell lines expressing shScramble, shBECN-C3, or shBECN-C3/shAtg7-84 

were treated for 24 hours with Tunicamycin (2.5 µM), EC90 RAD001, BEZ235, or the 
combination and then drug-free media was added.  Y-axis shows the survival fraction for 

each treatment group relative to the untreated control for that cell line.  * denotes p < 
0.05; *** denotes p < 0.001.   

 

The data presented in Figure 54 demonstrate that, at least after tunicamycin 

treatment, PC3 cells can undergo cell death driven by autophagic processes and not 

merely correlated with autophagy. There are several instances in the literature of 

autophagy inhibition leading to increased resistance to cell stressors, and there is an 

established link between autophagic and apoptotic pathways, mediated in large part by 

anti-apoptotic Bcl-2 family members and Beclin-1.  Several groups have found that Bcl-2 
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can bind Beclin-1 at the ER membrane and inhibit autophagy (Kim, Mutter et al. 2006; 

Yo, Shieh et al. 2009; Liang 2010; Zhou, Yang et al. 2011).  Bcl-2 plays an anti-apoptotic 

role in large part by inhibiting Bax at the mitochondrial membrane, so it is possible that 

by inhibiting autophagy and Beclin-1 binding, the double knockdown cells have more 

Bcl-2 available to act as an anti-apoptotic mediator.  In Bax/Bak-/- MEFs, blocking 

autophagy with either 3-MA or by knockdown of Beclin-1 or Atg5 protects cells from 

radiation (Kim, Mutter et al. 2006), but these cells are not capable of normal apoptosis, 

whereas our PC3 cells can undergo apoptosis (Figure 13).  In another study, an inhibitor 

of isoprenylcysteine carboxylmethyltransferase (Icmt) led to autophagic cell death but 

not apoptosis in PC3 cells, and cell survival was significantly enhanced by either 3-MA 

or knockdown of Atg5 (Wang, Tan et al. 2008).  In a follow up study, the same group 

showed that both autophagic cell death and apoptosis in HepG2s caused by the Icmt 

inhibitor was blocked by knockdown of Atg5, and that Atg5-/- MEFs were resistant to 

Icmt inhibitor-induced apoptosis (Wang, Hossain et al. 2010).  

Nevertheless, this interpretation is complicated because in many circumstances, 

blocking autophagy actually increases apoptotic cell death.  In one study of glioblastoma 

U87MG cells, treating cells with an EGF-bound diphtheria toxin caused cell autophagic 

cell death but not autophagy (Thorburn, Horita et al. 2008).  Inhibiting autophagy in those 

cells either through 3-MA or knockdown of Atg5 led to increased apoptosis and cell 

death.  In our cell model, we observed no induction of apoptosis after treatment with 

RAD001 and BEZ235, though we did not look at apoptosis after tunicamycin treatment, 

so no firm conclusions can be drawn about whether the interaction of autophagic and 

apoptotic pathways in the double Atg7/BECN knockdown may be protective against 
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tunicamycin-induced cell death.  Determining whether tunicamycin in our model leads to 

apoptosis and not just autophagy is a clear area for future study.   

Furthermore, the above discussion does not explain why the double knockdown 

of Atg7 and Beclin-1 is protective against tunicamycin and not the RAD001 and BEZ235 

combination.  Both stimuli produce robust autophagic responses in PC3 cells, but while 

there was a marginal decrease in LC3β lipidation in the knockdown cell lines after 

RAD001 and BEZ235 treatment compared to control, there is no such difference after 

tunicamycin treatment (Figure 52).   

Another reason that knockdown of Atg7 and BECN may confer resistance to 

autophagic cell death caused by tunicamycin but not RAD001 and BEZ235 may be that 

they induce autophagy by different means. As has been discussed, mTOR directly 

inhibits autophagy induction through its inhibition of Ulk1 (Kim, Kundu et al. 2011).  

Tunicamycin primarily acts on cells by inhibiting the synthesis of N-linked glycoproteins 

(The_Open_University 2012), which leads to accumulation of improperly processed 

proteins in the ER and activates the unfolded protein response.  One of the important 

roles of autophagy in cells is to compensate for shortcomings in proteasome capacity to 

clear cells of protein aggregates during times of cell stress (Kroemer and Levine 2008; 

Kundu and Thompson 2008; Levine and Kroemer 2008; Farre, Krick et al. 2009; Zhu, 

Dunner et al. 2009; Liang 2010; Rabinowitz and White 2010).  In one study, prostate 

cancer cell lines and MEFs treated with proteasome inhibitors or RNAi knockdown of 

proteasome components accumulated ubiquitinated proteins, increased transcription and 

expression of autophagy proteins Atg5 and Atg7, and displayed increased LC3β 

accumulation (Zhu, Dunner et al. 2009).  In that study, the autophagic response to 
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proteasome inhibitors depended on phosphorylation of eIF-2α but was not dependent on 

ATF-4, though in other studies sustained autophagy depended on continued LC3β 

transcription by ATF-4 (Rzymski, Milani et al. 2009). 

Although activation of the UPR leads to autophagy and both are triggered by 

many of the same stimuli, they are not synonymous (Ding, Ni et al. 2007; Degtyarev, De 

Mazière et al. 2008; Matus, Lisbona et al. 2008; Jiang, Fernandez et al. 2009; Rzymski, 

Milani et al. 2009; Rodriguez, Rojas-Rivera et al. 2010; Bennett, Fleming et al. 2011; 

Siegelin, Dohi et al. 2011).  Treatment of HCT116 colon cancer cells with ER stress 

agents including tunicamycin lead to autophagy and apoptosis, and inhibition of 

autophagy by either siRNA to Beclin-1 or treatment with 3-MA increased apoptosis 

(Ding, Ni et al. 2007).  Nevertheless, in the same study MEFs responded in an opposite 

manner, with autophagy deficient Atg5-/- MEFs showing significantly reduced apoptosis.  

This suggests that the genetic and epigenetic cellular background plays a determining 

role in whether UPR-activated autophagy to identical stimuli is compensatory or harmful.   

Therefore, it is likely that the autophagy stimulated by the strong inhibition of 

mTOR resulting from treatment RAD001 and BEZ235 could be accompanied by very 

different parallel signaling cascades than the autophagy stimulated by the accumulation 

of misfolded proteins in the ER.  It stands to reason that in these differing settings, 

autophagy may take on very different characters, respond to different manipulations of 

signaling cascades, and indeed, perhaps even lead to different cell survival outcomes.  

The idea of autophagy and autophagic cell death as a heterogeneous set of processes 

rather than a single coordinated pathway is clearly an area of future study for medical 
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scientists seeking to exploit autophagic cell death as a therapeutic target in cancer and 

other diseases.   
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6 Additional Discussion 
One of the challenges in treating advanced prostate cancer patients is the 

emergence of resistance to chemotherapy.  We began these studies hoping that the 

application of genomic and proteomic profiling to resistant tumors could identify novel 

therapeutic targets and suggest drug combinations that could overcome cellular 

mechanisms for drug resistance.  Because a majority of patients with advanced prostate 

cancer have PTEN loss and constitutive activation of the PI3K/AKT/mTOR pathway, 

mTOR inhibitors such as RAD001 have been able to generate a great deal of clinical 

interest.  Nevertheless, despite promising preclinical results in vitro and in mouse models 

(Majumder, Febbo et al. 2004), the early results from these trials have not been 

promising in most solid tumors, with many patients progressing in their disease despite 

demonstrable inhibition of the mTOR pathway in tumors.  

The rapid emergence of resistance to mTORC1 inhibitors could occur for many 

reasons.  A subset of tumors could have genetic backgrounds that provide de novo 

resistance to mTORC1 inhibition.  For instance, 20-30 % of patients with advanced 

prostate cancer have MYC amplification in their tumors and our earlier work has shown 

that, at least in vitro, prostate cancer cells over-expressing MYC are more resistant to 

rapamycin (Jenkins, Qian et al. 1997; Nupponen, Kakkola et al. 1998; Mark, Samy et al. 

2000; Balakumaran, Porrello et al. 2009; Balakumaran, Herbert et al. 2010). 

Spontaneous mutations may also arise which block the binding or activity of mTORC1 

inhibitors.  The data from our clinical trial (Figure 5) would seem to refute this as a major 

mechanism of resistance, at least in our patient cohort, because downstream S6 
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phosphorylation was significantly reduced in post-treatment tumor samples, indicating 

preserved mTORC1 inhibition despite the emergence of rapid clinical resistance.    

The fact that resistance to mTORC1 occurs rapidly in almost all patients 

suggests that prostate cancers are able to overcome inhibition of mTORC1 by co-opting 

other cellular pathways.  It is known that feedback mechanisms operating through 

mitogen activated protein kinases (MAPK) play a role in resistance to mTOR inhibition, 

and when used in combination with rapamycin or its analogues, agents that target MAPK 

pathways have been more effective in inhibiting the growth of cells (Carracedo, Ma et al. 

2008; Kinkade, Castillo-Martin et al. 2008).  By disinhibiting upstream IRS-1 activity, 

mTOR inhibition can also lead to the activation of receptor tyrosine kinase signaling 

which can subsequently activate the PI3K pathway upstream of mTOR (Zhang, Li et al. 

2003; O'Reilly, Rojo et al. 2006; Wan, Harkavy et al. 2007).  Under certain conditions, 

rapamycin and its analogues may also inhibit mTORC1 but increase the activity of 

mTORC2, thereby leading to phosphorylation of AKT (Sarbassov, Guertin et al. 2005) 

which could promote cellular proliferation and survival through signaling pathways not 

affected by the blockade of mTOR.  The role of mTORC2 in cancer cell survival is still 

not completely understood, with some groups finding that mTORC2 activity is important 

for prostate cancer development, but other groups finding that AKT S73 phosphorylation 

as a marker of mTOC2 activity is not predictive of tumor cell responses to mTOR 

inhibitors (McDonald, Oloumi et al. 2008; Breuleux, Klopfenstein et al. 2009; Guertin, 

Stevens et al. 2009).   

The possibility that feedback from mTOR inhibition functions as a primary 

mechanism for resistance to mTORC1 inhibitors provided the rationale for the treatment 
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regimens used in this study.  Consistent with this hypothesis, the combination of 

RAD001 and either the PI3K inhibitor LY294002 or the dual PI3K/mTOR BEZ235 

showed cytotoxic synergy in all three prostate cancer cell lines we tested compared to 

any of the drugs alone (Figures 6 & 8). Evidence from clonogenic assays showed that 

the ability of prostate cancer cells to survive and proliferate was irreversibly inhibited by 

24 hour treatment with the RAD001 and BEZ235 combination (Figure 12) and to a 

lesser extent by high dose BEZ235.  In contrast, the treatment of PC3 cells with EC90 

RAD001 (sufficient to block 90% of cell proliferation when cells are maintained in the 

presence of drug) produced no lasting impact on the survival of proliferation-competent 

cells once drug inhibition was removed. 

A large portion of the work presented in this dissertation has been directed 

toward discovering why the combination of mTOR and PI3K inhibition displays synergy, 

i.e. what are the cellular processes and signaling cascades that most closely correlate 

with this effect and which are critical for its manifestation.  The fact that RAD001 

monotherapy is only cytostatic offers at least one clue.   

On the cellular level, the cytotoxic responses we observed correlated strongly 

with reduced markers of cell cycle progression, with decreases in both the S and G2 

phases and increased G1 phase in LNCaP and PC3 cells (Figures 9 & 10).  This was 

also confirmed by the reduction in cell-cycle promoting factors such as cyclin B1, cyclin 

D1, cyclin E and CDK2 as well as an increase in p27/Kip1, an inhibitor of cell cycle 

progression (Figure 25).  The induction of p27/Kip1 was only observed after 

combination treatment, and not in either drug alone, which in particular provides 

evidence that the combination of these agents produces a qualitative difference over the 
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use of the agents alone, rather than quantitative alterations related to the additive effects 

of agents that block the same cellular target.  In addition, a significant reduction was 

observed in the fraction of proliferating cells when treated with 1 X EC50 dose of the 

combination: ~ 75% in PC3 cells and > 90% in LNCaP cells (Figure 11).   

The downstream cellular signaling consequences responsible for the synergistic 

inhibition of cell growth and survival we observed are not fully clear, but we do have 

some strong indicators that point to increased inhibition of translation initiation machinery 

as one mediator of synergy.  One of the major functions of mTOR in cells is the control 

of cap-dependent protein translation, and increased translational inhibition is a potential 

mechanism for the synergy in cell growth and survival inhibition we observed.  Other 

groups have observed that translational inhibition of specific subsets of oncogenic or 

pro-survival mRNAs does occur in conjunction with combinations of TORC1 inhibitors 

and other agents targeting oncogenic pathways (Rajasekhar, Viale et al. 2003; 

Carracedo, Ma et al. 2008).  Our findings suggest that monotherapy with mTORC1 

inhibitors may not be sufficient to block mTOR-mediated control of cap-dependent 

translation initiation.  As expected, the components downstream of mTOR such as S6K, 

S6 and 4E-BP1 were all inhibited to different extents by the treatment combinations used 

in this study, but in general phosphorylation of S6K and S6 were exquisitely sensitive to 

the presence of the inhibitors with the exception of LY294002 in LNCaP cells (Figures 7 

& 14).  Our finding that 4E-BP1 phosphorylation was more resistant to mTORC1 

inhibition than S6K or S6 phosphorylation supports previously published findings from 

other studies (Choo, Yoon et al. 2008).  
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In general the hypophosphorylation of 4E-BP1 correlated with the patterns of 

inhibited cell growth and survival we observed in our study, and the phosphorylation of 

4E-BP1 was significantly decreased by the treatment of cells with RAD001 along with 

LY294002 or BEZ235.  Normally, 4E-BP1 binds to eIF4E and keeps it inactive.  Upon 

phosphorylation of 4E-BP1, eIF4E is released and initiates cap-dependent translation of 

mRNAs, including many that code for growth promoting proteins.  Increased 

hypophosphorylation of 4E-BP1 and increased binding of eIF4E by 4E-BP1 (Figure 14 

& 26) after combination treatment vs. either drug alone suggest that decreased eIF4E 

availability and translation of essential proteins may play a role in the growth inhibition, 

autophagy, and survival inhibition observed in our study.   

Earlier work from our lab demonstrated that knocking down 4E-BP1 in genetically 

transformed prostate epithelial cells lead to increased autophagy after rapamycin 

treatment (Balakumaran, Porrello et al. 2009), and we have observed a similar 

correlation in this study between the extent of decreased phospo-4E-BP1 and the 

presence of autophagy.  Furthermore, our analysis of polysome profiles in PC3 cells 

treated RAD001 and BEZ235 supports this hypothesis (Figure 27), as high dose 

RAD001 treatment did not lead to reductions in polysome formation, whereas high dose 

BEZ235 or low dose combination treatments were able to dramatically reduce polysome 

formation.   Intriguingly, the patterns of polysome suppression we observed seem to 

correlate with the patterns of cell death/senescence observed in our clonogenic assays.   

Perhaps the strongest evidence we have that the inhibition of translation initiation 

is a major factor contributing to the synergy we observed after RAD001 and BEZ235 

treatment comes from our finding that the genetic overexpression of a 4E-BP1 mutant 
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incapable of phosphorylation is able to profoundly inhibit PC3 cell survival in a manner 

similar to high dose RAD001 and BEZ235 treatment (Figure 31).  Nevertheless, there 

may still be other parallel processes at work, as RAD001 and BEZ235 was still able to 

produce significant inhibition even in the presence of the mutant 4E-BP1 (Figure 32).   

eIF4E may have additional roles in oncogenesis other than cap-dependent 

translation initiation.  It is phosphorylated by Mnk1 upon activation by ERK or p38 

MAPK, and phosphorylation of eIF4E promotes the transformation of cells by enhancing 

nuclear transport of mRNAs (Waskiewicz, Johnson et al. 1999; Topisirovic, Ruiz-

Gutierrez et al. 2004).  An in vivo study in mice has shown that the phosphorylation of 

eIF4E at Serine 209 is important for the oncogenic properties of over-expressed eIF4E in 

prostate (Furic, Rong et al. 2010).  Phosphorylation of eIF4E in our study was almost 

completely eliminated when treated with the RAD001 and BEZ235 combination 

compared to either agent alone (Figure 26).  This reduction in eIF4E phosphorylation 

could be another reason the combination treatment of RAD001 and BEZ235 is more 

effective at inhibiting cell growth and survival.  The mechanisms linking RAD001 and 

BEZ235 to the phosphorylation of eIF4E are still unclear, although previous work has 

demonstrated a link between mTORC1 inhibition, upstream activation of PI3K, and 

Mnk1-dependent phosphorylation of eIF4E (Wang, Yue et al. 2007).   

The role of AKT signaling in our model is complicated and not completely 

apparent.  It is known that rapamycin analogues can increase phosphorylation of 

pS473AKT due to increased mTORC2 activity, and additionally, mTORC1 inhibition 

leading to the inactivation of the downstream mTORC1 target ribosomal protein S6 

kinase (S6K) can cause the disinhibition of insulin receptor substrate-1 (IRS-1) and a 
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consequent increase in PI3K activity (Sun, Rosenberg et al. 2005; O'Reilly, Rojo et al. 

2006; Sarbassov, Ali et al. 2006; Wan, Harkavy et al. 2007).  Interestingly, the addition of 

a PI3K-inhibitor did not completely eliminate phosphorylation of this site on AKT.  In fact, 

in LNCaP cells in particular, combining RAD001 with BEZ235 induced a dramatic 

upregulation of AKT phosphorylation on S473 compared to undetectable levels with 

BEZ235 alone, despite a concurrent synergistic inhibition of growth (Figure 7).  These 

results suggest that phosphorylation status at S473 of AKT may not be a reliable 

indicator for the ultimate biological effects of inhibiting the mTOR pathway, as also 

shown recently by another study (Breuleux, Klopfenstein et al. 2009).  

Nevertheless, several investigators have speculated that the combination of AKT 

activation in the setting of mTOR inhibition and autophagy may lead to some kind of 

metabolic catastrophe that may lead to increased tumor cell killing (Bruno, Calastretti et 

al. 2007; Jin, DiPaola et al. 2007).  As we discussed in detail in Chapter 4.2.2.2, 

changes in AKT downstream activity and phosphorylation observed from Western blots 

and RPPM analysis lend support to the idea that the uncoupling of AKT and mTOR 

activity we found may be a factor in the synergy observed after RAD001 and BEZ235 

treatment.   

The role of autophagic cell death in prostate cancer is still controversial (Yang, 

Monroe et al. 2006; Degtyarev, De Mazière et al. 2008; Li, Jiang et al. 2008; Scarlatti, 

Maffei et al. 2008; Bommareddy, Hahm et al. 2009; Chen and Karantza-Wadsworth 

2009; Jiang, Fernandez et al. 2009; Zhu, Dunner et al. 2009; Fan, Cheng et al. 2010; 

Eum and Lee 2011; Zhou, Yang et al. 2011), and a major area of focus in this work was 
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to determine whether the autophagy we observed is a compensatory or harmful process 

for cell survival after PI3K/mTOR blockade.   

Although unable to induce apoptosis (Figure 13), treatment with the BEZ235 and 

RAD001 combination did induce autophagy, as demonstrated by Western blots for LC3β 

lipidation as well as by flow cytometry for the presence of acidic autophagosomes 

(Figures 33-35).  These findings suggest that autophagic cell death and decreased cell 

proliferation may both contribute towards effective inhibition of cell growth by the 

combination.  Our findings presented in Chapter 5 demonstrated very little effect of 

chemical inhibitors of either late-stage or early stage autophagy on the sensitivity of 

prostate cancer cells to RAD001 treatment.  These results contrast with those of other 

groups who have found that, in a variety of contexts, cell stressors that stimulate 

autophagy coupled with inhibitors of late-stage autophagy lead to increased cell killing 

(Degtyarev, De Mazière et al. 2008; Kim, Bold et al. 2009; Marceau, Bawolak et al. 2009; 

Fan, Cheng et al. 2010; Gupta, Roy et al. 2010).  Nevertheless, as shown in Figure 54, 

inhibiting autophagy in the context of different autophagic stimuli can lead to different 

effects on cell survival which could explain the discrepancy between our results.   

Despite efficient knockdown of Atg7 and Beclin-1, two genes supposedly 

essential for autophagy, we were unable to produce a significant and durable impact on 

the lipidation and turnover of LC3β.  Functional assays of cytotoxicity and clonogenic 

survival in these knockdown cells also failed to show any difference between knockdown 

cell lines and controls after RAD001 and BEZ235 treatments.  Our data can be 

interpreted in several ways.  One could look upon the resilience of the autophagy 

process leading to the lipidation of LC3β in PC3 cells as evidence that this process is 
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vital to the survival of these cells in culture.  One could also argue that because the 

lipidation of LC3β was not significantly inhibited by the knockdown of Atg7 and Beclin-1, 

we simply cannot conclude whether or not autophagy is an important mechanism of cell 

death after RAD001 and BEZ235 treatment.  One could conclude that the autophagy 

observed after RAD001 and BEZ235 treatment is a bystander in a cell death process 

being driven by some other important pathway because of our findings that chemical 

inhibitors and genetic knockdowns of autophagy genes had no effect on cytotoxicity after 

mTOR inhibition, yet the knockdowns did reduce tunicamycin-induced autophagic cell 

death.   

Although we do not currently have enough data to conclusively support any of 

these interpretations over the others, we feel that the third interpretation is the most 

likely.  The evidence of strong inhibition cap-dependent translation after RAD001 and 

BEZ235 treatment from polysome fractionation assays (Figure 27) as well as the 

significant decrease in cell survival caused by the expression of a non-phosphorylatable 

4E-BP1 mutant (Figure 31) would suggest, at least in regard to the cell death caused by 

RAD001 and BEZ235, that the inhibition of protein translation is the major driver of 

cytotoxicity and cell death and that autophagy is not a major determinant of cell survival 

outcomes.  

In a related study, Eum and Lee found that rapamycin at low doses (≤ 10 nM; 

near the EC50 from their cytotoxicity experiments) was able to cause a cytostatic cell 

death independent of autophagy in multi-drug resistant Ras-transformed NIH3T3 cells.  

In their model, rapamycin was only able to induce autophagy at much higher doses (≥ 

100 nM), but overexpression of Beclin-1 during 10 nM rapamycin treatment led to 
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significant autophagy and reduced cell survival (Eum and Lee 2011).  They concluded 

that rapamycin may lead to cell death via two pathways: a cytostatic non-autophagic cell 

death pathway and an autophagic death pathway.  Our findings similarly suggest that 

cell death observed after RAD001 and BEZ235 treatment does not depend on 

autophagy and the cell death phenotype we observed also displayed strong signs of 

cytostasis.  It is interesting to speculate whether interference with translation initiation 

also played a major role in the non-autophagic, non-apoptotic cell death they observed in 

their model system.   

 

Figure 55: Summary of Findings with PI3K/mTOR Inhibitors in Prostate Cancer 
Cells. Dual inhibition of mTOR and PI3K by the combination of RAD001 and BEZ235 
leads to cell death through inhibited translation, cytostasis, and possibly the 
dysregulation of the AKT/mTOR signaling axis.  Tunicamycin leads to UPR activation 
and autophagic cell death, but autophagy caused by PI3K/mTOR inhibition does not 
affect cell death.   

The major findings of this dissertation are summarized in Figure 55.  Taken 

together, our observations demonstrate the effectiveness of combination treatments 
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targeting PI3K and mTORC1/mTORC2 in prostate cancer in vitro and hold promise for 

future in vivo and clinical studies.  The ability of this treatment combination to influence 

cell cycle progression, autophagy, and patterns of translation initiation hold particular 

interest as therapeutic targets.  The potential for clinical trials to use this or similar 

combinations for treating advanced prostate cancer in patients who have failed to 

respond to current therapy regimens clearly deserves further study.  In particular, 

therapies targeting protein translation initiation or eIF4E may hold promise.  

Furthermore, approaching autophagic cell death as a heterogeneous phenomenon 

determined by the stimulus rather than pathway may ultimately be a better model for the 

study of autophagy in cancer.   
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