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Abstract 

 

Cytotoxic and Cytostatic Properties of Rapamycin: 

Implications for Antitumor Efficacy 

by 

Paige B. Yellen 

Advisor: Dr. David Foster 

mTOR (mammalian target of rapamycin) is a central regulator of cell growth and 

proliferation.  Frequently dysregulated in cancer cells, it is an attractive therapeutic 

target, named for its first inhibitor, rapamycin.  Low (nanomolar) doses of rapamycin 

treatment inhibit phosphorylation of mTORC1 (mTOR complex 1) substrate, S6 kinase, 

thwarting protein synthesis and subsequently, proliferation.  Though highly potent and 

specific, rapamcyin has lacked clinical success because it lacks universal anti-tumor 

effects and only a fraction of patients respond.   

We have revealed rapamycin as a site-specific, cytotoxic anticancer drug in the 

absence of serum.  Our studies demonstrate that high-dose rapamcyin induces 

apoptosis because it effectively inhibits all phosphorylation sites on 4E-BP1, 

subsequently inactivating eIF4E.  Importantly, we demonstrate that cancer cells are 

resistant to high-dose rapamycin upon 4E-BP1 knockdown, confirming that the drug 

retains its site-specific property regardless of dose.  Furthermore, we show that high-

dose rapamycin irreversibly compromises the integrity of the mTORC1 complex, as it 

pertains to mTOR-raptor association.  We acknowledge the inefficacy of rapamycin in 

cancer cells that activate Akt upon mTORC1 inhibition.  Under these circumstances, an 
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inhibitor of both mTORC1 and mTORC2 complexes is necessary and sufficient to 

induce apoptosis 

Our current study is to further investigate the surprising observation that while 

high-dose rapamycin treatment (indirect inactivation of eIF4E) induces apoptosis only in 

the absence of serum, knockdown of eIF4E (direct inactivation of eIF4E) induces 

apoptosis in both the presence and absence of serum.  Thus, there is a mechanistic 

difference between the indirect and direct inactivation of eIF4E.  

Since high-dose rapamycin treatment also inhibits phosphorylation of S6K and 

does not induce apoptosis in the presence of serum, we reasoned that protection from 

apoptosis induced by high-dose rapamycin could be due to suppression of S6K.  

Consistent with this hypothesis, dual S6K and eIF4E knockdown prevents cell death 

otherwise induced by knockdown of eIF4E alone.  

We hypothesize that simultaneous inhibition of both S6K and eIF4E results in 

coordinate induction of transforming growth factor-β (TGF-β) signaling that is sufficient 

to induce arrest.  This is predicated on prior work in the lab that shows high-dose 

rapamycin causes G1 arrest rather than apoptosis, if and only if, TGF-β signaling is 

intact.  TGF-β mediates a cytostatic response by activation of Smad signaling and 

cyclin-dependent kinase inhibitor (CDK) p27.    

Altogether, these data reveal the complexity of high-dose rapamycin, with 

implications for both cytotoxic and cytostatic effectiveness in the absence and presence 

of serum, respectively.  
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1.1  Mammalian target of rapamycin (mTOR): a central regulator in the cell 

Normal cells respond appropriately to diverse environmental cues, operating via 

tightly controlled signal transduction networks to achieve homeostasis. The protein 

kinase TOR (target of rapamycin) functions as one such environmental sensor. In 

unicellular eukaryotes, such as yeasts, TOR responds primarily to nutrient levels. 

Evolution of multicellular organisms provided TOR with the ability to respond to a 

diverse array of environmental cues, such as hormones and growth factors, which has 

placed this serine/threonine kinase as a central regulator of cellular functions.   

Mammalian TOR (mTOR) complex I (mTORC1) is frequently dysregulated in a wide 

variety of complex diseases, including cancer, diabetes, obesity, aging and neurological 

disorders (Huang and Manning, 2009) (Figure 1.1).  Its subsequent hyperactivity has 

driven the development of an array of mTOR inhibitors (1.6b, 1.7).  The work presented 

here serves to expand the mechanistic attributes of one such potent and specific mTOR 

inhibitor, rapamycin, through investigation of two breast cancer lines, MDA-MB-231 and 

MCF-7. 

 

        

 

 

	
  

aging 

obesity 

neurological disorders 

Figure 1.1 mTORC1 is a central regulator in the cell and is dysregulated in many 
diseases.  

(Adapted from Huang J and Manning B.D., Biochem Soc Trans 2009)  diabetes 
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1.2  mTORC1 and mTORC2 complexes: subunit composition  

mTORC1 is composed of several subunits: mTOR, raptor (regulatory associated 

protein of mTOR), mLST8 (mammalian lethal with SEC13 protein 8, known as GβL) 

(Figure 1.1) and PRAS4 (proline-rich Akt substrate of 40kDa). PRAS40 functions as a 

negative regulator when bound within the complex, dissociating in response to insulin.  

mTORC1 regulates many cellular processes including cell growth, proliferation through 

effectors such as ribosomal protein p70 S6 kinase (S6K) and eukaryotic initiation factor 

4E binding protein-1 (4E-BP1). mTOR also exists in another complex, mTOR complex 2 

(mTORC2) which contains mTOR, rictor, sin1 (stress-activated protein kinase-

interacting protein 1), mLST8 and Protor (Guertin and Sabatini, 2007).  It regulates the 

pro-survival kinase Akt/PKB by phosphorylating it on serine 473 (S473) (Sarbassov et 

al., 2005).  Full Akt activation occurs only upon phosphorylation of S473 which is 

preceded by phosphorylation on threonine 308 (T308) (Alessi et al., 1996) (Figure 1.4). 

Thus, the readout for mTORC2 activity is phosphorylation at S473. The complete 

composition of mTOR complexes is shown in Figure 1.2 (Boue et al., 2011).  Because 

raptor and rictor are specific to mTORC1 and mTORC2, respectively, they serve as 

signature components and readouts of complex stability.     

 

 
 
 
 
 
 
 
1.3  mTORC1 substrates S6 kinase and 4E-BP1 initiate protein synthesis. 

Figure 1.2 Components of mTOR complexes, mTORC1 and mTORC2 

(Boue et al., Nature Reviews Neuroscience, 2011) 
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The best understood mTORC1 substrates are the S6K and 4E-BP1 proteins, both of 

which are coordinately involved in translation of key mRNAs of proteins required for cell 

cycle progression, and thus cell growth and proliferation (Figure 1.3.1) (Ma and Blenis, 

2009).  As such, mTORC1 is a critical regulator of translation initiation (Coleman et al., 

2004).   
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S6 kinase (S6K)  

S6K activation requires mTORC1-mediated phosphorylation.  In turn, S6K 

phosphorylates its own targets, several of which are involved in protein synthesis (Ma 

and Blenis, 2009). Its most studied substrate, ribosomal protein S6 (S6) is a component 

of the 40S ribosome (Meyuhas, 2008; Meyuhas and Dreazen, 2009).  mTORC1 

mTORC1	
  

Figure 1.3.1 S6 kinase and 4E-BP1 initiate protein synthesis.   
 
mTORC1 phosphorylates 4E-BP1 S6K. Phosphorylation by mTORC1 primes each 
molecule for further phosphorylation events that are required for inhibition or activation of 
4E-BP1 and S6K, respectively.  4E-BP1 phosphorylation liberates eIF4E which is 
recruited into the translation-initiation-factor complex (eIF4F) that includes eIF4A and 
eIF4G. Assembly of this complex promotes translation that is dependent on the 5'-cap 
structure of mRNA. 
 S6K phosphorylates the S6 subunit of the 40S ribosome, which enhances translation of 
mRNAs (representing as many as 200 genes, including components of the translational 
apparatus).  
 
Enhanced protein synthesis allows cell growth and, in turn, cell-cycle progression.  
 
(Adapted from Coleman et al., Nature Reviews Molecular Cell Biology, 2004). 
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phosphorylates S6K on threonine 389 (T389) which is particularly important because 

substitution of this residue with alanine blocks the activation of the kinase domain 

(Dennis et al., 1998).  As such, phosphorylation status on T389 has become a principal 

readout for mTORC1 activity.   

4E-BP1/eIF4E  

Though both S6K and 4E-BP1 regulate translation, only 4E-BP1’s role is well-

elucidated.   4E-BP1 belongs to a family of repressor proteins that bind to eukaryotic-

initiation factor 4E (eIF4E) and inhibit cap-dependent translation. Binding to eIF4E is 

determined by the phosphorylation state of 4E-BP1. Hypo-phosphorylated 4E-BP1 

binds to the eIF4E mRNA cap-binding protein and prevents its assembly into the eIF4F 

cap-binding complex, thereby blocking cap-dependent translation (Beretta et al., 

1996a).  However, in the presence of adequate growth factors, amino acids and energy, 

mTORC1 phosphorylates 4E-BP1, hierarchically on threonine 37 (T37), threonine 46 

(T46), threonine 70 (T70) and serine 65 (S65) (Gingras et al., 2001a; Gingras et al., 

2001c).  In this, its hyper-phosphorylated state, 4E-BP1 releases eIF4E; eIF4E then 

binds to eIF4G and recruits the helicase (eIF4A) which is necessary to unwind and 

inhibitory structure in the 5’ region of mRNA.  Ultimately, a new complex is formed 

(eIF4E/eIF4G/eIF4A) on the 5’ cap which then recruits the 40S ribosome to the 5’ cap to 

form a translation pre-initiation complex.   A general schematic (sufficient for 

understanding our work) is shown in Figure 1.3.2 (Kasinath et al., 2006). 

Thus, S6K is a translational activator and 4E-BP1 is a translational repressor. 
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1.4 mTOR signaling and cancer 

As activation of S6K and 4E-BP1 are well-regulated in normal cells, so it follows 

that growth and proliferation is as well.  The dysregulation of these substrates by hyper- 

or constitutively activated mTOR signaling leads to aberrant growth and proliferation, a 

hallmark of cancer cells.  Hyper-activation can occur by mutations in the 

phosphoinositide 3-kinase (PI3K) signaling pathway which functions upstream of both 

mTORC1 and mTORC2.  Additionally, the loss of tumor suppressor p53 promotes 

mTORC1 activation (Feng et al., 2005). Mutations in genes encoding proteins upstream 

of mTORC1 such as TSC1/2 (tuberous sclerosis complex (TSC) hamartin (1) or tuberin 

(2)) are often mutated which permits constitutive mTORC1 signaling (Choo et al., 2010).  

mTORC1	
  

Figure 1.3.2 Activation of translation initiation by mTORC1: Interaction between 
eIF4E, 4E-BP1, and eIF4G 

In the basal state, eIF4E is held inactive by 4E-BP1-a translational repressor. When a 
stimulus is received for protein synthesis, 4E-BP1 is phosphorylated and dissociates from 
eIF4E. Free eIF4E binds to eIF4G and facilitates onset of the initiation phase of mRNA 
translation.    

(Adapted from Kasinath et al., mRNA Translation: Unexplored Territory in Renal 
Science, 2006) 
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The evidence linking dysregulated mTOR signaling to cancer has generated significant 

interest in targeting the PI3K/Akt/mTORC1pathway for cancer therapy (Figure 1.4). 

 

4E-­‐BP1

P PPP

PI3K

 

 

 

 

 

 

 

 

 

Figure 1.4 mTOR functions both upstream and downstream of Akt.   

Full activation of Akt requires phosphorylation on two sites, T308 and S473.  
Activated Akt facilitates growth (inhibiting TSC2, thus activating mTORC1) 
and survival (ex. inhibiting apoptotic genes, such as FoxO).   

(Adapted from Guertin et al., Cancer Cell, 2007) 
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1.5 4E-BP1/eIF4E is a necessary target for effective mTORC1 inhibition.  

The overall role of mTORC1 in the regulation of mRNA translation is very 

significant because complete inhibition of mTORC1 function significantly reduces rates 

of protein synthesis in proliferating cells (Thoreen et al., 2009). Several studies have 

demonstrated the role of S6K in tumor invasiveness (Skinner et al., 2004; Zhou and 

Wong, 2006).  For instance, Zhou showed that constitutively active S6K increases 

invasiveness in ovarian cancer cells.   Nonetheless, the contribution of S6K and S6 to 

oncogenic action is limited.  In fact, 4E-BP1 appears to promote cell cycle progression 

and cell proliferation independent of S6K.                                                                                                

Much evidence supports dysregulation of protein synthesis at the level of 4E-

BP1/eIF4E as playing a central role in tumor formation.  De-phosphorylated 4E-BP1 can 

inhibit cell growth and reverse the transformed phenotype of eIF4E over-expressing 

cells (Rousseau et al., 1996).  Constitutively active 4E-BP1 mutants (all phosphorylated 

sites mutated to alanine) are not candidates for phosphorylation by mTORC1.  This 4E-

BP1 mutant also blocks myc-induced transformation (myc is an immortalizing gene) and 

prevents tumor growth (Fingar et al., 2004; Fingar et al., 2002; Lynch et al., 2004).  In 

both instances, the 4E-BP1/eIF4E interaction is enhanced; this leads to a decrease in 

cell size and inhibition of cell cycle progression (Fingar et al., 2004).  These data reveal 

that 4E-BP1 is a major cellular effector of mTORC1-driven cell cycle progression and 

cell proliferation. 

While mutating 4E-BP1 stalls growth, deleting 4E-BP1 promotes growth. As 

discussed above, eIF4E is sequestered and permanently held inactive by a mutant 4E-



	
  
	
  

	
  

10	
  

BP1.  By contrast, it is always “free” by absent 4E-BP1.  Otherwise low in normal cells, 

eIF4E levels are over-expressed by loss of 4E-BP1 and translation is dysregulated.  

Mouse embryonic fibroblasts (MEFs) lacking 4E-BP1 resist inhibition of cell cycle 

progression by raptor knockdown (Dowling et al., 2007).  This indicates that mTORC1 

does not directly impact on eIF4E and supports our data (3.10, Figure 3.10).  Such 

over-expression has been shown to promote translation of mRNAs implicated in cell 

growth, proliferation and survival (Mamane et al., 2004).  Over-expression of eIF4E also 

accelerates G1/S-phase progression and confers partial protection from rapamycin 

(Fingar et al., 2004).   

Indeed, eIF4E was the first translation factor shown to cause malignant 

transformation when over-expressed in cultured rodent cells (Lazaris-Karatzas et al., 

1990).  These studies defined eIF4E as an oncogene as it cooperates with myc to 

transform primary embryo fibroblasts (Lazaris-Karatzas and Sonenberg, 1992).  In fact, 

increased eIF4E expression has been associated with tumor formation and progression 

in cancer including leukemia, lymphoma, and cancers of several tissues (breast, colon, 

bladder, lung, prostate).   

Collectively these studies implicate that impairing 4E-BP1/eIF4E complex 

stability plays an important role in cancer by controlling translation of various transcripts 

that promote cell proliferation and tumorigenesis.   
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1.6  Rapamycin 
 

Naturally produced by the bacterium, Streptomyces Hygroscopicus, rapamycin is a 

macrolide antibiotic discovered in Easter Island in the South Pacific.  It was originally 

defined as an antifungal compound in 1975 because it induced G1 cell cycle arrest 

(Guertin and Sabatini, 2009) and later found to possess immunosuppressant properties 

(Heitman et al., 1991).  Its broad anti-proliferative properties led to its discovery as an 

inhibitor of S6 kinase phosphorylation at site T389.  Nahum Sonenberg’s group also 

found that rapamycin inhibited phosphorylation of 4E-BP1 (Beretta et al., 1996b).  Only 

later was it found that mTOR phosphorylates S6K; thus, rapamycin was the first defined 

inhibitor of mTOR.   

 

1.6a Mechanism of action 

In contrast to more traditional kinase inhibitors, rapamycin is an allosteric inhibitor of 

mTORC1, working through a gain-of-function mechanism (Figure 1.6a) in which it 

associates with its intracellular receptor, FKBP12 (FK506-binding protein of 12 kDa). 

The resulting complex interacts with the FRB (FKBP12–rapamycin binding) domain, a 

short sequence lying upstream of the carboxyl terminus of mTOR (Guertin D.A. and 

Sabatini D.M., 2009).  Binding of rapamycin–FKBP12 to the FRB domain of mTOR 

disrupts the association of mTOR from raptor, uncoupling mTORC1 from its substrates, 

and subsequently blocking mTORC1 signaling.    

Because FKBP12-rapamycin does not bind to mTORC2 (Jacinto et al., 2004) 

rapamycin is thought to inhibit only mTORC1.  In fact, rictor is an acronym that defines 

its response to rapamycin: (R) rapamycin (I) insensitive (C) companion of (T) TOR.  
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While this holds true for acute treatments, it is worthy to note that Sabatini’s group has 

shown “prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB” 

(publication title within quotations) (Sarbassov et al., 2006).  In agreement, we have 

also generated data showing the loss of Akt phosphorylation at S473 after 48 and 72 

hour rapamycin treatment.  At first glance, this reveals a mechanism that elevates the 

potential for rapamycin as a cancer therapeutic.  But, it may only prove relevant or 

beneficial in some cancer cell types because rapamcyin treatment activates Akt in some 

cells, promoting cell survival (1.6d, 3.2, 3.5, 5.4).  Therefore, elucidating rapamcyin’s 

mechanism of action has implications for clinical efficacy and effectiveness. 

 
 
 

 
 
 

 

 
 
 
1.6b Efficacy   
 

Initial clinical trials in any area of medicine are primarily designed to test efficacy 

(is the drug or device beneficial under ideal conditions?) rather than to test effectiveness 

or relevance (is the drug or device beneficial in everyday practice?).   

Rapamycin 
Figure 1.6a Rapamycin binds to FKBP12 for the FRB domain of mTOR, 
acting as an allosteric inhibitor. 

 (Adapted from Boue et al., Nature Reviews Neuroscience, 2011).  
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 Although rapamycin, clinically known as sirolimus, has demonstrated anti-

proliferative effects and apoptosis in head and neck squamous cell carcinoma (Vivanco 

et al., 2002), overall it has proven only modestly efficacious.  Because it has been 

reported to have poor solubility, several analogs (rapalogs) have been developed and 

are being tested in the clinic. Rapamycin and rapalogs have been approved as 

immunosuppressive agents to blunt organ transplant rejection, in cardiology to reduce 

restenosis following angioplasty, and in oncology to treat renal cell carcinoma or are in 

various stages of clinical trials (Chueh and Kahan, 2005).  In 2007, the Food and Drug 

Administration (FDA) approved the rapalog temsirolimus for the treatment of advanced-

stage renal cell carcinoma, making it the first mTOR inhibitor approved for cancer 

therapy. Recently, the rapalog everolimus was approved for the treatment of tuberous 

sclerosis, an autosomal dominant disorder characterized by hamartomas (benign tissue 

growth resembling a tumor) in various organs, including the brain (Chan et al., 2010).   

Overall, rapamycin and rapalogs have been unsuccessful cancer therapeutics, 

unable to kill cancer cells or stop their growth.  Failure has been attributed to two 

problems: (1) inability to inhibit 4E-BP1 phosphorylation and (2) potential Akt activation.  

Below (1.6c) we describe the research that underlies Problem 1 because it not only sets 

the stage for our initial observation (high doses of rapamycin are cytotoxic) but 

underscores the relevance of our results.     

 

1.6c Rapamyin does not inhibit 4E-BP1 phosphorylation  

Dr. Anne-Claude Gingras found that rapamycin increases the interaction 

between eIF4E and 4E-BP1 by inhibiting 4E-BP1 phosphorylation (Gingras et al., 
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2001b; Grolleau et al., 2002).  As such, it was concluded that rapamycin treatment 

mimics the effects observed by the 4E-BP1 mutant (1.5) (Avdulov et al., 2004; Fingar et 

al., 2002).  The work suggested that the ability of rapamycin to inhibit cancer cell growth 

is in part mediated through the de-phosphorylation of 4E-BP1.       

However, what Gingras actually found was that while rapamycin effectively 

inhibited 4E-BP1 phosphorylation on sites S65 and T70, it did not inhibit 

phosphorylation on sites T37/46.  That rapamcyin only partially inhibits the 

phosphorylation of 4E-BP1 has been well-supported (Feldman et al., 2009; Thoreen et 

al., 2009).  In Figure 1.6c, sites T37/46 are insensitive to rapamycin (Choo et al., 2008).  

The phosphorylation-induced gel shifts of 4E-BP1 are correlative with increases in 

known phosphorylation sites on 4E-BP1.  The data indicates that although 

phosphorylation is inhibited after one hour rapamycin treatment, it re-emerges.  They do 

note that differential inhibition of 4E-BP1 phosphorylation occurs depending on cell type 

(the blot shown below is representative of human embryonic kidney (HEK) cells).  

Already, this suggests a variable mechanism for phosphorylation/de-phosphorylation of 

4E-BP1.  Nevertheless, it is purported that rapamycin can not de-phosphorylate 4E-BP1 

on all sites.   
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Importantly, these results reflect the use of low doses of rapamycin (20nM). As 

aforementioned (1.6), rapamycin was originally found to inhibit S6K activity.   

Phosphorylation at site T389 is blocked universally (in all cell lines tested thus far), 

quickly (minutes) and in low (20 ng/ml) concentrations.  [20ng/ml rapamycin is 

equivalent to 21 nanomolar].  As such, phosphorylation status of S6K is considered a 

solid indicator of rapamycin sensitivity.  As is vital to our investigation, it is important to 

Figure 1.6c Rapamycin does not inhibit all phoshorylation sites on 4E-BP1.   

HEK293 cells were treated with rapamycin fo24, 48 h or ethanol for 48 h.  Lysates from 
rapamycin-treated samples were blotted for the phosphorylation status of 4E-BP1.  The sites 
analyzed were S65, T70, T37/46 and total 4E-BP1.  Gel shifts can be observed in samples 
treated with rapamycin for 24 or 48 h.  The α-β-γ isoforms represent the phosphorylation 
status of 4E-BP1 with α being hypo-phosphorylated and γ being hyper-phosphorylated.  

(Choo et al., PNAS, 2008). 
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note that the same concentrations of rapamycin that have been used to evaluate the 

effect on S6K have been used to evaluate phosphorylation of 4E-BP1.    

Yet, the coordinative activation of S6K and 4E-BP1 is necessary for protein 

synthesis and thus growth and proliferation.  Thus, it is necessary to inhibit 

phosphorylation of both proteins.  It appears that while effectively inhibiting 4E-BP1 is 

challenging, inhibiting S6K activity is easier.  Paradoxically, the inhibition of S6K 

phosphorylation stimulates cell survival in some cancer cells as it activates Akt.  

 
1.6d   Inhibition of S6 kinase phosphorylation stimulates pro-survival kinase Akt 
 

Chronic mTORC1-mediated activation of S6K, as in Tsc1−/− or Tsc2−/− cells  

(Choo et al., 2010) that lack tumor-suppressive function, induces a state of cellular 

insulin resistance by a mechanism termed the ‘negative-feedback loop’ (Harrington et 

al., 2004; Shah et al., 2004). When activated by mTORC1, S6K directly phosphorylates 

the insulin receptor substrate-1 (IRS1), which ultimately leads to reduced signaling to 

downstream PI3K effectors such as Akt, (Carracedo et al., 2008).   It has been shown 

that rapamycin’s potent effect on mTORC1 inhibits this feedback loop.  This is illustrated 

in Figure 1.6d.1.   
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Figure 1.6d.1 Schematic representation of mTORC1 negative-feedback loop with and 
without rapamcyin treatment 

A. mTORC1 activation leads to PI3K inhibition through a negative feedback loop  
stemming from S6K (left panel). 
B. Treatment with mTORC1 inhibitors results in a hyperactive RTK (receptor-tyrosine 
kinase)/IRS-1/PI3K/Akt pathway. 

Activated proteins are represented with blue circles and inhibition status with red squares. 

(Adapted from Carracedo et al., J. Clin. Invest., 2008) 

 

Rapamycin-treatedRapamycin-untreated Rapamycin-treatedRapamycin-untreated
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Data demonstrating this effect is shown below (O'Reilly et al., 2006) (Figure 

1.6d.2).  Rapamycin inhibits S6K activity (western blot shows inhibition of 

phosphorylation of S6K at T389) and results in activation of Akt (western blot shows 

increase in phosphorylation of Akt at S473).  Importantly, the data is similar to our own 

work in MCF-7 cells (Figure 3.5a). 

 

 

 

 

 

 

 

 

 

Thus, the presence of a negative feedback loop in the mTOR pathway may also 

contribute to limit the therapeutic efficacy of rapamycin. The inability to effectively inhibit 

total mTORC1 activity as well as the activation of mTORC2 activity may in part explain 

why rapamycin and rapalogs have failed to perform in anti-cancer clinical trials as well 

as originally hoped (Liu et al., 2009b).  It also promoted the development of a different 

type of mTOR inhibitor.   

 

 

 

Figure 1.6d.2 mTOR inhibition activates Akt in MCF-7 cells. 

1 nmol/L rapamycin treatment induced S473 Akt in vitro in a MCF-7 cancer cell line.  
Phosphorylation of p70/S6K decreased with rapamycin treatment whereas total levels 
of p70/S6K did not change.   

(O’Reilly et al., Cancer Res., 2006)	
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1.7  Second-generation of mTOR inhibitors  

Advantages 

With the rationale that inhibition of both mTORC1 and mTORC2 would have a 

greater impact on cancer cells, came the recent development of ATP-competitive 

mTOR catalytic inhibitors (i.e. Torin1, PP242, Ku-0063794, WAY600, AZD8055) (Liu et 

al., 2009a). These small molecules bind directly to the ATP-binding site in the mTOR 

kinase that is required for the functions of both mTOR complexes, thereby blocking 

phosphorylation of all known downstream targets of mTORC1 and mTORC2 (Chresta et 

al., 2010).  AZD8055 (3.6) is currently in Phase I/II clinical development in patients with 

advanced solid tumors (Chresta et al., 2010). 

As anticipated, these inhibitors do impair cell growth and proliferation in vitro and 

tumor growth in vivo to a much greater degree than rapamycin (Falcon et al., 2011; 

Janes et al., 2010; Yu et al., 2010). Unlike rapamycin (note: low doses), these inhibitors 

completely block 4E-BP1 phosphorylation which results in a stronger inhibition of cap-

dependent translation. Moreover, mTOR kinase inhibitors induce a significantly broader 

transcriptional response compared with rapamycin; many genes with roles in tumor 

biology and metabolism are only affected by complete mTOR inhibition (Wang et al., 

2011).	
   

 
Disadvantages  

It was originally thought that the inhibition of the mTORC2-Akt axis would 

account for the success of these compounds.  Recently an mTOR-specific kinase 

inhibitor, Torin1, was developed in David Sabatini’s lab (Thoreen et al., 2009).  The 

investigators showed that Torin1 was much more effective than rapamycin in inhibiting 
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translation and proliferation. Consistent with the recovery in 4E-BP1 

phosphorylation by rapamycin (Choo et al., 2008, Thoreen et al., 2009), Torin1 was also 

much more effective in de-phosphorylation of 4E-BP1 phosphorylation than rapamycin.  

Surprisingly, even in mTORC2-deficient cells, these inhibitors cause a greater reduction 

in proliferation than rapamycin (Thoreen et al., 2009). It was reasoned that mTOR 

kinase inhibitors may exert their anti-proliferative effects through suppression of 

rapamycin-resistant functions of mTORC1. In effect, this rationale strengthens the 

results in our study (Chapter 3). Firstly, it places an importance on inhibiting all of 

mTORC1 activity (S6K and 4E-BP1) and it also highlights the requirement of high-doses 

in order to do so (3.3, 3.4a).   

Another reason why ATP-competitive inhibitors have not been considered a 

worthy treatment option is due to widespread cytoxicity.  The concentrations that ensure 

efficacy are simply not tolerable to the patient.  Thus, their promising therapeutic 

mechanism observed at the bench is rendered ineffective in the clinic.  In contrast, our 

study demonstrates an important characteristic of rapamycin: its cytotoxic effect is not 

global.  Rapamycin treatment retains its specificity on mTORC1 regardless of dose 

(3.10).     

Altogether, this raises questions: has the mechanism of rapamycin, as a specific 

mTORC1 inhibitor, been fully elucidated?  In turn, has its potential as an anticancer 

agent, been fully exploited?     
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1.8 Project rationale 
 

The information provided thus far characterizes rapamcyin as a cytostatic drug.  

However, previous work in the (Foster) lab demonstrated that rapamycin induces 

apoptosis in several cancer cell lines, albeit at high (µM) doses (Chen et al., 2005; Chen 

et al., 2003; Gadir et al., 2008). Thus, we set forth to determine the mechanism by 

which this occurs with no reservation that the cytotoxicity was due to a global effect on 

the cell (we had also previously shown that high-dose rapamycin had no effect on cells 

with a mTOR kinase-dead mutant).  Our recently published work (Chapter 3) 

establishes that such high doses are required to effectively inhibit all 4E-BP1 

phosphorylation sites.  Knockdown of eIF4E but not 4E-BP1 also caused cell death, 

indicating that high-dose rapamycin is cytotoxic by an indirect effect of inhibiting eIF4E.   

Importantly, this cytotoxic effect occurs only in the absence of serum because in 

the presence of serum, high-dose rapamycin causes a cytostatic effect, with cells 

arresting in G1 (Gadir et al., 2008).  As high-dose rapamycin indirectly inactivates eIF4E 

(Chapter 3), we were surprised to observe cell death upon knockdown of eIF4E in the 

presence of serum.  Curiously, simultaneous knockdown of S6K and eIF4E does not 

cause cell death.  This observation is the basis for the work begun in Chapter 4.  From 

the data in Figure 3.1, it can be deduced that inhibiting S6K is not sufficient to induce 

G1 arrest.  From the apoptotic effect of eIF4E knockdown in serum, it is apparent that 

inhibition of eIF4E is necessary but not sufficient to induce arrest.  Thus, the 

aforementioned observation (knockdown of both proteins does not cause cell death) 
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suggests that both inhibition of S6K and inhibition of eIF4E is necessary to induce 

arrest.   

We hypothesize that dual knockdown of S6K and eIF4E results in coordinate 

induction of transforming growth factor-β (TGF-β) signaling that is sufficient to induce 

arrest.  This is predicated on Gadir’s work that shows high-dose rapamycin causes G1 

arrest rather than apoptosis, if and only if, TGF-β signaling is intact (Gadir et al., 2008).  

TGF-β mediates a cytostatic response by activation of Smad signaling and cyclin-

dependent kinase inhibitor (CDK) p27.    
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Chapter 2 

 

Materials and Methods 
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2.1 Cell culture  

The human breast cancer cell lines MDA-MB-231 and MCF-7 were obtained from the 

American Tissue Type Culture Collection (ATCC) and cultured in Dulbecco’s modified 

Eagle medium (DMEM supplemented with 10% Fetal Bovine Serum (Sigma).  

 

2.2 Antibodies and reagents  

The following antibodies were used: PARP, cleaved PARP, p- P70 S6 kinase T389, P70 

S6 kinase, p-4E-BP1 T37/46, p-4E-BP1 S65, p-4E-BP1 T70, 4E-BP1,p-Akt S473, Akt 

(Cell Signaling); α-actin (Sigma); eIF4E (Santa Cruz Biotechnology). Negative control 

siRNA (Dharmacon), siRNAs targeted against S6 kinase, 4E-BP1, eIF4E (Santa Cruz 

Biotechnology) were purchased. Lipofectamine RNAiMax (Invitrogen) was used for 

transient transfections. Rapamycin and wortmannin were purchased from Calbiochem.  

Insulin was purchased from Sigma. [3H]-thymidine was from Perkin Elmer; the catalytic 

mTOR inhibitor AZD8055 was from Axonblot analysis.   

 

2.3 Cell cycle synchronization and progression  

Cell cycle progression under different concentrations of rapamycin was studied 

using thymidine incorporation assay. Cells were plated, synchronized in M phase using 

nocodazole (Sigma) and then treated with the indicated concentration of rapamycin 

along with[3H]-thymidine (1 mCi/ml, 20 Ci/mMole) (Perkin Elmer) label as described in 

the figure legend. Twenty-four hours later, the cells were washed twice with PBS and 

then precipitated twice with 10% trichloroacetic acid. The precipitates were solubilized 
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in 0.5 ml of 0.5% SDS/0.5 M NaOH solution. The extent of thymidine incorporation was 

quantified using 75µl of sample and 3 ml of scintillation fluid. 

 

2.4 Cell viability 

Cell viability was determined by trypan blue exclusion or by counting viable attached 

cells. For trypan blue exclusion, cells were harvested, washed and treated with trypan 

blue at a concentration of 0.4% v/v. After 5 min, trypan blue uptake (dead cells) was 

scored using a hemocytometer.  

Cell viability was also determined by counting adherent cells 24 h after treatment, using 

a hemocytometer or Coulter counter.  

 

2.5 Microscopy 

Cell images were taken using a Nikon DXM camera on a Nikon Optiphot 2 microscope. 

 

2.6 Protein gel blot analysis  

Extraction of proteins from cultured cells and protein gel blot analysis of extracted 

proteins was performed using the ECL system (Amersham). 

 

2.7 Transient transfection 

Cells were plated in 6-well plates in medium containing 10% FBS. The next day (50% 

confluence), transfections with siRNAs (75nM) in Lipofectamine RNAiMax were 

performed. After 6 h, reagents were replaced with fresh 10% FBS and cells were 

allowed to incubate for an additional 48 h. 
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2.8 Cross-linking assay and immunoprecipitation  

The crosslinking of mTOR with raptor by dithiobis(succinimidyl) propionate 

(DSP) (Sigma) and co-immunoprecipitation was performed.  Quantitative changes 

in protein levels were analyzed by densitometry using Image-Jsoftware. 
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Chapter 3  

 

High-dose rapamycin induces apoptosis in 

human cancer cells by dissociating mTORC1 

and inhibiting 4E-BP1 phosphorylation 

 

 

 

 

 

 

 

 

 

 



	
  
	
  

	
  

28	
  

3.1 High-dose rapamycin treatment establishes critical effect on cell cycle 

progression                                                                                                  

Although it had been initially reported that low doses of rapamycin (nM) were 

sufficient to cause arrest (Albers et al., 1993; Fingar and Blenis, 2004; Neshat et al., 

2001; Podsypanina et al., 2001), subsequent research suggested that the effect only 

delayed progression through the cell cycle (Choo and Blenis, 2009; Choo et al., 2008).  

Previously, we reported that high doses of rapamycin (µM) causes G1 cell cycle arrest 

in the presence of serum (Gadir et al., 2008).  Here, we examined the effect of 

increasing rapamycin doses on progression through S-phase in two breast cancer cell 

lines, MDA-MB-231 and MCF-7 (Figure 3.1).  We synchronized the cells by nocodazole 

treatment, a chemical inhibitor of cell cycle progression in G2/M phase (Jackman and 

O'Connor, 2001). The cells were tested for progression into S-phase (as measured by 

[3H]-thymidine uptake) after collection and re-plating into fresh media with varying 

concentrations of rapamycin for 24 hours.  In MDA-MB-231 cells, we observe a very 

modest reduction in S-phase with rapamycin concentrations up to 200 nM but a 

dramatic reduction upon the high (20 µM) dose.  In contrast, the MCF-7 cells respond 

with substantial reduction of S-phase content with low (20 nM) dose rapamycin.  

Altogether, complete G1 arrest (corresponding to substantial reduction of S-phase) 

occurs at 20µM in both cell lines.  The data indicate that while low doses of rapamycin 

retard progression through the cell cycle in a manner that varies with cell type, high 

doses of rapamycin ensure G1 arrest.  We also note that there is an undefined, yet 

pronounced effect of rapamycin on cell cycle progression between 2 and 20µM. 
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Figure 3.1 Reduction in S-phase after rapamycin treatment 

(A) MDA-MB-231 and (B) MCF-7 cells were plated at 50% confluence in a 10 cm 
dish in complete medium containing 10% serum.  After 24 hours, the cells were 
treated with nocodazole at 200ng/ml for 16 hours to block cells at mitosis.  At this 
point, mitotic cells were collected and plated in media containing 10% serum.  Four 
hours later, after the cells reattached, the indicated concentrations of rapamycin or 
DMSO vehicle (D) were added along with [3H]-thymidine (TdR) (1µCi/ml). After 24 
hours, lysates were collected and the incorporated label was determined as 
described in Materials and Methods.  Error bars represent the standard deviation 
from three independent experiments. 
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3.2 Differential effects of low- and high-dose rapamycin treatment on cell viability              

Having established a cytostatic effect of high-dose rapamycin in serum, we 

investigated the effect of the drug in the absence of serum.   Again, we observe a 

differential response between MDA-MB-231 and MCF-7 cells at the high dose. Cell 

viability (Figure 3.2a) was measured both quantitatively by cell count and qualitatively 

by cleavage of the caspase 3 substrate poly-ADP-ribose polymerase (PARP) which is 

an indicator of apoptotic cell death.  At ninety-percent confluence, the cells were treated 

with rapamycin under serum-free conditions for twenty-four hours.  A substantial 10-fold 

increase in percent non-viable cells is observed in MDA-MB-231 between the control 

and 20µM (compare 5% to nearly 50%). On the other hand, the MCF-7 cells remain 

viable, with less than 20% measurable cell death upon 20µM rapamycin treatment.  

These effects correspond with the induction of cleaved PARP which occurs only in the 

MDA-MB-231 cells at high-dose rapamycin.  The absence of any cleaved PARP in the 

MCF-7 cells indicates a resistance to rapamycin.  Note: Cleaved PARP was measured 

at 4 hours rapamcyin treatment because a time course revealed that this is the 

minimum time required to produce a robust response (Figure 3.2b). 
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Figure 3.2a Differential effect of high-dose rapamycin in MDA-MB-231 and MCF-7 cells 

(A) Both cell lines were plated in regular (10% serum) medium. Twenty-four hours later, at 90% 
confluence, cells were exposed to 0% serum and treated with DMSO (D) or rapamycin (Rapa) at 
indicated doses and cell viability (as described in Materials and Methods) was determined after 24 
hours.  

(B) Cells were plated and treated as in (A) but harvested after 4 hours. Cell lysates were collected and 
immunoblotted with PARP antibody. Data shown are representative of experiments repeated at least 
two times.	
  

Figure 3.2b Time course to measure onset of cleaved PARP upon 20 µM rapamycin 

MDA-MB-231 cells were plated at 90% confluence, exposed to 0% serum and treated with 
rapamycin.  After indicated time points, cell lysates were collected and immunoblotted with 
PARP antibody.  	
  

A 

B 
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The data (Figures 3.1, 3.2) reveal both cytotoxic and cytostatic properties of 

rapamycin in MDA-MB-231 cells, notably occurring at doses between 2 and 20 µM.  

While rapamcyin does not cause cell death in the MCF-7 cells, it does cause cell cycle 

arrest.  Overall, the data establish a critical effect of rapamycin at high doses.  Of 

significance, the data implicate an extended and as-of-yet unrealized potential for 

rapamycin as a cytotoxic drug. 

3.3 mTORC1 substrates are differentially sensitive to rapamycin doses in             

MDA-MB-231 cells.                                                                                          

We next examined the sensitivity of mTORC1 substrates to rapamycin in MDA-

MB-231 cells. In accord with its well-established effect on S6 kinase phosphorylation, 

rapamycin effectively prevents phosphorylation of S6 kinase at T389 at 20 nM 

rapamycin.  Inactivity of S6 kinase does not correspond with cleaved PARP, but 

inhibition of 4E-BP1 phosphorylation does, as is indicated by corresponding induction of 

cleaved PARP with its de-phosphorylated state (Figure 3.3).  Specifically, 

phosphorylation at T70 is sensitive to the low dose rapamycin sufficient to inhibit S6 

kinase phosphorylation.  However, phosphorylation of T37/T46 and S65 is only 

sensitive to rapamycin doses that induce apoptosis.  Thus, rapamycin induces 

apoptosis at the same concentration that suppress 4E-BP1 phosphorylation, namely at 

T37/46 and S65. 
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3.4 High-dose rapamycin irreversibly compromises the integrity of the mTORC1 
complex. 

It has been reported that nanomolar rapamycin concentrations disrupt the 

association of mTOR with raptor (Kim et al., 2002; Toschi et al., 2009). As we revealed 

that high doses of rapamycin are required to inhibit phosphorylation sites of all 4E-BP1 

phosphorylation sites, we tested the degree of dissociation of raptor from mTOR with 

varying doses of rapamycin (Figure 3.4a).  The bar graph indicates that low-dose 

Figure 3.3 High-dose rapamycin inhibits phosphorylation of 4E-BP1.  
 
MDA-MB-231 cells were plated in regular medium. Twenty-four hours later, at 90% confluence, 
cells were exposed to 0% serum and treated with DMSO (D) or rapamycin (Rapa) at the indicated 
concentrations for 4 h. Cells were harvested and lysates were immunoblotted with the indicated 
antibodies. 
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rapamycin treatment causes an approximate fifty percent reduction in raptor/mTOR 

association while high-dose rapamycin treatment nearly obliterates the association 

altogether.   

To better elucidate the necessity of raptor-/mTOR association for activation of 

mTORC1 downstream targets, we tested the effect of a cross-linking reagent (DSP) in 

the presence of low and high-dose rapamycin.  We find that upon co-treatment of low-

dose rapamycin with DSP, raptor regains or even retains association with mTOR, 

suggesting that low-dose rapamycin treatment only weakens the association between 

mTOR and raptor. This finding suggests that low-dose rapamycin treatment disrupts the 

structure of mTORC1 sufficiently to inhibit phosphorylation of S6 kinase but not 4E-BP1.  

Conversely, the cross-linking reagent fails to rescue raptor-mTOR complex 

association upon high-dose rapamycin treatment.  Thus, high-dose rapamycin causes 

an irreversible dissociation of raptor from mTOR.  If raptor-mTOR association is a 

sufficient indicator of mTOR substrate activity (S6 kinase and 4E-BP1 phosphorylation), 

then this effect correlates well with the rapamycin dose effects shown in Figure 3.3.   

 



	
  
	
  

	
  

35	
  

 
 

 

 

 

 

 

This concept is shown as a model in Figure 3.4b.  We suggest that the 

differential effects of high and low-dose rapamycin treatment on mTORC1 are due to 

differential disruption of the mTORC1 complex.  Low doses loosely disrupt the structure 

of mTORC1 such that S6 kinase is no longer recognized as a substrate and high doses 

completely dissociate the complex such that 4E-BP1 (in addition to S6 kinase) is no 

Figure 3.4a High-dose rapamycin irreversibly dissociates raptor from mTORC1.  
 
Cells were exposed to 0% serum and treated with indicated rapamycin concentrations for 4 hour.  
Subsequently, they were harvested and lysed in the absence or presence of DSP cross-linking 
reagent and immunoprecipitated with mTOR. The immunoprecipitates were then subjected to 
protein gel blot analysis using either mTOR or raptor antibody. The data shown are 
representative of experiments repeated at least two times.  
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longer recognized.  Importantly, this indelible mark on mTORC1 complex stability by 

high-dose rapamycin correlates with loss of substrate functionality. 

  

 

 

 
 

 

  

3.5 Hyper-phosphorylation of Akt at S473 prevents rapamycin-induced apoptosis.                                                                                                               

In a similar manner, we also examined the sensitivity of mTOR substrate 

phosphorylation to rapamycin in the MCF-7cells.  As shown in Figure 3.5a, these cells 

do not undergo apoptosis in response to high-dose rapamycin.  Interestingly, 

phosphorylation status of both mTORC1 substrates mimicked that of MDA-MB-231 cells 

in response to rapamycin, with de- phosphorylation of S6 kinase and 4E-BP1 at nM and 

Figure 3.4b A model depicting the differential sensitivity of mTORC1 substrate 
phosphorylation by rapamycin 
 
Low-dose rapamycin weakly dissociates raptor from mTOR, resulting in loss of S6K 
phosphorylation but maintenance of 4E-BP1 phosphorylation.  High-dose rapamycin 
strongly dissociates raptor from mTOR, resulting in loss of both S6K and 4E-BP1 
phosphorylation. 
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µM doses, respectively.  Thus, while high-dose rapamycin treatment also suppressed 

4E-BP1 phosphorylation in the MCF-7 cells, this treatment does not induce apoptosis.                                                                                                       

As was previously reported, (O'Reilly et al., 2006; Sun et al., 2005), nanomolar 

rapamycin does cause a modest increase in Akt phosphorylation.  However, at 20 µM 

rapamycin, we observe a dramatic hyper-phosphorylation of Akt at S473 in the MCF-7 

cells (Figure 3.5a).  This is in direct contrast to the observation made in the MDA-MB-

231 cells, in which rapamycin has no effect on the phosphorylation of Akt at site S473 

(Figure 3.3).   From this, we eliminate the possibility that the apoptotic effect of 

rapamycin in MDA-MB-231 cells could in part by attributed to dysfunctional mTORC2 

and instead name a compromised mTORC1 as the sole effector.   
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Since Akt phosphorylation at S473 has been implicated in survival signaling, 

(Manning and Cantley, 2007) we examined whether suppression of Akt phosphorylation 

sensitized the MCF-7 cells to high-dose rapamycin.  As phosphorylation of Akt at S473 

is dependent on PI3K (Manning and Cantley, 2007), treatment with wortmannin, a PI3K 

inhibitor, suppressed Akt phosphorylation at S473 and sensitized the MCF-7 cells to 

high-dose rapamycin.  Cleaved PARP is observed by Western blot (Figure 3.5b).  

Figure 3.5a High-dose rapamycin cause hyper-phosphorylation of 
Akt in MCF-7 cells. 
  
MCF-7 cells were plated and treated as in Figure 3.3. Cells were 
harvested, and lysates were immunoblotted with the indicated 
antibodies.  
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These data indicate that the hyper-phosphorylation of Akt in MCF-7 cells is sufficient to 

protect against the apoptotic effects of high-dose rapamycin. 

 

 

 

 

 

 

3.6 mTOR catalytic inhibitor sensitizes MCF-7 cells to apoptosis 

We next investigated the effect of a catalytic mTOR inhibitor, AZD8055, with the 

hypothesis that a small molecule ATP-competitive inhibitor of mTOR would induce 

apoptosis in MCF-7 cells.  mTOR is the catalytic subunit of both mTORC1 and 

mTORC2 complexes; mTORC2 is the kinase that phosphorylates Akt at S473, that 

confers its full activation.  Thus, it would be expected that the catalytic inhibitor would  

Figure 3.5b MCF-7 cells are sensitive to high-dose rapamycin upon 
inhibition of Akt phosphorylation. 
 
MCF-7 cells plated as in Figure 3.3 and treated in 0% serum with DMSO (D), 
wortmannin (Wort) (1 µM) or rapamycin (Rapa) (20 µM) for 4 hours. Cell lysates 
were then immunoblotted with the indicated antibodies. 
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inhibit both mTORC1 and mTORC2 and consequently, induce apoptosis (Liu et al., 

2009b).  As shown in Figure 3.6, AZD8055 induces PARP cleavage in the MCF-7cells, 

(Chresta et al., 2010) providing further evidence that the hyper-phosphorylation of Akt at 

S473 mediates resistance to high-dose rapamycin treatment. 

 

 

 

 

 

3.7 Activation of Akt by insulin confers rapamycin-resistance in MDA-MB-231 

cells. 

Reasoning that Akt activation was sufficient to prevent cell death in the presence 

of high-dose rapamycin, we next examined whether or not inducing Akt phosphorylation 

would impart rapamycin-resistance to MDA-MB-231 cells.  Previously, we reported that 

Figure 3.6 mTOR catalytic inhibitor sensitizes MCF-7 cells to apoptosis 
 
MCF-7 were prepared as in Figure 3.3 and then treated with 500 nM µM AZD8055 for the 
indicated times. The cells were harvested at the indicated times, lysates were then 
prepared and immunoblotted with the indicated antibodies. 
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insulin stimulates Akt phosphorylation at S473 in this cell line (Toschi et al., 2009).  As 

shown in Figure 3.7, insulin treatment causes transient stimulation of Akt 

phosphorylation upon which no cleaved PARP is observed.  Collectively, these data 

(Figures 3.6, 3.7) reveal that stimulating Akt phosphorylation at S473 prevents 

rapaymcin-induced apoptosis. 

  

 

 

 

 

3.8 Inhibition of eIF4E expression leads to apoptosis in MDA-MB-231 cells.  

De-phosphorylated 4E-BP1 binds eIF4E, effectively preventing eIF4E activity 

(Bjornsti and Houghton, 2004; Richter and Sonenberg, 2005).  Upon its phosphorylation 

by mTORC1, 4E-BP1 and eIF4E dissociate, enabling “free” eIF4E to facilitate 

translation of RNAs encoding proteins involved in cell cycle progression (Bjornsti et al., 

2004, Richter and Sonenberg, 2005) (1.3).  Having established that the cytotoxic effect 

of rapamycin occurs upon inhibition of S6 kinase and 4E-BP1 phosphorylation, (Figure 

Figure 3.7 Insulin confers rapamycin-resistance in MDA-MB-231 
cells. 

MDA-MB 231 were plated as in Figure 3.2 and treated in 0% serum with 
insulin or rapamcyin (20 µM) for indicated times. Cell lysates were 
immunoblotted with the indicated antibodies. All data are representative 
of at least two independent experiments. 
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3.3) we investigated the effect on cell viability upon small interfering ribonucleic acid 

(siRNA) targeted against eIF4e, 4E-BP1 and S6 kinase (Figure 3.8a).  Likening protein 

expression levels to phosphorylation status, we predicted that knockdown of S6 kinase 

would mimic low-dose rapamycin treatment.  This is the case.  Cells remain viable and 

no cleaved PARP is observed upon S6 kinase knockdown.  Presumably, knockdown of 

4E-BP1 results in unbound eIF4E; thus, we did not expect cell death.  In fact, only 

ablation of eIF4E expression caused cell death, mimicking the effect of high-dose 

rapamycin treatment.  We do observe modest (about twenty percent) cell death upon 

S6 kinase and 4E-BP1 knockdown but knockdown of eIF4E results in a substantially 

higher percentage of non-viable cells (nearly fifty percent).   

We observe similar effects by microscopy (Figure 3.8b).  As evident by loss of 

mesenchymal structure and adherence to the plate, MDA-MB-231 cells die upon eIF4E 

knockdown.  In contrast, S6 kinase and 4E-BP1 knockdown cells are comparable to the 

control.  These data further support our model (Figure 34b) whereby the apoptotic 

effect of high-dose rapamycin is due to suppression 4E-BP1 phosphorylation and 

subsequent inhibition of eIF4E.  
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Figure 3.8a Knockdown of eIF4E sufficiently induces apoptosis in MDA-MB-231 cells. 
  
MDA-MB-231 cells were transfected at 50% confluence with negative control siRNA or 
siRNA targeted for S6 kinase, 4E-BP1 or eIF4E. 48 hours later, immunoblotting was used to 
analyze the indicated proteins. The percentage of non-viable cells was determined at 48 
hours as described in Materials and Methods. 

Figure 3.8b Morphology of control, S6K, 4E-BP1 and 
eIF4E knockdown in MDA-MB-231 cells  

MDA-MB-231 cells were transfected at 50% confluence 
with negative control siRNA or siRNA targeted for S6 
kinase, 4E-BP1 or eIF4E. 48 hours later, cells were 
observed by microscopy. 
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3.9 Inhibition of eIF4E expression causes apoptosis in MCF-7 cells upon 

wortmannin treatment. 

WeWe also examined the effect of suppressing eIF4E in MCF-7 cells. In contrast 

to MDA-MB-231 cells, suppression of eIF4E does not significantly increase PARP 

cleavage or reduce cell viability (Figure 3.9a A, B).  However, treatment with 

wortmannin sensitizes the cells to eIF4E knockdown as a substantial increase in 

cleaved PARP and loss of cell viability is observed (Figure 3.9a A, C).  This correlates 

with microscopy images (Figure 3.9b).  Wortmannin causes an observed change in cell 

morphology but the cells remain viable.  However, knockdown of eIF4E plus 

wortmannin treatment causes loss of epithelial phenotype as the cells round and lose 

adherence to the plate (indication of cell death) (Figure 3.9b B).  These data support 

the observation that MCF-7 cells are resistant to the suppression of 4E-BP1 

phosphorylation by rapamycin (Figure 3.5a) and that this resistance is due at least in 

part to a feedback activation of Akt (Sun et al., 2005, O’Reilly et al., Wang et al., 2008).   
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Figure 3.9a Wortmannin sensitizes MCF-7 cells to eIF4E knockdown. 
 
(A, B) MCF-7 cells were transfected with indicated siRNAs. Cells were evaluated for 
indicated proteins and cell viability at 48 hours. (A, C) Wortmannin (1uM) was added where 
indicated 24 hours prior to evaluating cell viability and 4 hours prior to evaluating protein 
levels and PARP cleavage. 
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Figure 3.9b Morphology of MCF-7 cells upon wortmannin treatment in eIF4E 
knockdown MCF-7 cells 
  
(A) MCF-7 cells were transfected at 50% confluence with negative control siRNA or siRNA 
targeted for S6 kinase, 4E-BP1 or eIF4E. 48 hours later, cells were observed by microscopy. 
(B) MCF-7 cells were transfected with negative control siRNA or eIF4E.  Cells were treated 
with wortmannin (1 µM) as indicated.  48 hours later, cells were observed by microscopy.   
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3.10 High-dose rapamycin maintains specificity.  

Since, it appeared that the apoptotic effect of high-dose rapamycin treatment is 

due to sequestration eIF4E by un-phosphorylated 4E-BP1, we reasoned that 

suppressing 4E-BP1 expression would de-sensitize the cells to high-dose rapamycin 

because there would be no 4E-BP1 to bind eIF4E. Therefore, we examined the effect of 

20 µM rapamycin on cell viability on MDA-MB-231 cells treated with siRNA targeted for 

4E-BP1. As shown in Figure 3.10, MDA-MB-231 cells treated with a control siRNA were 

sensitive to 20 µM rapamycin. However, cells treated with siRNA against 4E-BP1 were 

resistant to 20 µM rapamycin. These data further support the hypothesis that the effects 

of high-dose rapamycin are due to the direct suppression of 4E-BP1 phosphorylation 

and the indirect suppression of eIF4E.  This is supported by the Dowling work discussed 

in 1.5: raptor knockdown (Dowling) has the same effects as high-dose rapamycin (our 

study) upon loss of 4E-BP1 (Dowling) or knockdown of 4E-BP1 (our study).  eIF4E is 

“free” and no cell death is observed.  Importantly, this result also establishes that high-

dose rapamycin treatment does not cause a global cytotoxic effect but rather a specific 

one, exerting a mechanistic repression of mTORC1.   
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Figure 3.10 MDA-MB-231 cells are resistant to rapamycin-induced apoptosis upon 4E-
BP1 knockdown. 

MDA-MB-231 cells were either transfected at 50% confluence with negative control siRNA or 
siRNA targeted for 4E-BP1. Cells were treated with rapamycin (Rapa) (20 µM) for 4 hours to 
observe PARP cleavage and 24 hours for cell viability. All results are representative of 
experiments repeated at least two times. 



	
  
	
  

	
  

49	
  

Chapter 4 

 

Inhibition of S6 Kinase confers resistance to 

apoptosis induced by lack of eIF4E 
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4.1 Differential effects of eIF4E ablation and rapamycin treatment on MDA-MB-231 

cells in the presence of serum 

We had reported previously that high doses of rapamycin (20 µM) induce 

apoptosis in MDA-MB-231 (Figure 4.1a A, B) as well as in other cancer cell lines in the 

absence of serum (Chen et al., 2005; Chen et al., 2003; Gadir et al., 2008). The content 

in Chapter 3 demonstrates the cytotoxic properties of rapamycin in MDA-MB-231 cells, 

implicating the importance of de-stabilizing the 4E-BP1/eIF4E complex.  Here, we 

demonstrate that the apoptotic effect is due to suppression of 4E-BP1 phosphorylation 

by mTORC1, which prevents liberation of eIF4E.  Suppression of 4E-BP1 

phosphorylation leads to the sequestration and inhibition of eIF4E (Bjornsti and 

Houghton, 2004; Richter and Sonenberg, 2005).  Consistent with this, we observe that 

suppression of eIF4E expression induces apoptosis (Figure 4.1b A).   

Prior work in the lab also demonstrated a cytostatic effect of high-dose 

rapamycin in the presence of serum (elaborated on in Figure 3.1) (Figure 4.1a A, B). 

Thus, we were surprised to observe a cytotoxic effect upon knockdown of eIF4E in the 

presence of serum (Figure 4.1b A, B). The loss of cell viability was accompanied by 

cleaved PARP, indicating apoptotic cell death Figure 4.1b, B.     
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Figure 4.1a MDA-MB-231 cells are resistant to high-dose rapamycin treatment in the 
presence of serum. 

(A) Cells were plated and treated at 90% confluence in 10% or 0% serum with DMSO or 
indicated concentrations of rapamycin (rapa) for 4 hours. Cell lysates were collected and 
immunoblotted to indicate cleaved PARP. 

(B) Cells were plated as in (A) and treated in 10% or 0% serum as indicated for 24 hours.    
The percentage of non-viable cells was determined at 48 hours as described in Materials and 
Methods. 

A B 

%
 N

on
-v

ia
bl

e 
ce

lls

Serum          +       +      +                   - - -

%
 N

on
-v

ia
bl

e 
ce

lls

Serum          +       +      +                   - - -



	
  
	
  

	
  

52	
  

 

 

 

 

 

 

 

 

 

 

We reason that our observations are related to prior work in the lab (Gadir et al., 

2008).  In the presence of serum, there is a TGF-β-dependent G1 cell cycle arrest that 

prevents apoptosis (Gadir et al., 2008). Ongoing investigation is predicated on those 

findings.       

 

 

 

 

Figure 4.1b MDA-MB-231 cells undergo apoptosis upon eIF4E knockdown in the 
presence of serum. 

(A) MDA-MB-231 cells were transfected at 50% confluence with negative control siRNA or 
siRNA targeted against eIF4E.  The percentage of non-viable cells was determined at 48 
hours as described in Materials and Methods.  
 
(B) Cell lysates were collected and immunoblotted to indicate cleaved PARP.  
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4.2 Low-dose rapamycin or inhibition of S6 kinase expression prevents the 

apoptotic effect induced by inhibition of eIF4E expression in the presence of 

serum. 

The data in Figure 4.1a A, B suggests that there is an additional effect of 

rapamycin that blunts the apoptotic effect of eIF4E ablation.  Since high-dose rapamycin 

also suppresses S6 kinase phosphorylation, it is possible that suppression of S6 kinase 

phosphorylation confers resistance to high-dose rapamycin.  Therefore, we examined 

the effect of low-dose rapamycin on MDA-MB-231 upon eIF4E knockdown.  As shown 

in Figure 4.2a, cell death is suppressed or bypassed by the addition of rapamycin 

despite loss of eIF4E expression.   
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Figure 4.2a Low-dose rapamycin prevents the apoptotic effect induced by inhibition 
of eIF4E expression in MDA-MB-231 cells 

(A)  Cells were transfected at 50% confluence with negative control siRNA or siRNA 
targeted against eIF4E.  24 hours later, DMSO or rapamcyin (Rapa) was added at 
indicated concentrations.  After an additional 24 hours, cells lysates were collected and 
immunoblotted for indicated proteins. 

(B) Cells were transfected and treated as in (A) with 2 µM rapamycin.  Cell viability was 
determined as described in Materials and Methods. 
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The surprising cytostatic effect of low-dose rapamycin treatment suggested that 

suppression of S6K triggers a protective mechanism.  Thus, we inhibited both S6K and 

eIF4E expression (Figure 4.2b).  Such dual inhibition does not cause cell death, 

indicating that inhibition of S6K expression is sufficient to prevent death otherwise 

induced by singular knockdown of eIF4E.  
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Figure 4.2b S6 kinase knockdown prevents the apoptotic effect induced by 
inhibition of eIF4E expression in MDA-MB-231 cells 

Cells were transfected at 50% confluence with negative control siRNA or siRNA targeted 
against eIF4E.  24 hours later, DMSO or rapamcyin (Rapa) was added at indicated 
concentrations.  After an additional 24 hours, cell viability was determined as described in 
Materials and Methods. 
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Chapter 5 

 

Discussion 
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5.1 Project Summary: Chapter 3 

To date, we have revealed rapamycin as a site-specific, cytotoxic anticancer drug 

in the absence of serum.  Our studies demonstrate that high-dose rapamcyin induces 

apoptosis because it effectively inhibits all phosphorylation sites on 4E-BP1, 

subsequently inactivating eIF4E.  Importantly, we demonstrate that cancer cells are 

resistant to high-dose rapamycin upon 4E-BP1 knockdown, confirming that the drug 

retains its site-specific property regardless of dose.  Furthermore, we show that high-

dose rapamycin irreversibly compromises the integrity of the mTORC1 complex, as it 

pertains to mTOR-raptor association.  We acknowledge the inefficacy of rapamycin in 

cancer cells that activate Akt upon mTORC1 inhibition.  Under these circumstances, an 

inhibitor of both mTORC1 and mTORC2 complexes is necessary and sufficient to 

induce apoptosis. 

5.2 Hierarchical 4E-BP1 phosphorylation correlates with rapamycin-induced 

apoptosis.  

Our data clearly indicate that all four phosphorylation sites on 4E-BP1 must be 

inhibited to induce apoptosis in MDA-MB-231 breast cancer cells (Figures 3.2a, 3.3).  

Complete inhibition requires high-dose rapamycin, with sites S65 and T37/46 retaining 

phosphorylation until such treatment.  Specifically, phosphorylation at S65 is completely 

inhibited between 2 and 20 µM.  However, inhibiting phosphorylation at T37 and T46 

appears to be most resistant to rapamycin.  Although not completely inhibited, 

phosphorylation is drastically reduced between 2 and 20 µM treatment.  From Figures 

3.3, 3.8a we attribute cell death to inhibition of translation (eIF4E knockdown or de-
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phosphorylated 4E-BP1).  Thus, it can be inferred that 4E-BP1 does not bind eIF4E 

unless T37 and T46 are de-phosphorylated.  Our observation is supported by Dr. 

Gingra’s work demonstrating hierarchical 4E-BP1 phosphorylation (1.3).  

Phosphorylation of T70 and Ser 65 is not sufficient to disengage 4E-BP1 from eIF4E 

(Gingras et al., 2001a).  Therefore, the stability of the 4E-EBP1/eIF4E complex is 

dependent on phosphorylation of sites T37/46.  Ultimately, rapamycin’s indirect 

inactivation of eIF4E, stipulated by direct inhibition of phosphorylation on 4E-BP1 sites 

T37 and T46, induces apoptosis. 

5.3 Rapamycin-induced apoptosis is due to indirect inactivation of eIF4E in the 

absence of serum. 

Figure 3.8a demonstrates that knockdown of eIF4E, not 4E-BP1, causes 

apoptosis.  The result also suggests a requirement of eIF4E expression to maintain cell 

viability (in the absence of serum) and as discussed in 1.5, is consistent with reports 

implicating it in cell proliferation and oncogenic transformation (Dowling et al., 2010; 

Lazaris-Karatzas et al., 1990).  Increased oncogenic potential by elevated eIF4E 

expression and/or activity can also be attributed to phosphorylated 4E-BP1 (indicative of 

dysregulated mTORC1) which is associated with poor patient survival in melanoma 

(O'Reilly et al., 2009).  Altogether, our data is consistent with a paradigm that mTOR 

survival signals are mediated by the phosphorylation of 4E-BP1 and the subsequent 

release of eIF4E.     
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5.4 Strength of mTOR-raptor association determines S6K and 4E-BP1 

phosphorylation   

We attribute the differential effects of low- and high-dose rapamycin treatment to 

the partial versus complete dissociation of raptor from mTOR.  Rapamycin’s direct 

action on mTOR disrupts the mTOR-raptor association (1.6a).  While low-dose 

rapamycin treatment weakens, but still allows for, the association between raptor and 

mTOR, high-dose rapamycin nearly obliterates it.  This is show in Figure 3.4a (compare 

low-dose rapamycin treatment (2nd bar) and high-dose rapamycin treatment (4th bar) to 

control). This suggests that the interaction between raptor-S6K is weaker than the 

raptor-4E-BP1 interaction.  The Blenis group supports this and additionally proposes 

that the affinity for each substrate changes the structure of mTOR to facilitate 

phosphorylation (Choo and Blenis, 2009).  

mTOR-raptor association is completely regained with a cross-linker after low-

dose rapamycin treatment, suggesting that loss of S6K phosphorylation can be 

restored.  On the other hand, the cross-linker is incapable of restoring mTOR-raptor 

association after high-dose rapamycin treatment suggesting that the complex is 

irreversibly compromised.   

In support of our findings, a prior biochemical study indicated that binding of 

FKBP12-rapamycin to mTORC1 induces a conformational change that weakens the 

mTOR-raptor interaction (Kim et al., 2002).   

Another study by the Sabatini group depicts the alterations of mTORC1 with 

rapamycin treatment (Yip et al., 2010).  Here, the investigators have determined the 

three-dimensional structure of mTORC1 by cryo-electron microscopy (Figure 5.1).  
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They treated purified intact human mTORC1 (by a method they developed) with 100 nM 

rapamycin.  S6K phosphorylation was suppressed acutely, (after 5 minutes of 

treatment) while long exposures (2 hours) suppressed the phosphorylation of 4E-BP1 at 

T37/46.  Though the rapamycin dose and treatment time differs greatly than the 

parameters in our study, the net effect and conclusion is the same.  Weakened complex 

assembly is associated with loss of S6K phosphorylation while an obliterated complex is 

associated with loss of 4E-BP1 phosphorylation.  

 

 

 

 

 

 

 

Figure 5.1 A model depicting rapamycin-mediated inhibition of mTORC1 

The initial binding of one FKBP12-rapamycin to mTORC1 causes a subtle conformational 
change in mTOR that weakens the mTOR-raptor interaction, but does not suffice to disrupt 
the dimeric architecture. Moreover, the bound FKBP12-rapamycin likely occludes the binding 
of or blocks access to the active site for larger-sized substrates, such as S6K1. Over time, 
either amplified structural strain caused by the first FKBP12-rapamycin or, perhaps, the 
binding of a second rapamycin complex leads to a fast disintegration of the already 
“weakened” mTORC1 and the complete abolishment of 4E-BP1 phosphorylation. 

(Yip et al., Mol. Cell, 2010) 
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These results place raptor at the forefront of substrate recognition and presume 

that it is indispensable for mTORC1 activity in as far as activation of S6K and 4E-BP1.  

While our results and those of other investigators (mentioned here: Choo and Blenis, 

2009; Kim et al., 2002; Yip et al., 2010) indicate this is the case, mTORC1 has many 

other downstream functions independent of protein S6K and 4E-BP1, including but not 

limited to, roles in lipid synthesis and autophagy.  In other words, raptor may be 

dispensable for other mTORC1 functions. 

Nonetheless, additional experiments might strengthen our argument.  We could 

knockdown raptor and mTOR in both the MDA-MB-231 and MCF-7 cells.  We would 

expect that knockdown of raptor and mTOR would inhibit phosphorylation of both S6K 

and 4E-BP1.  Cell death would only be observed in MDA-MB-231 cells as MCF-7 cells 

would survive by inhibition of the mTORC1 negative feedback loop (1.6d, 5.4).   

We also could measure restoration of S6 kinase phosphorylation after addition of 

the cross-linker upon low-dose rapamcyin treatment (Figure 3.4a, 3rd bar).    

A cell viability experiment in cells treated with high-dose rapamycin plus cross-

linker would correlate complex integrity with viability: cells would not respond to the 

addition of the cross-linker and undergo apoptosis as they do by high-dose treatment 

alone. This would confirm that mTOR-raptor association is critical for cell viability in 

MDA-MB-231 cells, or further, in cells that do not inhibit the negative feedback loop.  In 

fact, complex dissociation may stimulate Akt activation in the MCF-7 cells.  We could 

compare Akt activation in MCF-7 cells treated with the cross-linker after low and high-

dose rapamcyin.  We might expect that the obliteration of the raptor-mTOR association 

in the latter treatment would also accompany hyper-phosphorylated Akt.    
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5.5 Activation of Akt by rapamcyin necessitates development of other mTOR 

inhibitors. 

Despite de-phosphorylated 4E-BP1, MCF-7 cells survive high-dose rapamycin 

treatment.  Figures 3.2a and 3.5a demonstrate this correlation as no cleaved PARP is 

observed at the high-dose treatment.  Instead, high-dose rapamycin treatment results in 

a progressive increase in phosphorylation of Akt at S473, with a robust signal produced 

at 20 µM.  This hyper-phosphorylation is a contrast to phosphorylation observed at nM 

concentrations reported previously (O'Reilly et al., 2006; Sun et al., 2005).  The 

observation that the high-dose induces Akt activation is indicative of the negative 

feedback loop in the mTOR pathway (1.6d).   

Wortmannin sensitizes the cells to rapamycin-induced apoptosis.  

Correspondingly, stimulation of Akt phosphorylation in MDA-MB-231 cells with insulin 

results in rapamycin-resistance with no PARP cleavage observed.  Together, these data 

indicate that Akt activation is necessary and sufficient to prevent death by rapamycin.  

As such, it would seem fitting that targeting mTORC2 alone would be the superior anti-

cancer strategy.  But as addressed in 6.4, this is not a viable option. 

As is evident in our study, the negative feedback loop is not observed in all 

cancer cell lines (compare MDA-MB-231 to MCF-7).  Nonetheless, it may explain tumor 

recalcitrance to rapamycin and rapalog treatment in some patients.  A clinical trial for 

the rapalog, everolimus revealed an increase in the phosphorylation of Akt at S473 

observed in fifty percent of the tumors (Tabernero et al., 2008).  While it was not 

apparent how this impacted on the overall effect of everolimus, there may be interesting 

differences in the effects of rapalogs themselves. 
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5.6 Rapamycin dose stipulates cell cycle arrest in the presence of serum.   

       Enhancement of the 4E-BP1/eIF4E interaction, through the expression of a 

constitutively active 4E-BP1 mutant (in which all phosphorylation sites are mutated to 

alanine) (1.5), leads to a decrease in cell size and inhibition of cell cycle progression in 

a manner that mimics rapamycin treatment (Fingar et al., 2002).  This 4E-BP1 mutant 

also slows G1 progression and prevents tumor growth (Lynch et al., 2004).  These 

findings suggest that the ability of rapamycin to inhibit cancer cell growth is in part 

mediated through de-phosphorylation of 4E-BP1.                                                                                                                                                 

 These studies, along with the hierarchy of 4E-BP1 phosphorylation, support data 

shown in Figure 3.2a, A.  Here, we see a difference in the reduction in S-phase content 

between the MDA-MB-231 cells and the MCF-7 cells upon rapamycin treatment up to 2 

µM.  Generally, though, the low-dose rapamycin treatment only modestly slows 

progression through the cell cycle.  This correlates with de-phosphorylation of S6K.  

However, at 20 µM, both cell lines exhibit drastic reduction in S-phase content relative 

to their controls.  Possibly, the effect at 20 µM represents de-phosphorylated 4E-BP1 at 

T37 and T46 with the other sites de-phosphorylated upon lower dose treatment (Figure 

3.3).  This coordinates S6K and 4E-BP1 phosphorylation status with progression 

through the cell cycle.  It also suggests a chronological order of phosphorylation: S6 

kinase at T389 then 4E-BP1 (hierarchically). 

5.7 Dual inhibition of S6 kinase and eIF4E bypasses apoptosis. 

Our current study (Chapter 4) is to further investigate the surprising observation 

that while high-dose rapamycin treatment (indirect inactivation of eIF4E) induces 
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apoptosis only in the absence of serum (Figure 4.1b), knockdown of eIF4E (direct 

inactivation of eIF4E) induces apoptosis in both the presence and absence of serum 

(Figure 4.1a).  Thus, there is a mechanistic difference between the indirect and direct 

inactivation of eIF4E.  

Since high-dose rapamycin treatment also inhibits phosphorylation of S6K and 

does not induce apoptosis in the presence of serum, we reasoned that protection from 

apoptosis induced by high-dose rapamycin could be due to suppression of S6K.  

Consistent with this hypothesis, concomitant knockdown of eIF4E plus either low-dose 

rapamycin treatment (up to and including 2 µM) (Figure 4.2a) or dual S6K and eIF4E 

knockdown (Figure 4.2b) prevents cell death otherwise induced by knockdown of eIF4E 

alone.  

5.8 Neither S6K nor eIF4E alone is sufficient to cause cell cycle arrest 

  Currently, we are investigating the mechanism by which this occurs. Inhibition of 

S6K phosphorylation by low-dose rapamycin, in the presence of serum modestly 

reduces the number of cells in S-phase (Figure 3.1-MDA-MB-231 cells).  Instead, 

drastic reduction of S-phase content is observed at high-dose rapamycin.  Thus, it can 

be inferred that inhibition of S6K activity alone is not sufficient to induce cell cycle arrest.  

Dual inhibition of S6K and eIF4E activity is required to induce arrest.  From the 

rapamycin experiments, it is not possible to isolate the effect on cell cycle arrest by 

eIF4E inhibition alone.  The phenotype (dead cells) observed by knockdown of eIF4E is 

actually a fortuitous one as it makes it apparent that inactive eIF4E is also not sufficient 
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to induce arrest. Therefore, neither S6K nor eIF4E inhibition alone is sufficient to induce 

cell cycle arrest. 

Importantly, we do note that knockdown of S6K in the absence of serum (and 

therefore, the absence of TGF-β signaling) does not cause cell death.  We infer that the 

4E-BP1/eIF4E complex is intact (3.4a, b, 5.4). That this is sufficient for cell viability can 

may be supported from the information provided in 1.5 (loss of S6K is not critical for cell 

cycle progression).  

5.9 TGF-β-mediated cell cycle arrest requires coordinate inhibition of S6K and 

eIF4E. 

The cell cycle arrest observed with high-dose rapamycin treatment in the 

presence of serum is dependent on TGF-β signaling which is suppressed by mTORC1 

(Gadir et al., 2008; Gadir et al., 2007; Song et al., 2006).  However, TGF-β signaling 

can be activated with nanomolar doses that suppress S6 kinase phosphorylation (Gadir 

et al., 2007).   

Therefore, we hypothesize that inhibition of S6K initiates TGF-β signaling but that 

concomitant inhibition of eIF4E is required for complete cell cycle arrest.  Future studies 

outlined in Chapter 6 are designed to test this. 
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Chapter 6 
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6.1 Significance 
 

The basic research perspective presented here addresses two related problems 

underlying the disappointment associated with rapamycin as an anti-cancer drug in 

clinical trials: complete de-phosphorylation of 4E-BP1 and inhibition of the mTORC1 

negative feedback loop.  

6.2 S6K activity is the readout for rapamycin efficacy 

Evaluating the inhibition of mTORC1 should include not only the phosphorylation 

status of S6 kinase but of 4E-BP1 as well.  But, measuring the phosphorylation of S6K 

and/or its substrate S6 is much technically much easier than measuring phosphorylation 

of 4E-BP1 with phosphor-specific antibodies. Thus, utilization of phospho-S6K as an in 

vivo readout assay for mTORC1 activity has become pervasive (Choo and Blenis, 

2009).  If measured in clinical trials, the effect on 4E-BP1 phosphorylation is observed 

at site T70 (Tabernero et al., 2008).  Coincidentally, T70 is de-phosphorylated by 

rapamycin at 20nM, the same dose that de-phosphorylates S6K (1.6c, Figure 3.3). Our 

work clearly indicates that cytotoxic effects are only observed upon inhibition of all 4E-

BP1 phosphorylation sites.   

Still, stalwart adherence to using S6K as a marker for rapamycin efficacy is not 

without reason.  It reflects the principal requirement of successful Phase I clinical trials 

design: safety.  The maximum tolerated dose (MTD), the maximum dose of a drug that 

does not harm the patient, of rapamycin is in the nanomolar range (Cloughesy et al., 

2008; Tabernero et al., 2008, Hsieh et al., 2010).  With emphasis on safety, the clinical 
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approach has been to administer drugs only at low doses, obeying a so-called 

“nanomolar rule.”  Consequently, potentially efficacious chemotherapeutic agents have 

been cast aside (Wong et al., 2012).  This perspective supports a departure from the 

nanomolar rule.  With regard to our study: more is better.  

6.3 Maximum tolerated dose exceeds high-dose rapamycin: is there a solution? 

Then, we do acknowledge that the level of rapamcyin required to suppress 4E-

BP1 in cell culture would be equivalent to a dose higher than the MTD.  To advocate the 

use of high-dose rapamcyin would necessitate a means of drug delivery capable of 

targeting tumors with high specificity.  One possible strategy is to tag rapamycin with 

glucose, which is taken up preferentially by most cancer cells (the well-established 

Warburg effect (reviewed by DeBerardinis et al., 2008; Vander Heiden et al., 2009). 

This seems like a plausible method as glucose has been used to enhance the uptake of 

a photodynamic therapeutic agent into cancer cells (Chen et al., 2004).  With such a 

strategy, delivery of high-dose rapamycin may be achieved.  An aside, there may also 

be secondary, beneficial effects conferred by rapamycin treatments which have been 

implicated in prolonging lifespan (Blagosklonny, 2009, 2010; Foster, 2010).  

 Thus, while targeting 4E-BP1 phosphorylation and eIF4E-dependent protein 

synthesis, may present challenges, understanding the limits of rapamycin-based 

therapies suggests novel approaches that can exploit the critical mTORC1 signaling 

node that promotes cell cycle progression and survival in what may be virtually all 

human cancer cells. 
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6.4 Catalytic inhibitors  

The experiments with MCF-7 cells illustrate the paradox of rapamycin/rapalog 

treatment: inhibiting mTORC1 activity stimulates pro-survival mTORC2 (Akt) activity. 

The initial solution was to develop catalytic inhibitors that effectively target both mTOR 

complexes (mTORC1 and mTORC2).  In fact, we observe that in lieu of rapamycin, 

catalytic inhibitor AZD8055 causes apoptosis, sufficiently inhibiting the activation of 

mTORC1 substrate 4E-BP1 and that of mTORC2 substrate Akt in MCF-7 cells. The 

pitfall of the catalytic inhibitor is its probable toxicity to the patient.  Currently, however, 

there is no pharmacological way to inhibit mTORC2 without also affecting mTORC1.  

The fact that both complexes share the same catalytic domain makes the prospect of 

developing an mTORC2-specific inhibitor daunting.  

6.5 Current clinical trials: combining allosteric and catalytic inhibitors 

The latest approach to induce maximal inhibition of mTOR in cancer cells is to 

combine allosteric and catalytic inhibitors at low doses.  The rationale is that 

rapamycin/rapalogs change the conformation of mTORC1 such that the catalytic center 

is more accessible or has a higher affinity for the catalytic inhibitors.  For example, 

investigators in one study used rapamycin and PI-1-3 (a dual PI3K/mTOR inhibitor) in 

ovarian and prostate cancer.  The benefits were twofold:  

1.  At the molecular level, combined inhibition of mTOR prevented the rebound 

activation of Akt that is seen after treatment with rapamycin/rapalogs and caused more 

sustained inhibition of Akt phosphorylation.  A synergistic response is observed, eliciting 

greater anti-tumorigenic potential than by singular treatment with either drug.   
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2.  There was no increase in toxicity as doses administered were well below the 

maximum tolerated dose (Mazzoletti et al., 2011).   

At a recent conference (Keystone Symposium: Cancer and Metabolism, 

February 2012) I attended, it was revealed that a Phase I clinical trial with rapalog 

everolimus (RAD-001) and catalytic inhibitor BEZ235 is underway.  Lower doses of both 

drugs are being administered than would otherwise be administered alone.  Importantly, 

it was emphasized that the study was designed to measure 4E-BP1 and eIF4E 

inhibition (Nyfeler, 2012).   

6.6 Tumor progression may be predictive of cytotoxic or cytostatic effects of 

rapamycin. 

Tumors adapt to stress conditions such as hypoxia and nutrient deprivation, 

developing and progressing despite these imperfect conditions.  In fact, their responses 

contribute to development and progression (Wellen et al., 2010).  We have established 

a cytostatic effect in the presence of serum and a cytotoxic effect of rapamycin in the 

absence of serum.  As such, this may have implications in targeting tumors with high-

dose rapamycin at different stages of tumorigenesis.  Early stage tumors, developing in 

nutrient-replete conditions may respond to high-dose rapamycin by arresting while late 

stage tumors growing in harsher conditions may be susceptible to cell death. 

6.7 Summary   

In summary, the effects of rapamycin on cancer cells have been difficult to 

evaluate because of differential effects observed in different cancer cells and the 
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varying concentrations needed to suppress different downstream targets of mTOR. In 

this study, we have revealed that the cytotoxic effect of high-dose rapamycin treatment 

is due to the complete dissociation of mTOR from raptor, which results in the inhibition 

of 4E-BP1phosphorylation. We also show that rapamycin-resistance can be achieved 

by hyper-phosphorylation of Akt at the mTORC2 site at S473. These complex 

responses to rapamycin reveal both problems and opportunities for targeting mTOR, 

which has been implicated in the signals that promote cell cycle progression and 

survival in human cancers. 

6.8 Future Studies-overview 

Currently, we are investigating the mechanism by which inhibition of S6K 

expression confers resistant to apoptosis otherwise induced by knockdown of eIF4E.  

As discussed in Chapter 1.8, our hypothesis is that although TGF-β signaling is initiated 

by inhibition of S6K (phosphorylation or expression), its cytostatic effect is only achieved 

by concomitant inhibition of eIF4E.  Based on Chapter 4 and the aforementioned prior 

work in the lab, we propose a model (Figure 6.8).   
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6.8a G1 arrest is achieved with concomitant knockdown of S6K and eIF4E 

 As our model suggests (Figure 6.8), singular knockdown of S6K modestly 

induces TGF-β signaling; only retarding cell cycle progression through G1.  TGF-β 

signaling is enhanced only upon dual knockdown of S6K and eIF4e.  At this point, cells 

arrest in late G1.        

Figure 6.8 Proposed model: Dual inhibition of S6K and eIF4E activity result in 
coordinative induction of TGF-β signaling to mediate G1 cell cycle arrest 

Inhibition of S6K activity is necessary to initiate TGF-β signaling which slows G1 cell 
cycle progression.  Concomitant knockdown of eIF4e enhances TGF-β signaling 
necessary and sufficient to induce G1 cell cycle arrest.  
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6.8b Suppression of apoptosis by S6 kinase ablation is dependent on  

TGF-β signaling. 

We previously reported that the ability of serum to suppress the apoptotic effect 

of high-dose rapamycin treatment was due to the presence of TGF-β in serum, which 

induces a G1 cell cycle arrest.  This arrest protects cells because progression into S-

phase upon high-dose rapamycin results in apoptosis (Gadir et al., 2008). Currently, we 

are examining whether low-dose rapamycin or S6 kinase ablation induces TGF-β 

signaling that is sufficient to bypass apoptosis.  MDA-MB-231 cells will be transfected 

with siRNA targeting eIF4E and S6 kinase and treated with a neutralizing anti-TGF-β 

antibody or SB431542, a compound that inhibits the TGF-β receptor.  The hypothesis is 

that inhibition of TGF-β signaling will relieve the protective effect on the cells and the 

cells will undergo apoptosis.  Again, we will observe cell viability by cleaved PARP and 

quantitative analysis by hemocytometer or Coulter counter.   Furthermore, we are 

examining the downstream targets of TGF-β signaling such as Smad phosphorylation, 

p21 and p27. 

 Because we attribute such protective effects to TGF-β signaling , we are also 

investigation BT-549 breast cancer cells in this study because they do not express 

protein kinase Cδ (Jackson et al., 2005), which is required for TGF-β signaling (Perillan 

et al., 2002; Runyan et al., 2003).  We reported previously that these cells could not be 

rescued from the apoptotic effects of high- dose rapamycin treatment in serum (Gadir et 

al., 2008). Therefore, our hypothesis is that BT-549 cells will undergo apoptosis despite 

the concomitant addition of low-dose rapamycin or S6K knockdown with knockdown of 

eIF4E.  Since these cells lack intact TGF-β signaling, this outcome would support the 
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idea that inhibition of S6K expression or phosphorylation prevents apoptosis by lack of 

eIF4E activity by inducing TGF-β signaling.   

6.8c Low dose rapamycin induces G1 arrest in cells with suppressed eIF4E 

expression 

While low dose rapamycin induces TGF-β signaling, it only weakly suppresses 

G1 cell cycle progression in MDA-MB-231 cells.  High dose (20 µM) is required to 

completely block synchronized cells from entering S-phase.  We are examining if low-

dose rapamycin (or knockdown of S6 kinase) is sufficient to induce full G1 cell cycle 

arrest upon eIF4E ablation.  We are investigating G1, S and G2/M phase content.  We 

predict a G1 content that is similar to high-dose rapamycin treatment.  This would 

further support the idea that TGF-β-dependent suppression of G1 cell cycle progression 

requires suppression of both S6K and 4E-BP1 phosphorylation, or similarly, 

suppression of S6K phosphorylation and suppression of eIF4E expression. 

 

 

 

 

 

 

 

 

 



	
  
	
  

	
  

75	
  

Chapter 7 

 

Works Cited 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
  
	
  

	
  

76	
  

Albers, M.W., Brown, E.J., Tanaka, A., Williams, R.T., Hall, F.L., and Schreiber, S.L. 
(1993). An FKBP-rapamycin-sensitive, cyclin-dependent kinase activity that 
correlates with the FKBP-rapamycin-induced G1 arrest point in MG-63 cells. Ann 
N Y Acad Sci 696, 54-62. 
 
Alessi, D.R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P., and 
Hemmings, B.A. (1996). Mechanism of activation of protein kinase B by insulin 
and IGF-1. Embo J 15, 6541-6551. 
 
Avdulov, S., Li, S., Michalek, V., Burrichter, D., Peterson, M., Perlman, D.M., 
Manivel, J.C., Sonenberg, N., Yee, D., Bitterman, P.B., et al. (2004). Activation of 
translation complex eIF4F is essential for the genesis and maintenance of the 
malignant phenotype in human mammary epithelial cells. Cancer Cell 5, 553-563. 
 
Beretta, L., Gingras, A.C., Svitkin, Y.V., Hall, M.N., and Sonenberg, N. (1996a). 
Rapamycin blocks the phosphorylation of 4E-BP1 and inhibits cap-dependent 
initiation of translation. Embo J 15, 658-664. 
 
Beretta, L., Svitkin, Y.V., and Sonenberg, N. (1996b). Rapamycin stimulates viral 
protein synthesis and augments the shutoff of host protein synthesis upon 
picornavirus infection. J Virol 70, 8993-8996. 
 
Bjornsti, M.A., and Houghton, P.J. (2004). Lost in translation: dysregulation of 
cap-dependent translation and cancer. Cancer Cell 5, 519-523. 
 
Blagosklonny, M.V. (2009). Inhibition of S6K by resveratrol: in search of the 
purpose. Aging (Albany NY) 1, 511-514. 
 
Blagosklonny, M.V. (2010). Increasing healthy lifespan by suppressing aging in 
our lifetime: preliminary proposal. Cell Cycle 9, 4788-4794. 
 
Carracedo, A., Ma, L., Teruya-Feldstein, J., Rojo, F., Salmena, L., Alimonti, A., 
Egia, A., Sasaki, A.T., Thomas, G., Kozma, S.C., et al. (2008). Inhibition of 
mTORC1 leads to MAPK pathway activation through a PI3K-dependent feedback 
loop in human cancer. J Clin Invest 118, 3065-3074. 
 
Chan, H.Y., Grossman, A.B., and Bukowski, R.M. (2010). Everolimus in the 
treatment of renal cell carcinoma and neuroendocrine tumors. Adv Ther 27, 495-
511. 
 
Chen, X., Hui, L., Foster, D.A., and Drain, C.M. (2004). Efficient synthesis and 
photodynamic activity of porphyrin-saccharide conjugates: targeting and 
incapacitating cancer cells. Biochemistry 43, 10918-10929. 
 
Chen, Y., Rodrik, V., and Foster, D.A. (2005). Alternative phospholipase D/mTOR 
survival signal in human breast cancer cells. Oncogene 24, 672-679. 



	
  
	
  

	
  

77	
  

 
Chen, Y., Zheng, Y., and Foster, D.A. (2003). Phospholipase D confers rapamycin 
resistance in human breast cancer cells. Oncogene 22, 3937-3942. 
 
Choo, A.Y., and Blenis, J. (2009). Not all substrates are treated equally: 
implications for mTOR, rapamycin-resistance and cancer therapy. Cell Cycle 8, 
567-572. 
 
Choo, A.Y., Kim, S.G., Vander Heiden, M.G., Mahoney, S.J., Vu, H., Yoon, S.O., 
Cantley, L.C., and Blenis, J. (2010). Glucose addiction of TSC null cells is caused 
by failed mTORC1-dependent balancing of metabolic demand with supply. Mol 
Cell 38, 487-499. 
 
Choo, A.Y., Yoon, S.O., Kim, S.G., Roux, P.P., and Blenis, J. (2008). Rapamycin 
differentially inhibits S6Ks and 4E-BP1 to mediate cell-type-specific repression of 
mRNA translation. Proceedings of the National Academy of Sciences of the 
United States of America 105, 17414-17419. 
 
Chresta, C.M., Davies, B.R., Hickson, I., Harding, T., Cosulich, S., Critchlow, S.E., 
Vincent, J.P., Ellston, R., Jones, D., Sini, P., et al. (2010). AZD8055 is a potent, 
selective, and orally bioavailable ATP-competitive mammalian target of 
rapamycin kinase inhibitor with in vitro and in vivo antitumor activity. Cancer Res 
70, 288-298. 
 
Chueh, S.C., and Kahan, B.D. (2005). Clinical application of sirolimus in renal 
transplantation: an update. Transpl Int 18, 261-277. 
 
Cloughesy, T.F., Yoshimoto, K., Nghiemphu, P., Brown, K., Dang, J., Zhu, S., 
Hsueh, T., Chen, Y., Wang, W., Youngkin, D., et al. (2008). Antitumor activity of 
rapamycin in a Phase I trial for patients with recurrent PTEN-deficient 
glioblastoma. PLoS Med 5, e8. 
 
Coleman, L.J., Peter, M.B., Teall, T.J., Brannan, R.A., Hanby, A.M., Honarpisheh, 
H., Shaaban, A.M., Smith, L., Speirs, V., Verghese, E.T., et al. (2009). Combined 
analysis of eIF4E and 4E-binding protein expression predicts breast cancer 
survival and estimates eIF4E activity. Br J Cancer 100, 1393-1399. 
DeBerardinis, R.J., Lum, J.J., Hatzivassiliou, G., and Thompson, C.B. (2008). The 
biology of cancer: metabolic reprogramming fuels cell growth and proliferation. 
Cell Metab 7, 11-20. 
 
Dennis,P.B., Pullen,N.,Pearson,R.B.,Kozma,S.C.,Thomas,G. 
(1998).Phosphorylation sites in the autoinhibitory domain participate in p70(s6k) 
activatin loop phosphorylation. J Biol Chem 12, 14845-52. 
 
Dowling, R.J., Topisirovic, I., Alain, T., Bidinosti, M., Fonseca, B.D., Petroulakis, 
E., Wang, X., Larsson, O., Selvaraj, A., Liu, Y., et al. (2010). mTORC1-mediated cell 



	
  
	
  

	
  

78	
  

proliferation, but not cell growth, controlled by the 4E-BPs. Science 328, 1172-
1176. 
 
Dowling, R.J., Zakikhani, M., Fantus, I.G., Pollak, M., and Sonenberg, N. (2007). 
Metformin inhibits mammalian target of rapamycin-dependent translation 
initiation in breast cancer cells. Cancer Res 67, 10804-10812. 
 
Falcon, B.L., Barr, S., Gokhale, P.C., Chou, J., Fogarty, J., Depeille, P., Miglarese, 
M., Epstein, D.M., and McDonald, D.M. (2011). Reduced VEGF production, 
angiogenesis, and vascular regrowth contribute to the antitumor properties of 
dual mTORC1/mTORC2 inhibitors. Cancer Res 71, 1573-1583. 
 
Feldman, M.E., Apsel, B., Uotila, A., Loewith, R., Knight, Z.A., Ruggero, D., and 
Shokat, K.M. (2009). Active-site inhibitors of mTOR target rapamycin-resistant 
outputs of mTORC1 and mTORC2. PLoS Biol 7, e38. 
 
Feng, Z., Zhang, H., Levine, A.J., and Jin, S. (2005). The coordinate regulation of 
the p53 and mTOR pathways in cells. Proceedings of the National Academy of 
Sciences of the United States of America 102, 8204-8209. 
 
Fingar, D.C., and Blenis, J. (2004). Target of rapamycin (TOR): an integrator of 
nutrient and growth factor signals and coordinator of cell growth and cell cycle 
progression. Oncogene 23, 3151-3171. 
 
Fingar, D.C., Richardson, C.J., Tee, A.R., Cheatham, L., Tsou, C., and Blenis, J. 
(2004). mTOR controls cell cycle progression through its cell growth effectors 
S6K1 and 4E-BP1/eukaryotic translation initiation factor 4E. Mol Cell Biol 24, 200-
216. 
 
Fingar, D.C., Salama, S., Tsou, C., Harlow, E., and Blenis, J. (2002). Mammalian 
cell size is controlled by mTOR and its downstream targets S6K1 and 
4EBP1/eIF4E. Genes Dev 16, 1472-1487. 
 
Foster, D.A. (2010). Reduced mortality and moderate alcohol consumption: the 
phospholipase D-mTOR connection. Cell Cycle 9, 1291-1294. 
Gadir, N., Jackson, D.N., Lee, E., and Foster, D.A. (2008). Defective TGF-beta 
signaling sensitizes human cancer cells to rapamycin. Oncogene 27, 1055-1062. 
Gadir, N., Lee, E., Garcia, A., Toschi, A., and Foster, D.A. (2007). Suppression of 
TGF-beta signaling by phospholipase D. Cell Cycle 6, 2840-2845. 
 
Gingras, A.C., Raught, B., Gygi, S.P., Niedzwiecka, A., Miron, M., Burley, S.K., 
Polakiewicz, R.D., Wyslouch-Cieszynska, A., Aebersold, R., and Sonenberg, N. 
(2001a). Hierarchical phosphorylation of the translation inhibitor 4E-BP1. Genes 
Dev 15, 2852-2864. 
 



	
  
	
  

	
  

79	
  

Gingras, A.C., Raught, B., and Sonenberg, N. (2001b). Control of translation by 
the target of rapamycin proteins. Prog Mol Subcell Biol 27, 143-174. 
 
Gingras, A.C., Raught, B., and Sonenberg, N. (2001c). Regulation of translation 
initiation by FRAP/mTOR. Genes Dev 15, 807-826. 
 
Grolleau, A., Bowman, J., Pradet-Balade, B., Puravs, E., Hanash, S., Garcia-Sanz, 
J.A., and Beretta, L. (2002). Global and specific translational control by rapamycin 
in T cells uncovered by microarrays and proteomics. The Journal of biological 
chemistry 277, 22175-22184. 
 
Guertin, D.A., and Sabatini, D.M. (2007). Defining the role of mTOR in cancer. 
Cancer Cell 12, 9-22. 
 
Guertin, D.A., and Sabatini, D.M. (2009). The pharmacology of mTOR inhibition. 
Sci Signal 2, pe24. 
 
Harrington, L.S., Findlay, G.M., Gray, A., Tolkacheva, T., Wigfield, S., Rebholz, H., 
Barnett, J., Leslie, N.R., Cheng, S., Shepherd, P.R., et al. (2004). The TSC1-2 tumor 
suppressor controls insulin-PI3K signaling via regulation of IRS proteins. J Cell 
Biol 166, 213-223. 
 
Heitman, J., Movva, N.R., and Hall, M.N. (1991). Targets for cell cycle arrest by the 
immunosuppressant rapamycin in yeast. Science 253, 905-909. 
 
Hsieh, A.C., Costa, M., Zollo, O., Davis, C., Feldman, M.E., Testa, J.R., Meyuhas, 
O., Shokat, K.M., and Ruggero, D. (2010). Genetic dissection of the oncogenic 
mTOR pathway reveals druggable addiction to translational control via 4EBP-
eIF4E. Cancer Cell 17, 249-261. 
 
Huang, J., and Manning, B.D. (2009). A complex interplay between Akt, TSC2 and 
the two mTOR complexes. Biochem Soc Trans 37, 217-222. 
 
Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Ruegg, M.A., Hall, A., and Hall, M.N. 
(2004). Mammalian TOR complex 2 controls the actin cytoskeleton and is 
rapamycin insensitive. Nat Cell Biol 6, 1122-1128. 
Jackman, J., and O'Connor, P.M. (2001). Methods for synchronizing cells at 
specific stages of the cell cycle. Curr Protoc Cell Biol Chapter 8, Unit 8 3. 
 
Jackson, D., Zheng, Y., Lyo, D., Shen, Y., Nakayama, K., Nakayama, K.I., 
Humphries, M.J., Reyland, M.E., and Foster, D.A. (2005). Suppression of cell 
migration by protein kinase Cdelta. Oncogene 24, 3067-3072. 
 
Jaffee, E.M., Hruban, R.H., Canto, M., and Kern, S.E. (2002). Focus on pancreas 
cancer. Cancer Cell 2, 25-28. 
 



	
  
	
  

	
  

80	
  

Janes, M.R., Limon, J.J., So, L., Chen, J., Lim, R.J., Chavez, M.A., Vu, C., Lilly, 
M.B., Mallya, S., Ong, S.T., et al. (2010). Effective and selective targeting of 
leukemia cells using a TORC1/2 kinase inhibitor. Nat Med 16, 205-213. 
 
Kasinath, B.S., Mariappan, M.M., Sataranatarajan, K., Lee, M.J., and Feliers, D. 
(2006). mRNA translation: unexplored territory in renal science. J Am Soc Nephrol 
17, 3281-3292. 
 
Kim, D.H., Sarbassov, D.D., Ali, S.M., King, J.E., Latek, R.R., Erdjument-Bromage, 
H., Tempst, P., and Sabatini, D.M. (2002). mTOR interacts with raptor to form a 
nutrient-sensitive complex that signals to the cell growth machinery. Cell 110, 
163-175. 
 
Lazaris-Karatzas, A., Montine, K.S., and Sonenberg, N. (1990). Malignant 
transformation by a eukaryotic initiation factor subunit that binds to mRNA 5' cap. 
Nature 345, 544-547. 
 
Lazaris-Karatzas, A., and Sonenberg, N. (1992). The mRNA 5' cap-binding protein, 
eIF-4E, cooperates with v-myc or E1A in the transformation of primary rodent 
fibroblasts. Mol Cell Biol 12, 1234-1238. 
 
Liu, H.B., Xu, B., Yang, Y.J., Wang, Y., Qin, X.W., Yao, M., Wu, Y.J., Yuan, J.Q., 
Chen, J., You, S.J., et al. (2009a). Long-term clinical outcomes after bioabsorbable 
polymer- and durable polymer-based sirolimus-eluting stents implantation: two-
year follow-up results from a large single-center database. Chin Med J (Engl) 122, 
681-686. 
 
Liu, Q., Thoreen, C., Wang, J., Sabatini, D., and Gray, N.S. (2009b). mTOR 
Mediated Anti-Cancer Drug Discovery. Drug Discov Today Ther Strateg 6, 47-55. 
 
Lynch, M., Fitzgerald, C., Johnston, K.A., Wang, S., and Schmidt, E.V. (2004). 
Activated eIF4E-binding protein slows G1 progression and blocks transformation 
by c-myc without inhibiting cell growth. The Journal of biological chemistry 279, 
3327-3339. 
 
Ma, X.M., and Blenis, J. (2009). Molecular mechanisms of mTOR-mediated 
translational control. Nat Rev Mol Cell Biol 10, 307-318. 
 
Mamane, Y., Petroulakis, E., Rong, L., Yoshida, K., Ler, L.W., and Sonenberg, N. 
(2004). eIF4E--from translation to transformation. Oncogene 23, 3172-3179. 
 
Manning, B.D., and Cantley, L.C. (2007). AKT/PKB signaling: navigating 
downstream. Cell 129, 1261-1274. 
 



	
  
	
  

	
  

81	
  

Mazzoletti, M., Bortolin, F., Brunelli, L., Pastorelli, R., Di Giandomenico, S., Erba, 
E., Ubezio, P., and Broggini, M. (2011). Combination of PI3K/mTOR inhibitors: 
antitumor activity and molecular correlates. Cancer Res 71, 4573-4584. 
 
Meyuhas, O. (2008). Physiological roles of ribosomal protein S6: one of its kind. 
Int Rev Cell Mol Biol 268, 1-37. 
 
Meyuhas, O., and Dreazen, A. (2009). Ribosomal protein S6 kinase from TOP 
mRNAs to cell size. Prog Mol Biol Transl Sci 90, 109-153. 
 
Neshat, M.S., Mellinghoff, I.K., Tran, C., Stiles, B., Thomas, G., Petersen, R., Frost, 
P., Gibbons, J.J., Wu, H., and Sawyers, C.L. (2001). Enhanced sensitivity of PTEN-
deficient tumors to inhibition of FRAP/mTOR. Proceedings of the National 
Academy of Sciences of the United States of America 98, 10314-10319. 
 
Nyfeler, B. (2012). Novartis Institutes for BioMedical Research. Keystone 
Symposium: Cancer and Metabolism.   
 
O'Reilly, K.E., Rojo, F., She, Q.B., Solit, D., Mills, G.B., Smith, D., Lane, H., 
Hofmann, F., Hicklin, D.J., Ludwig, D.L., et al. (2006). mTOR inhibition induces 
upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res 66, 
1500-1508. 
 
O'Reilly, K.E., Warycha, M., Davies, M.A., Rodrik, V., Zhou, X.K., Yee, H., Polsky, 
D., Pavlick, A.C., Rosen, N., Bhardwaj, N., et al. (2009). Phosphorylated 4E-BP1 is 
associated with poor survival in melanoma. Clin Cancer Res 15, 2872-2878. 
 
Perillan, P.R., Chen, M., Potts, E.A., and Simard, J.M. (2002). Transforming growth 
factor-beta 1 regulates Kir2.3 inward rectifier K+ channels via phospholipase C 
and protein kinase C-delta in reactive astrocytes from adult rat brain. The Journal 
of biological chemistry 277, 1974-1980. 
 
Podsypanina, K., Lee, R.T., Politis, C., Hennessy, I., Crane, A., Puc, J., Neshat, M., 
Wang, H., Yang, L., Gibbons, J., et al. (2001). An inhibitor of mTOR reduces 
neoplasia and normalizes p70/S6 kinase activity in Pten+/- mice. Proceedings of 
the National Academy of Sciences of the United States of America 98, 10320-
10325. 
Richter, J.D., and Sonenberg, N. (2005). Regulation of cap-dependent translation 
by eIF4E inhibitory proteins. Nature 433, 477-480. 
 
Rousseau, D., Gingras, A.C., Pause, A., and Sonenberg, N. (1996). The eIF4E-
binding proteins 1 and 2 are negative regulators of cell growth. Oncogene 13, 
2415-2420. 
 



	
  
	
  

	
  

82	
  

Runyan, C.E., Schnaper, H.W., and Poncelet, A.C. (2003). Smad3 and PKCdelta 
mediate TGF-beta1-induced collagen I expression in human mesangial cells. Am 
J Physiol Renal Physiol 285, F413-422. 
 
Sarbassov, D.D., Ali, S.M., Sengupta, S., Sheen, J.H., Hsu, P.P., Bagley, A.F., 
Markhard, A.L., and Sabatini, D.M. (2006). Prolonged rapamycin treatment inhibits 
mTORC2 assembly and Akt/PKB. Mol Cell 22, 159-168. 
 
Sarbassov, D.D., Guertin, D.A., Ali, S.M., and Sabatini, D.M. (2005). 
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science 
307, 1098-1101. 
 
Shah, O.J., Wang, Z., and Hunter, T. (2004). Inappropriate activation of the 
TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, insulin resistance, and 
cell survival deficiencies. Curr Biol 14, 1650-1656. 
 
Skinner, H.D., Zheng, J.Z., Fang, J., Agani, F., and Jiang, B.H. (2004). Vascular 
endothelial growth factor transcriptional activation is mediated by hypoxia-
inducible factor 1alpha, HDM2, and p70S6K1 in response to phosphatidylinositol 
3-kinase/AKT signaling. The Journal of biological chemistry 279, 45643-45651. 
 
Song, K., Wang, H., Krebs, T.L., and Danielpour, D. (2006). Novel roles of Akt and 
mTOR in suppressing TGF-beta/ALK5-mediated Smad3 activation. Embo J 25, 58-
69. 
 
Sun, S.Y., Rosenberg, L.M., Wang, X., Zhou, Z., Yue, P., Fu, H., and Khuri, F.R. 
(2005). Activation of Akt and eIF4E survival pathways by rapamycin-mediated 
mammalian target of rapamycin inhibition. Cancer Res 65, 7052-7058. 
 
Tabernero, J., Rojo, F., Calvo, E., Burris, H., Judson, I., Hazell, K., Martinelli, E., 
Ramon y Cajal, S., Jones, S., Vidal, L., et al. (2008). Dose- and schedule-
dependent inhibition of the mammalian target of rapamycin pathway with 
everolimus: a phase I tumor pharmacodynamic study in patients with advanced 
solid tumors. J Clin Oncol 26, 1603-1610. 
 
Thoreen, C.C., Kang, S.A., Chang, J.W., Liu, Q., Zhang, J., Gao, Y., Reichling, L.J., 
Sim, T., Sabatini, D.M., and Gray, N.S. (2009). An ATP-competitive mammalian 
target of rapamycin inhibitor reveals rapamycin-resistant functions of mTORC1. 
The Journal of biological chemistry 284, 8023-8032. 
 
Toschi, A., Lee, E., Xu, L., Garcia, A., Gadir, N., and Foster, D.A. (2009). Regulation 
of mTORC1 and mTORC2 complex assembly by phosphatidic acid: competition 
with rapamycin. Mol Cell Biol 29, 1411-1420. 
 



	
  
	
  

	
  

83	
  

Vander Heiden, M.G., Cantley, L.C., and Thompson, C.B. (2009). Understanding 
the Warburg effect: the metabolic requirements of cell proliferation. Science 324, 
1029-1033. 
 
Wang, B.T., Ducker, G.S., Barczak, A.J., Barbeau, R., Erle, D.J., and Shokat, K.M. 
(2011). The mammalian target of rapamycin regulates cholesterol biosynthetic 
gene expression and exhibits a rapamycin-resistant transcriptional profile. 
Proceedings of the National Academy of Sciences of the United States of America 
108, 15201-15206. 
 
Wong, C.C., Cheng, K.W., and Rigas, B. (2012). Preclinical predictors of 
anticancer drug efficacy: critical assessment with emphasis on whether 
nanomolar potency should be required of candidate agents. J Pharmacol Exp 
Ther 341, 572-578. 
 
Yip, C.K., Murata, K., Walz, T., Sabatini, D.M., and Kang, S.A. (2010). Structure of 
the human mTOR complex I and its implications for rapamycin inhibition. Mol Cell 
38, 768-774. 
 
Yu, K., Shi, C., Toral-Barza, L., Lucas, J., Shor, B., Kim, J.E., Zhang, W.G., 
Mahoney, R., Gaydos, C., Tardio, L., et al. (2010). Beyond rapalog therapy: 
preclinical pharmacology and antitumor activity of WYE-125132, an ATP-
competitive and specific inhibitor of mTORC1 and mTORC2. Cancer Res 70, 621-
631. 
 
Wellen,K.E., and Thomspon,C.B. (2010). Cellular metabolic stress: considering 
how cells respon to nutrient stress.  Mol Cell 40, 323-332. 
 
Zhou, H.Y., and Wong, A.S. (2006). Activation of p70S6K induces expression of 
matrix metalloproteinase 9 associated with hepatocyte growth factor-mediated 
invasion in human ovarian cancer cells. Endocrinology 147, 2557-2566. 

 

 
 


