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ABSTRACT 

According to the American Cancer Society, cancer is the second leading cause of 

mortality in the United States, accounting for more than half a million deaths per year.  

Cancer is a complex disease with multiple factors influencing its genesis, maintenance, 

growth, and invasion which makes the treatment and prevention of the disease 

challenging.  Despite the high mortality and morbidity associated with cancer, it is a 

disease of the old, with the median age for cancer incidence being 66 years old 

according to the National Cancer Institute.  Therefore, the human body is remarkably 

adept at protecting itself from malignant transformation.  In my thesis, I explore the 

oncogene Ras which is represented in approximately 30% of all human cancers, making 

Ras one of the most commonly activated oncogenes.  I analyzed the innate barriers to 

oncogenic Ras (RasV12) induced transformation in the cell in an attempt to better 

understand tumor defense systems which can be mimicked for novel cancer therapy.  

My results confirmed one putative barrier which had good experimental grounding and 

identified a completely new barrier.   

 

One putative barrier to RasV12 oncogenesis was the existence of a translational control 

check point in tumor defense.  Activation of translation initiation has been shown to be 

on the causal pathway to cancer and is activated by Ras via two different pathways.  

The rate limiting translation initiation factor 4E (eIF4E) is up regulated in many cancers 

and over expression of eIF4E confers cells with transformed phenotypes.  Therefore, if 

activation of translation is oncogenic, then it is reasonable to posit the existence of a 

translational control checkpoint in tumor defense.  The logical guardians of this 
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checkpoint would be the primary negative regulators of translational initiation, the 

eIF4E binding protein (4E-BP) family of proteins.  I show that translational control 

checkpoint does indeed exist in tumor defense and that the 4E-BPs are the guardians of 

this checkpoint.  Mice lacking two of the three 4E-BPs (4ebp1-/-/4ebp2-/-) were more 

sensitive to tobacco carcinogen NNK induced lung tumors and showed tumors with 

increased vascularity.  Also, 4ebp1-/-/4ebp2-/- genotype was associated with a skewing 

of the genome wide translational profile towards growth and proliferation even before 

NNK treatment indicating a cancer primed state.  Lastly, I showed that the cytochrome 

P450 2A5, the protein that metabolizes NNK to its carcinogenic product, was 

translationally up regulated increasing the carcinogenic potency of NNK. 

 

The second barrier to RasV12 oncogenesis was an unexpected discovery.  In an effort to 

determine the mechanism of RasV12 oncogenesis and its defense, I discovered that 

RasV12 triggered proliferative block even in cells which have bypassed the senescence 

barriers.  This was unexpected since previous reports had shown that in this setting, 

RasV12 actually caused anchorage independent growth and invasion in vitro.  The 

nature of the proliferative block was not senescence although it has many of the 

characters of senescence.  Due to a striking phenotypical change where large vacuoles 

accumulate, I explored the possibility that autophagy was playing a role in the 

proliferative block.  I show that RasV12 expressing cells displayed hallmarks of 

autophagy such as double membraned vacuoles with pieces of organelles, acidic nature 

of the vacuoles, and positivity for early and late markers of autophagy.   
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My study validates the current efforts to develop targeted therapy against the translation 

initiation complex and provides autophagy as a new potential target for caner therapy.  

By learning from the cell’s innate cancer barriers, I hope that we will be able to develop 

more effect therapies for cancer.  



 

 viii 

TABLE OF CONTENTS 

           Page 

ACKNOWLEDGMENTS        i 

DEDICATION         iv 

ABSTRACT          v 

TABLE OF CONTENTS        viii 

LIST OF TABLES         xii 

LIST OF FIGURES         xiii 

 

CHAPTER I          1 

THESIS INTRODUCTION 

CHAPTER II          4 

THE 4E-BP FAMILY OF TRANSLATIONAL REPRESSORS:   

SENTINELS AT A TRANSLATIONAL CONTROL CHECKPOINT 

IN TUMOR DEFENSE  

 I. Introduction        4 

A. Lung cancer and translation     4 

  B. Translational control of cancer and the translation   5 

initiation apparatus  

  C. Tobacco carcinogenesis and translational control:   8 

A theoretical construct 

  D. Evidence for aberrant translational control in cancer  12 

   i. Clinical correlations     12 



 

 ix 

   ii. Experimental proof of concept   13 

E. Plausibility that the 4E-BPs function in tumor defense 14 

F. How might unrestrained eIF4F promote oncogenesis? 14 

i. Transcript structure     14 

ii. Cis-regulatory elements and their cognate   17 

binding moieties 

G. Conclusions       20 

II. Results         21 

A. In vitro models and their problems    21 

i. NNK treatment of human lung epithelial cells 21 

ii. Establishing cell lines from wild type and   22 

4ebp1-/-/4ebp2-/- mice 

B. Validation of 4E-BP1 and 4E-BP2 knockout for the   22 

in vivo model 

C. Establishing an in vivo model of cancer   23 

i. Feasibility of the liver cancer model in  23 

4ebp1-/-/4ebp2-/- mice 

   ii Feasibility of using Balb/c mice in NNK   26 

induced lung carcinogenesis 

D. 4ebp1-/-/4ebp2-/- mice manifest increased sensitivity   33 

to NNK-induced lung tumorigenesis 

E. Tumors from 4ebp1-/-/4ebp2-/- mice have increased   36 

microvessel density 



 

 x 

F. The mutagenic potency of NNK is increased in   39 

4ebp1-/-/4ebp2-/- mice 

G. Polyribosome bound mRNA can be prepared from   51 

mouse lungs.  

H. Translationally activated genes in 4ebp1-/-/4ebp2-/-   51 

mice are skewed towards neoplastic functions 

III. Discussion        57 

A. Increase in tumorigenesis in 4ebp1-/-/4ebp2-/- mice  58 

B. Global translational profile     59 

C. NNK metabolism      60 

 IV. Materials and Methods      64 

V. Future Direction       71 

VI. Contribution        73 

CHAPTER III         74 

BARRIERS TO RAS INDUCED TRANSFORMATION 

 I. Introduction        74 

  A. Contradictory signaling downstream of oncogenic Ras.  74 

  B. Barrier to RasV12 induced transformation in hTERT  76 

immortalized cells 

  C. Plausibility of a tumor suppressive role for autophagy 76 

  D. Conclusion       80 

 II. Results         81 

  A. Validation of RasV12 construct and expression in   81 



 

 xi 

human epithelial cells.   

  B. RasV12 promotes cell cycle arrest and morphological  81 

change in hBECs and hMECs 

  C. The growth arrest induced by H-RasV12 expression  86 

was not senescence 

  D. The proliferative arrest did not lead to apoptosis, but  91 

decrease in cells at the S phase of cell cycle. 

  E. Autophagy as the cause of morphological change  94 

 III. Discussion        100 

  A. Discovery of the new anti-cancer barrier   100 

 IV. Materials and Methods      102 

 V. Future Direction       105 

 VI. Contribution        106 

CHAPTER IV         107 

eIF4E STIMULATES CELL CYCLE ENTRY VIA CYCLIN D1 

 I. Abstract        107 

 II. Introduction        108 

 III. Discussion        110 

 IV. Materials and Methods      115 

 V. Contribution        120 

CHAPTER V          122 

THESIS CONCLUSION 

REFERENCES         126



 

 xii 

List of Tables 

           Page 
 
Table 1. Gene ontology analysis of translational profile.   55 
 

 



 

 xiii 

List of Figures 

           Page 

Figure 1.  Assembly of the cap-binding complex    6 

Figure 2.  NNK metabolism pathway      10 

Figure 3.  Summary of prior knowledge supporting the proposed   15 

theoretical construct 

Figure 4.  Theoretical relationship between eIF4F activity and    18 

translational efficiency 

Figure 5.  Validation of 4E-BP1 and 4E-BP2 knock out mice   24 

Figure 6.   Representative chest CT      28 

Figure 7.   Tumor frequency       31 

Figure 8.   NNK induced lung tumorigenesis     34 

Figure 9.   Histology and cytokinetic properties of lung tumors   37 

Figure 10.   Histology, microvessel density and cytokinetic properties of  40 

lung tumors 

Figure 11.  NNK metabolism       43 

Figure 12.  DNA adduct formation      46 

Figure 13.  Translation of Cytochrome P450 2A5    49 

Figure 14.  A representative lung polyribosome preparation.   52 

Figure 15.  Model for 4E-BP action in lung cancer    61 

Figure 16.  Regulation of autophagy in higher eukaryotes   78 

Figure 17.   Vector and RasV12 Constructs with Western Validation  82 

Figure 18.   Time lapse microscope      84 



 

 xiv 

Figure 19.  Oncogenic Ras triggers vacuoles in immortalized epithelial cells 87 

Figure 20.   β-Gal assay for senescence      89 

Figure 21.  Oncogenic Ras induces cell cycle arrest, but not apoptosis in   92 

immortalized epithelial cells 

Figure 22.  Oncogenic Ras triggers autophagy in HMEC cells   95 

Figure 23.  RasV12 expressing cells show markers of autophagy  98 

  

 



 

 1 

CHAPTER I 

THESIS INTRODUCTION 

 

According to the American Cancer Society, cancer is the second leading cause of 

mortality in the United States, accounting for more than half a million deaths per year.  

The financial impact of cancer is growing, rising from $13 billion spent in 1980 to $72 

billion in 2004 according to the National Cancer Institute.  Therefore, the importance of 

research in cancer is clear.  The focus of this thesis is the oncogene Ras, which is 

represented in approximately 30% of all human cancers, and the downstream effector, 

translational initiation factors.  Activation of translation initiation has been shown to be 

on the causal pathway to cancer and is activated by Ras via two independent pathways.  

The rate limiting translation initiation factor 4E (eIF4E) is up regulated in many cancers 

and over expression of eIF4E confers normal human cells with transformed phenotypes.   

 

To better understand the involvement of translation initiation in cancer, this thesis 

aimed to answer three questions.  First, if activation of translation is oncogenic, is there 

a translational control checkpoint in tumor defense?  The logical guardians of this 

checkpoint would be the primary negative regulators of translational initiation, the 

eIF4E binding protein (4E-BP) family of proteins.  Therefore, to answer the question, I 

used mice doubly knocked out for 4E-BP1 and 4E-BP2 (4ebp1-/-/4ebp2-/-) to determine 

if 4ebp1-/-/4ebp2-/- mice were more sensitive to tobacco carcinogen induced lung cancer.  

If indeed there exists a translational control checkpoint, and the 4E-BPs are the 

guardians of this checkpoint, the 4ebp1-/-/4ebp2-/- mice would show increased sensitivity 
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to the tobacco carcinogen.  The validation of 4E-BPs as tumor suppressors would 

confirm the importance of translation initiation in cancer and give support to the 

ongoing clinical trials which suppress translation for cancer therapy. Our results 

indicate that this is the case. 

 

To better understand the involvement of translation in cancer initiation, we asked the 

second question; can we build cancer from normal cells by activating translation via 

ectopic expression of eIF4E.  Our lab had previously shown that over expression of 

eIF4E in normal mammary epithelial cells conferred cancer phenotypes such as 

anchorage independent growth, but failed to produce tumors in nude mice.  Therefore, a 

combination of alterations would be required to induce full transformation which is in 

agreement with the multiple hit hypothesis of cancer.  We chose to look at eIF4E in 

conjunction with the Ras oncogene since Ras is the most frequently detected genetic 

alterations seen in cancer.  Also, Ras is known to inactivate the brakes of translation 

initation, the 4E-BPs, which could result in uncontrolled eIF4E mediated translation 

pushing the cell into transformation.  Our results show an unexpected discovery of a 

Ras induced proliferation barrier with phenotypes akin to autophagy.  Autophagy is a 

normal cellular process where damaged cellular components are recycled especially 

during starvation.  This new discovery that Ras can trigger autophagy to induce 

proliferative arrest may be important in identifying new therapeutic targets for cancer 

treatment. 
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To get at the mechanism of how an increase in translation can confer a cancer like 

phenotype, we asked the last question; is there a direct connection between eIF4E 

abundance and a defining property of cancer, autonomous cell proliferation.  This was 

an important question since the pleiotropic effects of eIF4E and the use of cells 

constitutively expressing eIF4E in previous publications have complicated the 

elucidation of a direct link between eIF4E and the cell cycle.  By ectopically expressing 

eIF4E under control of a mifepristone inducible promoter, the immediate effects of 

eIF4E and the mechanism of cell cycle entry could be studied.  The results show that 

eIF4E triggers cell cycle entry in quiescent cells by increasing the translation of cyclin 

D1 mRNA through 2 mechanisms: i) increased ribosome recruitment; and ii) 

stimulation of nuclear export leading to increased cyclin D1 mRNA in the 

translationally active pool. Using shRNA targeting cyclin D1, we found that eIF4E 

triggered cell cycle entry was strictly dependent on translational activation of cyclin D1, 

and subsequently followed the canonical growth factor pathway to phosphorylation of 

the retinoblastoma protein. These data establish the molecular mechanisms linking 

increased levels of cellular eIF4E to proliferative autonomy – one defining property of 

malignancy. 

 

My study validates the current efforts to develop targeted therapy against the translation 

initiation complex, identifies autophagy as a new potential target for caner therapy, and 

directly links eIF4E to cell cycle entry by the translational induction of cyclin D1.   
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CHAPTER II  

THE 4E-BP FAMILY OF TRANSLATIONAL REPRESSORS:  SENTINELS AT 

A TRANSLATIONAL CONTROL CHECKPOINT IN TUMOR DEFENSE  

 

I. INTRODUCTION 

 

Lung cancer and translation 

Lung cancer continues to be the number one cancer killer in the US, with a 

disproportionate recent increase in incidence and mortality among women and African 

American men.  According to estimates by the National Cancer Institute and the 

American Cancer Society, in the US, lung cancer will kill more than 160,000 people in 

2006, and will account for nearly 6 billion dollars in health care expenditures (Institute 

2005; Society 2006).  Tobacco use remains the single most important risk factor, and 

non small cell carcinoma – particularly adenocarcinoma – is currently the major 

histological form of the disease.  Nearly 60% of patients diagnosed with lung cancer 

will die within one year, and overall five year survival is only 15%.  

 

Recent work identifying critical cancer pathways activated in lung malignancies has led 

to the identification of new molecular targets for drug discovery, and new, targeted 

pharmaceutical agents.  For example Erlotinib, which targets the epidermal growth 

factor receptor, has shown promise in late stage disease (Shepherd 2005). While 

encouraging, a major challenge remains: to determine if the oncogenes responsible for 

lung carcinogenesis activate a diverse set of independent cancer pathways, each 
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requiring targeted therapy; or if at least some of these oncogenes activate pathways that 

converge at a few critical regulatory hubs that can be therapeutically targeted. The 

translation initiation apparatus might constitute such a regulatory hub since multiple 

oncogenic signals converge at the translation initiation complex and the activation of 

translation initiation leads to transformed properties.  Since sustained activation of 

translation is oncogenic, then it is reasonable to posit the existence of a translational 

control checkpoint in tumor defense.  The logical guardians of this checkpoint would be 

the primary negative regulators of translational initiation, the initiation factor 4E 

binding protein (4E-BP) family of proteins.  Therefore, I hypothesize that translational 

control checkpoint does indeed exist in tumor defense and that the 4E-BPs are the 

guardians of this checkpoint. 

 

Translational control of cancer and the translation initiation apparatus  

The basic translation initiation apparatus is conserved from yeast to humans with only 

minor differences (reviewed by Gingras 1999; Dever 2002).  In mammals, translation 

initiation involved the assembly of the eukaryotic initiation factor 4F (eIF4F) which is a 

trimolecular cap-binding complex consisting of eukaryotic translation initiation factor 

4E (eIF4E), eukaryotic translation initiation factor 4G (eIF4G), and eukaryotic 

translation initiation factor 4A (eIF4A).  Cap-dependent translational control is exerted 

by regulation of the abundance and activity of eIF4E, the rate-limiting component of 

eIF4F.  Three different mechanisms for regulating eIF4E are recognized: (a) 

transcription, (b) phosphorylation, and most importantly (c) sequestration by 4E-BP 

family members (Figure 1).   
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Figure 1. Assembly of the cap-binding complex.  Translation initiation complex 

eIF4F consists of eIF4E, eIF4G and eIF4A.  There are two isoforms of translation 

initiation factor 4G, eIF4GI and eIF4GII (46% identical; Gradi 1998) that serve a 

docking function, with the amino terminal half binding to eIF4E, and the C-terminal 

half binding to eIF4A. The eIF4G family proteins also have a recognition site for 

eukaryotic translation initiation factor 3 (eIF3) which directs the initiation complex to 

the 40S ribosomal subunit, and for the poly (A) binding protein which may facilitate 

circularization of the eIF4F-mRNA complex. eIF4E, a 25 kDa phosphoprotein which is 

usually present in limiting amounts, binds to the 5’ methylguanosine cap of mRNA [7-

methyl-G (5’) ppp (5’) N where N is any nucleotide]. eIF4A functions as a helicase 

which unwinds the 5’ region of the mRNA so it can interact with the ribosomal reading 

apparatus and aminoacyl charged tRNA.                 

 

 

 

 

 

 

 

 

 

 

 



 

 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 8 

The three 4E-BP repressor proteins, designated 4E-BP1, -BP2 and -BP3, compete with 

the eIF4G for eIF4E using the same binding motif (Tyr-X-X-X-X-Leu-0), blocking 

formation of the eIF4F complex; where X varies and 0=Leu, Met or Phe (Mader 1995). 

When the 4E-BPs are hypophosphorylated, they bind avidly to eIF4E blocking 

translation.  When hyperphosphorylated on the six serine/threonine sites, 4E-BPs 

display a markedly decreased affinity for eIF4E, which is free to associate with eIF4G 

and initiate translation.  A wide variety of extracellular regulatory cues including 

growth factors, hormones and components of the extracellular matrix stimulate eIF4F 

assembly and cap-dependent translation by signaling phosphorylation of the 4E-BPs.    

 

Tobacco carcinogenesis and translational control: A theoretical construct 

Tobacco contains a panoply of carcinogens. Among the best studied is 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), which produces lung lesions that 

progress from adenomatous hyperplasia to premalignant adenomas to adenocarcinoma. 

(Hecht 1999). Currently, adenocarcinoma is the most frequent non-small cell 

carcinoma, representing 35 to 40% of all lung cancers (Maghfoor 2005).  NNK is a pro-

carcinogen; when taken up by the cell, it is metabolized by the cytochrome P450 

enzyme superfamily into intermediates that react with DNA forming adducts.  These 

DNA adducts causes gene miscoding, ultimately resulting in mutations that activate 

oncogenes or repress tumor suppressor genes.  In the mouse lung, the P450 enzyme 

responsible for the carcinogenic conversion of NNK is CYP2A5.  NNK is α-

hydoxylated by CYP2A5, ultimately resulting in the formation of methane 

diazohydroxid and 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide which can react with 



 

 9 

DNA.  (Figure 2)  Among the favored targets of NNK is the Ras oncogene, and the 

majority of lung tumors induced by NNK harbor a Ras mutation at codon 12 which is 

the activating mutation (Hecht 1998).  Ras is a common oncogenic mutation in many 

human malignancies, and its pleotropic influence on cancer related functions – 

proliferation, apoptosis and senescence – have been studied extensively (Macaluso 

2002).   

 

One of the downstream targets of Ras is the translational machinery. Physiological Ras 

activation by growth and survival factors results in a precisely controlled level of 

translational activation through pathways including MAP kinase, P38 and 

PI3K/Akt/mTOR. When constitutively active Ras mutants are formed, sustained 

hyperactivation of translation ensues via hyperphosphorylation of the 4E-BPs through 

the PI3K/Akt/mTOR kinase cascade (reviewed by Raught 1999) and phosphorylation of 

eIF4E by the MNK pathway (Bianchini 2008).  

 

It has been recognized for more than a decade that components of the translational 

machinery are more abundant and active in cancer than in their non-malignant 

counterparts; an adjustment previously assumed to serve the increased metabolic needs 

of a cancer cell. It came as somewhat of a surprise when recent work in hematological 

malignancies (Ruggero 2004; Wendel 2004), breast cancer (Avdulov 2004) and lung 

cancer (Jacobson 2006) documented that cancer is subject to translational control – and 

that sustained hyperactivation of the cap-dependent translation initiation apparatus 

actually functions to mediate malignant transformation. Conceptually this creates a 
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Figure 2. NNK metabolism pathway.  Metabolic pathway for NNK. Depicted are the 

pathways showing the conversion of NNK to 1. 4-(3-pyridyl)-4-oxobutane-1-

diazohydroxide and 2. methane diazohydroxide. 
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paradox, since cancer is known to be a genetic disease where a series of mutations 

leading to gain of oncogene function, loss of tumor suppressor function and evasion of 

replicative senescence are central events. It is not intuitive how the global activity of the 

translation initiation apparatus could somehow enable carcinogenesis.  

 

Two key pieces of information help resolve the paradox. First, not all transcripts are 

equally appealing to eIF4F. Certain mRNAs, particularly those encoding growth 

factors, their receptors, polyamines, cyclins and several oncogenes enjoy a dramatic and 

selective increase in translational efficiency when eIF4F is activated (De Benedetti 

2004). Second, more than three quarters of the 300 or so cancer-related genes 

recognized to date activate the translational machinery directly or indirectly (De 

Benedetti 1999; Zimmer 2000). Many known oncogenic factors are either upstream 

modulators of eIF4F integrity (e.g. HER-2/neu, EGF-R/erb-b, c-Myc), or downstream 

effectors of eIF4F function (e.g. cyclin D1, Bcl-XL), or both (Brown 1996; Rhoads 

1999; Sjoblom 2006). Thus, eIF4F can plausibly serve as an integrator and amplifier of 

pro-neoplastic signals emanating from tobacco smoke – restrained primarily by the 4E-

BPs.  

 

Evidence for aberrant translational control in cancer 

 Clinical correlations: Elevated levels of eIF4F components are found in a broad 

spectrum of transformed cell lines and solid tumors.  The most pronounced increase of 

eIF4GI is found in lung carcinomas, whereas eIF4E is up regulated in lung and breast 

cancers, head and neck squamous cell carcinomas and some other neoplasias (reviewed 
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by De Benedetti 1999; Zimmer 2000). Increased expression of eIF4E is one of the early 

events in breast tumorigenesis (Nathan 1997) where it serves as an independent 

prognostic factor (Li 1997). In lung neoplasia, the level of eIF4E increases with 

morphological aberrancy: ranging from low levels in atypical adenomatous hyperplasia, 

intermediate levels in bronchioloalveolar carcinoma up to high levels in invasive 

papillary adenocarcinoma (Seki 2002).  For the negative regulator of translation, 4E-

BP1, it was found that hyperphosphorylated, and therefore inactive, 4E-BP1 is a 

negative prognostic factor in breast, ovarian, and prostate cancer (Castellvi 2006). 

 Experimental proof of concept: A large body of evidence suggests that 

enforced activation of cap-dependent translation converts immortalized rodent 

fibroblasts into tumorigenic cells. Ectopic over expression of eIF4E (Lazaris-Karatzas 

1990) or eIF4G1 (Fukuchi-Shimogori 1997) in NIH 3T3 fibroblasts results in cells that 

display anchorage independent growth in vitro and form tumors in vivo – in a pattern 

highly reminiscent of that seen with oncogenic Ras (Lazaris-Karatzas 1992). Recent 

finding suggest that eIF4E promotes oncogenesis and drug resistance in the Eμ-Myc 

model of mouse B-lymphoma in a manner that recapitulates the action of the anti-

apoptotic oncogene Akt (Wendel 2004).  Additionally, sustained hyper-activation of the 

cap-dependent translation initiation apparatus leads to spontaneous cancers in mice 

(Ruggero 2004).  I determined that sustained hyperactivation of eIF4F is required for 

maintenance of the malignant phenotype in human breast carcinoma (Avdulov 2004) 

and lung carcinoma (Jacobson 2006). Thus, eIF4F displays oncogenic functions similar 

to Ras and Akt. 
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Plausibility that the 4E-BPs function in tumor defense 

It is reasonable to conclude that deregulated eIF4F is oncogenic, and to infer that its 

negative regulators, the 4E-BP family of proteins might function in tumor defense.  The 

requirement for only one of the three 4E-BP family members for viability and fecundity 

in mice (Le Bacquer 2007); and the ability of deregulated eIF4F to promote 

oncogenesis support the idea that the 4E-BP family of proteins may function in tumor 

surveillance – but direct proof is lacking.  Here we performed a definitive set of 

experiments to determine if this is the case in the context of the lung carcinogen NNK 

(Figure 3). 

 

How might unrestrained eIF4F promote oncogenesis?  

While the answer is of course not known, we do know that not all transcripts are 

translated with equal efficiency. In this regard, the factors governing translational 

efficiency can be conveniently divided into 2 categories: 1) regulation that depends on 

intrinsic properties of a transcript conferred by the length and complexity of its 5’ 

untranslated region (UTR); and 2) regulation governed by the presence of regulatory 

elements in the transcript 5’ or 3’ UTR that function in concert with binding partners 

that are cell type- and differentiated state -specific. 

 

Transcript structure. Most structural proteins and stably expressed enzymes 

essential for cellular integrity are encoded by transcripts with relatively short and 

uncomplicated 5’ and 3’ UTRs. Their translational efficiency is nearly independent of 

the activity state of eIF4F.  In striking contrast, many regulatory proteins such as those 



 

 15 

Figure 3. Summary of prior knowledge supporting the proposed theoretical 

construct. The tobacco carcinogen NNK results in activating mutations in Ras by 

forming adducts leading to G to A mutations of the second base of codon 12. Activated 

Ras positively regulates the translational machinery in at least 2 ways. First, it can lead 

to activation of MNK which phosphorylates eIF4E increasing its affinity for the mRNA 

cap. Second, Ras can operate through the PI3K/Akt/mTOR pathway to inactivate the 

4E-BP family of translational repressors (Graff 1995; Waskiewicz 1997; Polunovsky 

2000; Tee 2003).  
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encoding peptide growth factors including PDGF, IGF-2, VEGF and FGF-2 (De 

Benedetti 1999; Zimmer 2000; Mamane 2004) have long and structured UTRs 

rendering them highly sensitive to the activity state of eIF4F. This selective increase in 

translational efficiency of structured mRNA when eIF4F is activated over its 2-fold 

physiological range can result in up to a 50-fold increase in the synthesis of the encoded 

protein – revealing a steep sigmoid relationship between eIF4F activity and translational 

efficiency of these messages encoding growth regulatory proteins (Figure 4). This 

concept of amplification at the initiation step is essential to highlight, explaining how 

seemingly modest changes in eIF4F activity result in dramatic changes in cell function 

(von der Haar 2004). 

 

Cis-regulatory elements and their cognate binding moieties. There is a highly 

specific form of translational control that permits a cell to instantaneously initiate a 

differentiation program, or to immediately synthesize a needed protein or group of 

proteins in response to environmental changes (Richter 2005). This system is based on 

specific nucleotide sequences in the transcript 5’and 3’ UTR, termed elements, which 

associate with regulators of translation. These include binding proteins that repress or 

facilitate formation of the closed loop structure essential for translation initiation, and 

microRNAs that target the element bearing transcript for inactivation or degradation. 

This regulation is cell context specific because the element only functions to repress 

translation in cells harboring the requisite binding partners. Examples of the binding 

protein system includes a repressor protein mediating axis formation in the developing 

frog and Drosophila embryos, translational enhancers relieving repression mediated by 
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Figure 4. Theoretical relationship between eIF4F activity and translational 

efficiency. Solid green arrows on the X axis depict the physiological activity range of 

eIF4F activity, a major determinant of translational efficiency. The green and white 

arrow depicts the activity of eIF4F in the malignant state. 
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the 5’ upstream open reading frame (uORF) in the HER-2 oncogene transcript (Mehta 

2006) and an iron responsive binding protein in mammalian cells governing translation 

of the ferritin mRNA (Hentze 1987). The microRNA system regulates proliferation and 

apoptosis in Drosophila, antiviral defense in mammals, and has been implicated in 

tumor defense in humans (Lakatos 2006).  Hence, translational control via eIF4F is a 

powerful mechanism which can be usurped by cancer to promote selective translation of 

cancer related transcripts.   

 

Conclusions 

In mammals, three proteins with a high degree of structural and functional identity - 4E-

BP1, 4E-BP2, and 4E-BP3 - represent the 4E-BP family of translational repressors. 

Why this redundancy? The answer is not clear, since mice engineered to be null for 4E-

BP1 and 4E-BP2 develop and reproduce normally. So it seems that just one of the 4E-

BPs is needed for physiological regulation of protein synthesis and development. 

However, the most ubiquitous translational repressor, 4E-BP1, displays attributes of a 

tumor suppressor both in vitro and in vivo: (a) it is functionally inactivated in aggressive 

breast carcinomas by hyperphosphorylation through a plethora of Ras-dependent signal 

transduction pathways; and (b) when ectopically expressed in breast and lung 

carcinoma cells, 4E-BP1 inhibits tumorigenicity. These findings support the idea that 

the 4E-BP translational repressors might not only function in their canonical role as 

regulators of mRNA recruitment to the ribosome, but also in tumor surveillance. To 

establish a translational control checkpoint in tumor defense, I used in vivo NNK model 

of lung carcinogenesis to show that the lack of 4E-BPs resulted in increased sensitivity 
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to NNK-induced lung tumorigenicity. My study definitively establishes a role for the 

4E-BPs in tumor defense, and provides proof of concept for translational research 

efforts targeting the cap-dependent translation initiation apparatus for cancer therapy.  

 
 
II. RESULTS 

In vitro models and their problems 

To study the tumor suppressive character of 4E-BPs in RasV12 induced tumorigenesis, 

I explored two in vitro models.  Briefly described below are 1) NNK treatment of 

human lung epithelial cells, 2) Establishing cell lines from wild type and 4ebp1-/-/4ebp2-

/- mouse lung epithelial cells. 

 

i. NNK treatment of human lung epithelial cells 

In our first test of in vitro models, human lung epithelial cells immortalized using viral 

elements (human papillomavirus: BEP2D, SV40: BEAS-2B) were used due to their 

availability.  The use of cells immortalized with viral elements has the obvious 

disadvantage of the viral elements having pleiotrophic effects in the cell.  However, 

since there were no other non-tumorigenic human lung epithelial cell lines available, 

this was our best human model.  BEP2D and BEAS-2B cells were treated with NNK in 

the media at 100 and 400ug/ml as previously described (Zhou 2003).  The treatment 

with NNK had toxic effects on the cells causing apoptosis in 30%-40% of the cells and 

those cells that survived did not show any increase in clonogenic growth compared to 

the saline treated controls.   
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ii. Establishing cell lines from wild type and 4ebp1-/-/4ebp2-/- mice 

Using a protocol described by Smith et el, lungs of wild type and 4ebp1-/-/4ebp2-/- mice 

were isolated, processed into small chunks less than 1mm x 1mm, and plated in 

epithelial growth media (Smith 1984).  Approximately 40 clones were isolated and 

subcultivated iteratively.  After approximately 4-5 subcultivations, all clones reached 

growth arrest with no spontaneous immortalization even after 8 months.  After 9 

months, only one actively growing clone was isolated from 4ebp1-/-/4ebp2-/- cells and 

none from the wild type.  Since a wild type comparison was needed, the original non-

tumorigenic line from the Smith paper (E10) was used as wild type controls.  4ebp1-/-

/4ebp2-/- and E10 cells were analyzed for clonogenic and anchorage independent 

growth.  Surprisingly, the control E10 cells had clonogenic growth while 4ebp1-/-

/4ebp2-/- cells could not grow without neighbors.  In the anchorage independent assay, 

control E10 cells underwent anoikis while anoikis was not seen in 4ebp1-/-/4ebp2-/- cells.  

However, despite avoiding anoikis, 4ebp1-/-/4ebp2-/- cells did not proliferate in the 

anchorage independent growth assay. 

 

Due to the lack of normal lung epithelial cell lines and the difficulty of establishing a 

suitable line using the above methods, the development of an in vitro model was 

abandoned.  

 

Validation of 4E-BP1 and 4E-BP2 knockout for the in vivo model 

To validate that the mice are indeed knocked out for the translational repressors 4E-BP1 

and 4E-BP2 (4ebp1-/-/4ebp2-/-), I performed Western analysis of the mouse lung tissue.  
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I also included the in the Western analysis, the binding partner of 4E-BPs, eIF4E, the 

active partner of eIF4E, eIF4G, and the remaining member of the 4E-BP family, 4E-

BP3.  At baseline, 4ebp1-/-/4ebp2-/- mice had similar levels of eIF4G, eIF4E, and the 

remaining 4E-BP family member, 4E-BP3 compared to the wild type (Figure 5).  There 

was no compensatory up regulation of eIF4E, eIF4G, nor 4E-BP3. 

 

Establishing an in vivo model of cancer 

To test the hypothesis that 4E-BPs play a role in tumor defense, I needed to establish an 

in vivo model of cancer.  Described are two models of carcinogenesis involving the 

activation of the Ras oncogene that were explored.  First was Ras induced liver cancer 

and the second was the tobacco carcinogen, NNK, induced lung carcinogenesis.   

 

i. Feasibility of the liver cancer model in 4ebp1-/-/4ebp2-/- mice 

The feasibility of the N-RasV12 mediated liver cancer in Arf-/- mouse model was 

explored.  The advantage of this model was the ability to use the oncogene Ras instead 

of carcinogens such as NNK which is known to cause DNA damage.  However, an Arf-/-

, 4ebp1-/-/4ebp2-/- triple knockout mouse is not available.  Hence I decided to test the 

hypothesis that 4E-BPs can replace the tumor suppressive function of ARF and that the 

lack of 4E-BPs in conjunction with N-RasV12 expression will lead to liver cancer just 

as ARF knockout with N-RasV12 expression (Carlson 2005).  Using the Sleeping 

Beauty transposon system which was previously validated (Carlson 2005), N-RasV12 

was introduced into the liver of 4ebp1-/-/4ebp2-/- and wild type mice.  The Arf-/- mouse 

model is in the C57BL/6J strain of mice while our mice are in the Balb/c strain    
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Figure 5. Validation of 4E-BP1 and 4E-BP2 knock out mice.  Steady state levels of 

Eif4g, Eif4e, Eif4ebp1, Eif4ebp2, Eif4ebp3 and actin (as a loading control) in lung 

extracts from 4ebp1-/-/4ebp2-/- (left) and wild type (right) mice. 
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(Le Bacquer 2007), and hence establishing the correct time for animal sacrifice was 

crucial.  Available literature in liver cancer showed that spontaneous liver tumors were 

very rare in both C57BL/6J and Balb/c mice (1.5-3.6% of animals develop liver tumors 

in 2 years) and under chemical induced liver carcinogenesis using vinyl carbamate, the 

Balb/c strain was twice more resistant than C57BL/6J mice.  Liver tumors from both 

spontaneous and vinyl carbamate preferentially caused Ras mutations (Stanley 1992).  

Since Balb/c are less sensitive compared to C57BL/6J mice, I established time points 

which were approximately twice and three times the average latency for C57BL/6J mice 

(100 and 150 days respectively).  100 and 150 days post N-RasV12 introduction, mice 

were sacrificed for gross analysis of liver.  Both 4ebp1-/-/4ebp2-/- and wild type mice 

showed no visible liver tumors at 100 days post N-RasV12 introduction.  At 150 days 

post N-RasV12 introduction, one out of 10 mice formed liver tumors in both 4ebp1-/-

/4ebp2-/- and wild type mice.  Despite increasing the time of analysis 3 times the 

average latency, I only observed tumors in 10% of the mice and there were no 

significant differences between the 4ebp1-/-/4ebp2-/- and wild type mice.   

 

ii. Feasibility of using Balb/c mice in NNK induced lung carcinogenesis 

To date, nearly all available reports addressing NNK-induced lung tumorigenesis have 

employed mice from the A/J strain. Since available 4E-BP1 and 4E-BP2 knockout mice 

are on a Balb/c background, I viewed it as essential to determine whether Balb/c mice 

develop lung tumors in response to NNK. To address this question, the first 

consideration was what dose of NNK to test.  Studies using a urethane-induced lung 

carcinogenesis model indicate that A/J mice are about 6-fold (95% confidence interval 
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= 4 to 8-fold) more sensitive to carcinogen than Balb/c (Festing 1998).  To avoid a 

negative result due to inadequate dosing of NNK, I chose the high end of the confidence 

interval: all mice received two i.p. injections of NNK totaling 4 mmol/kg body weight - 

which is 8 times the dose required for 100% of A/J mice to develop lung tumors after 

NNK injection.  To minimize the number of mice needed for the pilot experiments, 

instead of sacrificing mice at serial time points and examining them for tumors at 

necropsy; each mouse was examined for tumors by serial spiral CT scans (performed 0, 

12, and 22 weeks after NNK administration).  For the pilot, mice were divided into four 

groups (n = 7/group): 1) Balb/c wild type treated with NNK; 2) 4ebp1-/-/4ebp2-/- mice 

treated with NNK; 3) 4ebp1-/-/4ebp2-/- mice treated with saline; 4) A/J wild type 

(positive control) treated with NNK.   

 

Spiral CT scanning detected small lung lesions as early as 12 weeks post NNK 

administration (not shown), and revealed easily detectable tumors after 22 weeks 

(Figure 6).  Since our intent in the pilot was to be sure Balb/c mice develop tumors in 

response to NNK, I waited an additional 6 weeks after the last CT scan before 

sacrificing mice (28 weeks post injection), and counting the surface lung tumors at 

necropsy.  
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Figure 6.  Representative chest CT.  Shown are two serial images from a 4ebp1-/-

/4ebp2-/- Balb/c mouse treated with NNK (4 mmol/kg body weight).  Time of scan was 

22 weeks post NNK injection.  Resolution is sufficient to produce acceptable images of 

lung tumors (0.5 to 1 mm). Images were acquired using a General Electric CT/e single-

detector spiral CT scanner and the following settings: 1.0 mm slice thickness at 1.0 mm 

intervals with 20% pitch, 28 axial slices for mice in groups of 5 in plastic geometrically-

arranged tubes. Dashed arrow (green) = Heart.  Circle arrow (black) = Spine. Regular 

arrow (yellow) = Pulmonary vessels. Diamond arrow (pink) = Lung tumor sized at 1mm 

x 1mm. 
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All mice treated with NNK showed visible lung surface tumors including a number not 

detected by CT scan. Mean tumor frequency ranged from 16 to 18 per mouse with no 

statistical differences based on genotype (Figure. 7).  Lung tumor frequency for saline 

treated 4ebp1-/-/4ebp2-/- mouse was low as expected.  Thus, our pilot study definitively 

establishes that the Balb/c strain of mice develop lung tumors in response to NNK, and 

indicates the need to decrease the NNK dose into the conventional range used for A/J to 

examine whether I could detect differences in tumor frequency between wild type and 

4ebp1-/-/4ebp2-/- mice. 

 

Although CT-scans were specific for detection of mice with tumors, it was not very 

sensitive as evidenced by nearly twice the number of tumors which were not detected 

by CT compared to gross examination.  Since the time to tumor development has been 

established at 28 weeks post NNK injection, gross analysis was chosen as the method of 

analysis. 
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Figure 7.  Tumor Frequency.  28 weeks post injection with NNK, all mice were 

sacrificed and lungs examined at necropsy for surface tumor enumeration.   
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4ebp1-/-/4ebp2-/- mice manifest increased sensitivity to NNK-induced lung 

tumorigenesis 

To determine whether the 4E-BPs have a role in tumor defense, I performed a dose 

ranging study in Balb/c wild type and 4ebp1-/-/4ebp2-/- mice.  At the highest dose of 

NNK examined (4 mmol NNK/kg body weight), both wild type and null mice 

developed typical milky white lung surface tumors (Figure 8a). These lesions were 

indistinguishable from tumors produced in the more commonly used A/J strain of mice 

(Belinsky 1992) which served as a positive control (not shown). However, when the 

dose-response characteristics of 4ebp1-/-/4ebp2-/- mice were compared to wild type, 

4ebp1-/-/4ebp2-/- mice manifested a significantly increased sensitivity to the tumorigenic 

effects of NNK (Figure 8b). In accord with prior reports, the maximum tumor frequency 

for A/J mice occurred at 1 mmol NNK/kg body weight. For Balb/c mice, independent of 

genotype, lung tumors were infrequently seen up to 1 mmol NNK/kg body weight. 

However, a 5-fold increase in tumor frequency was apparent in 4ebp1-/-/4ebp2-/- mice at 

2 mmol NNK/kg body weight (P=0.00018) with convergence of tumor frequencies at 

the highest dose examined.  These data indicate that the lack of 4E-BP1 and 4E-BP2 

sensitizes mice to the tumorigenic effects of NNK. 
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Figure 8.  NNK induced lung tumorigenesis.  All mice were injected i.p. with NNK 

dissolved in saline or saline alone at 6 week of age.  Animals were sacrificed at 28 

weeks post injection and lung surface tumors were quantified.  a. Representative surface 

tumors in lungs from NNK treated 4ebp1-/-/4ebp2-/- (left) and wild type (right) mice.  b. 

Lung surface tumor frequency as a function of NNK dose (n=15, p=0.00018, student’s 

t-test).  
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Tumors from 4ebp1-/-/4ebp2-/- mice have increased microvessel density 

Lungs from 4ebp1-/-/4ebp2-/- and wild type mice harboring tumors were analyzed to 

determine if their morphological pattern or cytokinetic properties differed. In accord 

with the published literature (Hecht 1998), histological analysis showed that all tumors 

were of the adenocarcinoma subtype, with all stages of tumor progression - hyperplasia, 

adenoma, and adenocarcinoma – represented (Figure 9a). The distribution ratio of these 

lesions in wild type and 4ebp1-/-/4ebp2-/- mice did not differ (Figure 9b).  To define the 

cytokinetic properties of tumors, we carried out immunohistochemical analysis to 

quantify the frequency of proliferating (Ki-67) and apoptotic (caspase-3) cells. Analysis 

of proliferating cells showed no difference between 4ebp1-/-/4ebp2-/- and wild type 

tumors (Figure 9c). The frequency of apoptotic cells was negligible in all tumors (not 

shown).  Accordingly, when the size of adenomas were analyzed, there was also no 

difference between 4ebp1-/-/4ebp2-/- and wild type tumors (Figure 9d). 
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Figure 9.  Histology and cytokinetic properties of lung tumors.  Lungs isolated from 

saline and NNK treated mice were fixed in formalin and embedded in paraffin for 

routine histological and immunohistochemical analysis.  a. H&E stained sections of 

lesions from a representative lung sample.  All stages of carcinogenesis were apparent 

(hyperplasia, dysplasia, adenoma, adenocarcinoma). b. Frequency distribution of NNK-

induced lung lesions.  c. Proliferation. Adenomas were analyzed for Ki-67 positive 

nuclei with data expressed as the number of positive nuclei per random high power 

(400x) field. 
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I also performed an immunohistochemial quantification of tumor vascularity using the 

endothelial determinant CD31 which showed that microvessel density was increased 

approximately 5-fold in 4ebp1-/-/4ebp2-/- tumors (Figure 10a).  Given the difference in 

microvessel density between wild type and 4ebp1-/-/4ebp2-/- mice, I  analyzed baseline 

levels of VEGF; a potent angiogenic factor that is strongly controlled at the translational 

level (Chung 2002). Quantitative PCR analysis showed that although the total 

abundance of the Vegf transcript did not differ between 4ebp1-/-/4ebp2-/- and wild type 

mice, there was a 3-fold increase in the amount of Vegf transcript bound to 

polyribosomes (≥3 bound ribosomes) in the 4ebp1-/-/4ebp2-/- mice (Figure 10b).  This 

indicated translational activation of VEGF in the 4ebp1-/-/4ebp2-/- mice at baseline 

before NNK exposure, providing one explanation for their propensity to develop tumors 

with a higher density of microvessels.  

 

The mutagenic potency of NNK is increased in 4ebp1-/-/4ebp2-/- mice 

Target tissue metabolism of NNK by members of the cytochrome P450 superfamily of 

enzymes converts it into active metabolites that form adducts with nucleotide bases in 

DNA (Crespi 1991). As a consequence, in addition to losing the ability to restrain eIF4F 

under oncogenic stress, 4ebp1-/-/4ebp2-/- mice might also have baseline metabolic 

alterations due to changes in the translational machinery that make them more efficient 

at catalyzing NNK into carcinogens. To address this possibility, I measured the extent 

of NNK α-hydroxylation in lung microsomes prepared from wild type and 4ebp1-/-

/4ebp2-/- mice. NNK α-hydoxylation ultimately results in the formation of methane 

diazohydroxid and 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide which can react with 
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Figure 10.  Histology, microvessel density and cytokinetic properties of lung 

tumors.  Lungs isolated from saline and NNK treated mice were fixed in formalin and 

embedded in paraffin for routine immunohistochemical analysis.  a. Microvessel 

density. Shown is the number of CD31 positive pixels per tumor (resolved at 400x; n = 

7, p=0.046, student’s t-test) in adenomas using computer analysis to determine the 

numbers.  b. Quantitative PCR analysis of VEGF at baseline before NNK treatment in 

mouse lung tissue.    Shown is the quantity of total cellular and polyribosome bound 

VEGF RNA in arbitrary fluorescence units (n = 4, p= 0.0065, Wilcoxon rank sum test) 
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DNA and lead to mutations. The diazohydroxides are reactive and cannot be directly 

measured. Instead I measured the formation of ketoaldehyde (OPB) and keto alcohol 

(HPB), which are formed in a 1:1 ratio with the diazohydroxides (Hecht 1998). 4ebp1-/-

/4ebp2-/- mice had a nearly 2-fold increase in OPB and HPB compared to wild type 

mice, whereas non-P450 mediated carbonyl reduction of NNK to NNAL was 

unchanged (Figure 11). Enzymes from the P450 2A subfamily, in particular P450 2A5 

(CYP2A5), are the most efficient catalysts of NNK α-hydroxylation in mouse lung 

(Hecht 1998). To determine if the NNK α-hydroxylation activity was an isolated 

phenomenon or a reflection of a generalized increase in P450 2A activity, I examined 

the production of 7-hydroxy coumarin from coumarin, a CYP2A5 specific reaction. In 

accord with the data for NNK metabolism, coumarin 7-hydroxylation was also 

increased 2-fold in 4ebp1-/-/4ebp2-/- mice. These findings indicate that the increased 

sensitivity of 4ebp1-/-/4ebp2-/- mice to NNK carcinogenesis might not only result from a 

biological defect in tumor defense, but also from metabolic alterations leading to a 

higher effective dose of electrophiles from NNK.  
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Figure 11. NNK metabolism.  Quantification of NNK and coumarin metabolism.  H3 

labeled NNK was incubated with lung microsomes isolated from 4ebp1-/-/4ebp2-/- and 

wild type mice.  Shown are the different end products of NNK metabolism (OPB, HPB, 

N-oxide, and NNAL) and the P450 2A specific metabolism of coumarin to 7-hydroxy 

coumarin. (n=3, * designates p < 0.05, student’s t- test) 
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As a direct measure of NNK mutagenicity, I  next quantified 2 major classes of DNA 

adducts – methylation (O6-methylguanine) and pyridyloxobutylation (POB: O2-POB-

thymidine and 7-POB-guanine) (Peterson 1991; Hecht 1999) -  in the lungs of mice for 

up to 9 days after administration of 2 mmol NNK/kg body weight (the dose generating 

the largest difference in tumor count between wild type and 4ebp1-/-/4ebp2-/-). While the 

pattern of O2-POB-thymidine and 7-POB-guanine adducts was independent of 

genotype, O6-methylguanine adducts were more abundant in the 4ebp1-/-/4ebp2-/- mice - 

reaching 3-fold higher levels at 96 hours (p=0.012) after NNK injection, before 

declining to the wild type levels at 9 days (Figure 12; 2-way ANOVA for pattern 

comparison, student’s t-test to compare the wild type and null value at each time point). 

This result indicates that the potency of NNK as a mutagen was altered by genotype, 

and that the increased tumor frequency seen in 4ebp1-/-/4ebp2-/- mice might not only 

result from an impaired ability to negatively regulate eIF4F during an oncogenic stress, 

but also from an enhanced vulnerability to NNK mutagenicity due to baseline changes 

in the translational machinery.  
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Figure 12. DNA adduct formation. Genomic DNA was isolated from mouse lungs 1, 

8, 24, 96, and 192 hours post injection with 2 mmol NNK/ kg body weight.  The 

isolated DNA was hydrolyzed into individual bases and analyzed by HPLC mass 

spectrometry to detect pyridyloxobutylated and methylated guanine.  Shown are a. O2-

POB-thymidine, b. 7-POB-guanine and c. O6-methylguanine for wild type and 4ebp1-/-

/4ebp2-/- mice. (n=4, for c, p < 0.0001, 2-way ANOVA; student’s t-test for individual 

time points.)  
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To explore this possibility, I analyzed baseline expression of cytochrome P450 2A5 

(CYP2A5), the major catalyst of NNK bioactivation, in the mouse lung.  Since available 

immunological reagents do not distinguish between CYP2A4 and CYP2A5 (only 

CYP2A5 bioactivates NNK), I quantified Cyp2a5 transcript abundance and ribosome 

binding using RT-qPCR. Steady state levels of the P450 2A5 transcript did not differ 

between wild type and 4ebp1-/-/4ebp2-/- mice; however, I observed a striking, 40-fold       

increase in the quantity of Cyp2a5 transcript present in the polyribosome bound pool 

(Figure 13). This dramatic translational activation of CYP2A5 at baseline provides a 

molecular mechanism for the increased NNK bioactivation and adduct formation I 

observed in the 4ebp1-/-/4ebp2-/- mice. 
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Figure 13. Translation of Cytochrome P450 2A5. Quantitative PCR analysis of 

cytochrome P450 2A5 in mouse lung tissue at baseline before NNK treatment  Shown is 

the quantity of total cellular and polyribosome bound P450 2A5 RNA in arbitrary 

fluorescence units (n = 4, p = 0.034, Wilcoxon rank sum test) 
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Polyribosome bound mRNA can be prepared from mouse lungs.  

An essential step for successfully carrying out the global analysis of translational profile 

is the ability to isolate high quality polyribosome bound mRNA from the lungs of 

experimental mice.  Since there are no published protocol for isolating polyribosome 

bound mRNA from mouse lung, I followed the procedures our group has published for 

intact liver (Mullany 2007), which represents an adaptation of methods our group 

successfully used for in vitro preparations (Larsson 2006). Using this approach, I 

determined that it is feasible to obtain polyribosome preparations of sufficient quality to 

perform microarray analysis (Figure 14). 

 

Translationally activated genes in 4ebp1-/-/4ebp2-/- mice are skewed towards 

neoplastic functions 

The 4E-BPs function by competing with eIF4G for eIF4E bound to the 5’ cap of mRNA 

(Mader 1995). In principle, this implies that the pattern of ribosome recruitment to all 

transcripts in the cell could be altered by knockout of 4E-BP1 and 4E-BP2. If this were 

the case, then the search for the molecular mechanisms of NNK vulnerability in 4ebp1-/-

/4ebp2-/- mice might be a nearly insurmountable problem. However, recent genome-

wide studies of ribosome recruitment in vitro identify key potentially oncogenic 

transcripts as being disproportionately affected when eIF4E is ectopically over 

expressed (Larsson 2006; Larsson 2007; Mamane 2007). Since the 4E-BPs negatively 

regulate eIF4E, I reasoned that the same mechanisms could be active resulting in similar 

translational patterns.  
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Figure 14. A representative lung polyribosome preparation. Lungs were collected 

after perfusion with PBS, immediately frozen under liquid nitrogen and crushed into 0.5 

to 1 mm particles using a mortar and pestle. Swelling buffer containing cyclohexamide 

(1 mg/ml) was added to “freeze” ribosomes to their cognate transcripts and the mixture 

was incubated on ice for 5 min. Lysis buffer was added and the tissue was homogenized 

with 15 strokes of a dounce homogenizer. The homogenate was collected into a tube 

and insoluble material was pelleted by centrifugation.  Supernatant was collected and a 

solution of heparin and NaCl was added. RNA was layered onto a 5 ml, 0.5 M to 1.5 M 

sucrose gradient and centrifuged at 200,000 G in a Beckman SW50 rotor for 90 min at 

4°C.  Ten 0.5 ml fractions were collected into glass tubes containing 50 ul of 10% SDS 

using an ISCO density gradient fractionator, monitoring absorbance at 254 nm. Shown 

is an annotated example of an OD tracing from one 4ebp1-/-/4ebp2-/- mouse. 
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To define the pattern of ribosome recruitment, I performed combined polyribosome-

microarray analysis of RNA obtained from wild type and 4ebp1-/-/4ebp2-/- mouse lungs 

in the basal state, before NNK administration. The statistical challenge posed by the 

high dimensionality of microarray analysis is commonly managed by performing a 

pathway-oriented analysis. In this procedure, each gene has been annotated to one or 

several pathways and the dataset can be interpreted in terms of pathways that show 

enrichment among a set of differentially expressed genes. To perform such analysis, I 

examined the genome-wide dataset at three levels: transcriptional, translational and the 

translational level after correction for transcription. I identified those genes that were 

differentially expressed at both the translational level and the translational level 

corrected for transcription. This analysis resulted in a set of genes which appeared to be 

more regulated at the translational level compared to the transcriptional level.  I 

separated the genes into those that were activated at the translational level and those that 

were inactivated and looked for enrichment of any pathway defined by the Gene 

Ontology consortium. As might be anticipated, I found 35 translationally up regulated 

pathways and only 2 down regulated pathways in 4ebp1-/-/4ebp2-/- mice (Table 1). 

Strikingly, the majority of translationally activated genes belonged to only 2 categories: 

growth and proliferation – both cancer-defining properties. The remaining genes 

belonged to the transcription category; a category that - while not cancer-specific - 

reveals how alterations in translational control can directly influence gene expression at 

the transcriptional level. Of note, the 2 translationally down regulated pathways 

appeared to be non-specific (cellular component and nuclear-ER network). These data    

disclose a significant skewing of baseline ribosome recruitment to cancer-related   



 

 55 

Table 1.  Gene ontology analysis of translational profile.  The translationally up-

regulated profiles of WT and 4ebp1-/-/4ebp2-/- mice were normalized against the total 

mRNA array. Genes that were up regulated compared to WT were determined, and the 

gene list was analyzed for pathways using the Gene Ontology consortium. Shown are 

the results with false discovery rates lower than 5% according to function. 
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transcripts in 4ebp1-/-/4ebp2-/- mice. 

 

III. DISCUSSION 

The concept that activation of cap-dependent translation is on the causal pathway to 

cancer is now established (Avdulov 2004; Ruggero 2004; Wendel 2004). However, its 

logical corollary - that the 4E-BP family of cap-dependent translational repressors 

function in tumor defense - could only be inferred from available experimental evidence 

(Avdulov 2004; Jacobson 2006); providing us with strong motivation to perform our 

study. 

 

Using mice genetically engineered to lack 2 of the 3 members of the 4E-BP family; and 

a high fidelity tobacco carcinogen mouse model of lung cancer that closely recapitulates 

the human disease, here we report that 4E-BP deficiency sensitizes mice to NNK-

induced lung tumorigenesis, firmly establishing a role for the 4E-BPs in tumor defense. 

In addition, we report that lung tumors in 4E-BP deficient mice showed a marked 

increase in vascularity compared to their wild type counterparts, identifying 

angiogenesis as a critical translationally controlled step in the cancer pathway. 

Moreover, at baseline before NNK challenge, we show a significant skewing of the 

4ebp1-/-/4ebp2-/- translational profile towards translational activation of genes promoting 

cancer-related properties. Finally, we unexpectedly discovered a potential feed-forward 

loop involving the cytochrome P450 enzyme system that increases the carcinogenic 

potency of NNK in the 4E-BP deficient state – providing a novel molecular mechanism 

to explain the potency of cigarette smoke as a human lung carcinogen. 
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Increase in tumorigenesis in 4ebp1-/-/4ebp2-/- mice 

Evidence for the role of eIF4F activation in cancer has been accumulating for more than 

a decade (Avdulov 2004; Ruggero 2004; Wendel 2004; Jacobson 2006). Since the 4E-

BPs are the primary negative regulators of eIF4F function, our hypothesis that 4ebp1-/-

/4ebp2-/- mice would be sensitized to NNK-induced lung tumorigenesis had strong 

antecedent experimental grounding (Avdulov 2004; Jacobson 2006).  Indeed, as we 

predicted, our study shows an increase in the sensitivity of 4ebp1-/-/4ebp2-/- mice to 

NNK, establishing a role for the 4E-BP family of cap-dependent translation repressors 

in tumor defense.  

 

Morphological analysis of the tumors revealed that the distribution of tumor grade from 

hyperplasia, adenoma, to adenocarcinoma was not different in 4ebp1-/-/4ebp2-/- mice.  

Hence, the lack of 4E-BPs did not accelerate the progression of the tumor to a more 

malignant grade.  The size of the tumors and the immunohistochemical analysis of 

proliferation and apoptosis were also similar to wild type showing that 4ebp1-/-/4ebp2-/- 

mice developed the same tumors, just more in number compared to the wild type.  

However, when we looked at the microvessel density of the tumors, there was a striking 

increase in 4ebp1-/-/4ebp2-/- mice; a result identifying a role for the 4E-BPs in restraint 

of tumor neovascularization.  Activation of eIF4F is known to selectively activate 

translation of the angiogenic protein VEGF (Chung 2002).  We found that 4ebp1-/-

/4ebp2-/- mice even before the treatment of NNK, had increased recruitment of 

ribosomes to Vegf mRNA; creating a primed state for increased neovascularization of 
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NNK-triggered tumors. However, we note that translational control of angiogenesis in 

not simply unidirectional. In breast carcinoma, high level over expression of 4E-BP1 

promotes angiogenesis by triggering a switch from cap-dependent to IRES mediated 

translation (Braunstein 2007). This leads to translational activation of VEGF which can 

be translated in a cap-independent as well as a cap-dependent manner – giving it a 

selective advantage to recruit ribosomes when cap-dependent translation is repressed. 

These data highlight the importance of translational control in governing the propensity 

of tumors to progress by recruiting a circulation, and provide a molecular mechanism 

for the increased vascularity we observed in the lung tumors from 4ebp1-/-/4ebp2-/- 

mice.  Additionally, we show that in the adenoma grade of lung tumors in 4ebp1-/-

/4ebp2-/- mice, the increase in microvessel density did not effect proliferation or size of 

the tumor.  Normally, tumors recruit vessels when they have grown too big for the 

amount of nutrients and oxygen that is available to them.  However, at the adenoma 

grade, the tumors may not have yet grown to the point where the increased vascularity 

gives them a proliferative advantage to manifest a difference.  

 

Global translational profile 

To elucidate the molecular mechanism by which the 4E-BP deficiency sensitizes mice 

to NNK, we analyzed the baseline lung RNA ribosome recruitment pattern genome-

wide. There was a marked skewing of the 4ebp1-/-/4ebp2-/- molecular landscape towards 

translational activation of genes governing growth and proliferation; as well as for 

genes related to transcription. These data are in accord with genome-wide in vitro 

studies that reveal selective translation of proliferation genes - and those governing gene 
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expression itself - when the translation initiation machinery is activated (Provenzani 

2006; Larsson 2007). Our findings reveal what may be considered a cancer-primed state 

in 4ebp1-/-/4ebp2-/- mice.  Based on our findings, it is tempting to speculate that a 

similar shift in the global translational profile towards cancer may be recapitulated in 

the smoker’s lung; a possibility in accord with the clinical finding that 

hyperphosphorylated 4E-BP1 is a negative prognostic factor in breast, ovarian, and 

prostate cancer (Castellvi 2006).  Also, the finding that transcription is translationally 

skewed is interesting since selective translation of even a few transcription factors could 

affect multiple pathways.  This could help explain why deregulating the translational 

initiation complex has pleiotropic effect in the cell.   

 

NNK metabolism 

Our most exciting result was completely unexpected; the discovery of a feed-forward 

loop enabling NNK to become a progressively more potent carcinogen when 4E-BP 

function is decreased. We found that 4ebp1-/-/4ebp2-/- mice lungs were more efficient at 

catalyzing NNK to its carcinogenic metabolites, and that this resulted in increased 

methylated DNA adducts. The mechanism involved translational activation of 

CYP2A5, the primary enzyme catalyzing NNK into its carcinogenic metabolites 

(Felicia 2000). This finding points to a novel role for the 4E-BPs in regulating the 

cytochrome P450 enzyme system (Figure 15a).  We also note that the methyl adduct 

levels returned to the wild type levels at the last time point of 9 days.  This return to 

baseline is intriguing since previous publication in the A/J mice has shown that NNK 

treated mice maintained the elevated methyl-guanine levels in the lung for up to  15  
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Figure 15. Model for 4E-BP action in lung cancer.  a. Knockout of 4E-BP1 and 4E-

BP2 leads to translational up regulation of cancer related genes at steady state. It also 

increases translation of CYP2A5, which increases NNK bioactivation resulting in more 

downstream mutations.  b. Human smokers exposed to NNK accumulate mutations 

eventually leading to activation of the Ras/PI3K/Akt/mTOR pathway. This inactivates 

the 4E-BP system and creates a 4E-BP null phenocopy. A potential feed-forward loop is 

now set up in which the genome-wide translational profile is shifted to activate genes 

driving growth, proliferation and NNK bioactivation; so that the target cell is pushed 

further along the cancer pathway and NNK is more potent as a mutagen. 
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days post treatment (Peterson 1991).  However, the statistically significant time point 

for correlation with lung tumor frequency was at 96 hours which was the time point that 

showed the largest difference in adducts levels between wild type and 4ebp1-/-/4ebp2-/- 

mice. 

 

Combining the published literature with our current findings, we have unveiled a 

pernicious feed-forward loop that may operate in human smokers. With the first puff, 

physiological levels of CYP2A5 in the lung will catalyze NNK into methane 

diazohydroxide and 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide which forms DNA 

adducts, some of which will preferentially create a codon 12 gain of function mutation 

in RAS (Ronai 1993). The resultant production of oncogenic Ras activates the 

PI3K/Akt/mTOR pathway which in turn leads to hyperphosphorylation of the 4E-BP 

family members (Patel 2007), i.e. a 4ebp1-/-/4ebp2-/- phenocopy. We show here that 

CYP2A5 is translationally activated in the 4E-BP deficient state, increasing the 

catalysis of NNK into carcinogenic metabolites resulting in accelerated accumulation of 

DNA adducts (Figure 15b).  We speculate that such a feed-forward loop in human 

smokers may help to explain both the carcinogenic potency of cigarette smoke and the 

exponential relationship between lung cancer incidence and smoking duration in 

humans (Doll 1978; Flanders 2003).   

 

One last intriguing speculation involves the metabolism of nicotine.  CYP2A5 is the 

major enzyme responsible for nicotine metabolism in mice (Murphy 2005) and the 

translational activation of CYP2A5 in 4ebp1-/-/4ebp2-/- mice may increase the 
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metabolism of nicotine.  This is important since evidence suggests that smokers adjust 

the amount of smoking to maintain a steady level of nicotine and that factors that 

influence nicotine levels can affect smoking behavior (Malaiyandi 2005).  For example, 

people with a 1B variant of CYP2A6, the human ortholog of mouse CYP2A5, 

metabolize nicotine faster and these individuals smoked more cigarettes compared to 

the wild type 1A variant (Gambier 2005).  Therefore, in the 4E-BP deficient state, 

CYP2A6 can be translationally up regulated, increasing the metabolism of nicotine, 

leading to increased cigarette consumption to maintain the nicotine level. 

 

Although our study does not definitively establish a role for the 4E-BP family of 

proteins in defense against malignancies other than adenocarcinoma of the lung; 

together with the published literature, it strongly suggests a more general role in defense 

against other malignancies. Our findings, therefore, provide impetus for current efforts 

to develop new classes of cancer therapeutics aimed at normalizing translational control 

and reestablishing integrity of the translational control checkpoint. These efforts include 

mTOR inhibitors designed to restore 4E-BP function and compounds targeting the 

integrity or activity of the eIF4F complex (Ghosh 2005; Moerke 2007; Lane 2009). Our 

data also support the potential utility of array-based translational profiling to begin 

identifying and stratifying at-risk states for the development of lung and other 

malignancies. 

 

IV. MATERIALS AND METHODS 
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NNK model of lung carcinogenesis.  The protocol for NNK administration was 

approved by the University of Minnesota IACUC. Balb/c mice doubly knocked out for 

Eif4ebp1 and Eif4ebp2 were generously provided by Dr. Nahum Sonenberg (Le 

Bacquer 2007).  Wild type Balb/c mice were purchased from Charles River 

Laboratories (Wilmington, MA) and the positive control A/J mice were purchased from 

Jackson Laboratory (Bar Harber, ME).  At 5 weeks of age, mice were started on AIN-

93M purified diet (Research Diets, New Brunswick, NJ) until the end of the experiment.  

At 6 weeks of age, mice were injected i.p. with NNK (Toronto Research Chemicals Inc, 

Ontario, Canada) at doses of 0 (vehicle only), 0.5, 1, 2, and 4 mmol / kg body weight.  

At 28 weeks post NNK injection, all mice were sacrificed for surface tumor counts and 

lung tissue analysis. 

 

Histological analysis.  Lungs were formalin fixed, paraffin embedded, and sectioned 

for histological analysis.  The University of Minnesota Cancer Center Histology Core 

performed H&E for histological grade distribution and size; and the University of 

Minnesota Anatomic Pathology Core performed Ki-67 (Lab Vision, Fremont, CA) for 

proliferation, activated caspase-3 (Calbiochem, San Diego, CA) for apoptosis and CD31 

(Biocare Medical, Concord, CA) for microvessel quantification.   

 

Western blot analysis.  Lung tissue was flushed with PBS and homogenized before 

cells were lysed with RIPA buffer (150mM NaCl, 6mM NaHPO4, 4mM NaH2PO4, 

2mM EDTA, 1% NaDOC, 1% NP40, 0.1% SDS) supplemented with Protease Inhibitor 

Cocktail Tablets (Roche, Switzerland), phosphatase inhibitors Na3OV4 (1mM) and beta-
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glycerophosphate (50mM).  The protein content of lysates was quantified and equal 

amounts were resolved by 15% SDS-PAGE.  Proteins were transferred onto 

nitrocellulose and analyzed for eIF4E, 4E-BP1, 4E-BP2, and 4E-BP3.  Antibodies for 

eIF4E (BD Biosciences, San Diego, CA) and 4E-BP1 (Abcam, Cambridge, MA) were 

purchased, and antibodies for 4E-BP2 and 4E-BP3 were provided by Dr. Nahum 

Sonenberg.   

 

NNK metabolism by lung microsomes.  Mouse lung microsomes (MLM) were 

prepared according to a previously published protocol (Zhang 2007). 20 μM [5-

3H]NNK was incubated with MLM (100 μg protein) for 30 min at 37 °C in a reaction 

mixture containing 50 mM Tris buffer, pH 7.4, and a NADPH generating system (GS) 

(0.4 mM NADP+, 100 mM glucose-6-phosphate and 0.4 units of glucose-6-phosphate 

dehydrogenase). Reactions were terminated by the addition of 20 μl each of 0.3 M zinc 

sulfate and saturated barium hydroxide. The samples were analyzed by reverse-phase 

HPLC with radioflow detection. A Phenomenex Gemini C18 column (3.9 x 300 mm; 10 

μm; Torrance, CA) was used to separate the NNK metabolites. The analytes were eluted 

by a linear gradient from 100% A (20 mM sodium phosphate, pH 7.0) to 70% A and 

30% B (methanol) over 60 min and then to 50% B over 10 min at a flow rate of 1 

ml/min. The coumarin 7-hydroxylation activity in the MLM was analyzed according to 

a previously published method (von Weymarn 1999). 20 μg MLM was incubated with 

20 μM coumarin for 20 minutes at 37 °C in the presence of GS. The reaction was 

terminated with 15% TCA and the formation of 7-hydroxycoumarin measured by 

reverse phase HPLC with fluorescence detection. 
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DNA isolation from lungs for adduct analysis.  5 week old wild type and 4ebp1-/-

/4ebp2-/- mice were started on AIN-93M diet.  At 6 weeks of age, mice were injected i.p 

with NNK (2 mmol / kg body weight).  Mice were sacrificed at 5 time points post 

injection: 1h, 8h, 24h, 4 days and 9 days. Lungs were isolated and protein digested with 

Proteinase K overnight.  RNA, DNA and protein were separated using TRIZOL 

(Invitrogen, Carlsbad, California).  The RNA layer was removed and DNA precipitated 

using ethanol.  The DNA was resuspended in water and further purified by phenol 

chloroform extraction.   

  

Pyridyloxobutylation Adduct Analysis.  Pyridyloxobutylation adduct analysis was 

performed as previously described with minor modifications (Lao 2006).  Genomic 

DNA (150 μg) was dissolved in buffer (10mM Sodium Succinate 5mM CaCl2, pH 7.0) 

and subjected to neutral thermal hydrolysis at 100 °C for 30 min.  Micrococcal nuclease 

phosphodiesterase II (Worthington Biochemical, New Jersey) and alkaline phosphatase 

(Roche, Switzerland) was used to digest DNA to individual nucleosides. Samples were 

loaded onto Strata-X cartridges (Phenomenex, California) for solid phase extraction.  

LC-ESI-MS/MS analysis was carried out with an Agilent 1100 capillary flow HPLC 

(Agilent Technologies, Palo Alto, CA) equipped with a Luna 5 μm C18 column 

(Phenomenex) and coupled to a Discovery Max (ThermoElectron, San Jose, CA) triple 

quadrupole mass spectrometer. The solvent elution program was a gradient from 5 to 

65% CH3OH in 15 mM NH4OAc buffer in 30 min at a flow rate of 10 μL/min at 30 °C.  
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O6-methylguanine Adduct Analysis.  Genomic DNA (100 μg) was dissolved in 10 

mM sodium phosphate (NaPO4,pH = 7) and heated at 95 °C for 30 min.  Internal 

standard, d3-O6-methylguanine (300 fmol), was added.  A 10% volume of 1N HCl was 

added and acid hydrolysis performed at 80°C for 1 hour.  Samples were filtered through 

Ultracel YM-10 filters (Millipore, Massachusetts) after neutralization with an equal 

volume of 0.2N ammonium hydroxide.  Samples were dried and re-suspended in 16 μl 

25 mM ammonium acetate buffer.  Half the sample volume was used for capillary 

HPLC LC/MS/MS analysis. The analysis was performed on an Agilent Technologies 

1100 series capillary HPLC system interfaced with a Finnigan Quantum Discovery 

triple quadrupole mass spectrometer. HPLC separation was achived using a 

Phenomenex Synergy 4μ Hydro-RP column (250 x 0.5 mm, 4 micron) with a flow rate 

of 12 μl/min and a column temperature of 40 °C. The mobile phase consisted of 25 mM 

ammonium acetate (A) and methanol (B). O6-methylguanine was eluted using a 

gradient from 5% B to 27% B in 13 min then to 40% B in 1 minute with a hold of 3 

minutes before going back to initial conditions. The mass spectrometer was operated in 

positive ESI mode using selective ion monitoring as previously described (Rajesh 

2005).  

 

Polyribosome-microarray analysis.  Mouse lungs were removed and processed for 

total and polyribosome bound RNA as described by Mullany 2007 modified for the 

lung (Mullany 2007) (n=6).  Polyribosome microarray analysis was performed as 

previously described (Larsson 2007). The polyribosome stratified RNA was 

fractionated and ten, 0.5 ml fractions were collected into tubes containing 50 μl 10% 
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SDS. RNA in the fractions was purified using Tri-reagent (Sigma) and fractions 7 to10 

were combined into the “heavy” fraction (3 or more ribosomes per transcript). 100 ng of 

sample RNA was labeled utilizing the Affymetrix Two-Cycle Target Labeling and 

Control Reagent Kit.  Samples were hybridized onto Affymetrix Murine 430A 2.0 

arrays using the FS450 Fluidics Work Station and were scanned using the Gene Chip 

Scanner 3000 by the University of Minnesota Biomedical Genomics Center.   

 

Translational Profile Data analysis. All data analysis was performed in the statistical 

environment “R” (www.r-project.org) or the programming language “Perl” using the 

packages indicated. To assure data quality, we performed several levels of quality 

control. First we assessed technical parameters such as RNA integrity (by comparing 

the signal from the 5’ and 3’ end of two control transcripts) and scaling factor (large 

differences in scaling factor indicates differences in sensitivity and limits comparability) 

(Larsson 2006) using the Simpleaffy package (Wilson 2005). At this step, one sample 

was removed due to reduced RNA integrity. The remaining samples were normalized 

with GCRMA using updated probe set definitions (Dai 2005) “RefSeq version 10” as 

these provide increased precision and accuracy (Sandberg 2007). To test how well the 

biological conditions were replicated, we used Principal Components Analysis (PCA). 

In the PCA analysis the samples clustered according to biological origin within the two 

first components, indicating high data set quality. We identified genes as differentially 

expressed using Significance Analysis of microarrays (Tusher 2001). We performed a 

non-paired analysis using a fixed random seed (1, 2, 3, 4, 5, 6, 7, 8, 9) and a large delta 

table (400) using the package Samr v1.25. Three data sets were assessed for differential 
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expression between the 4ebp1-/-/4ebp2-/- and wild type mice: transcriptional data, 

translational data and translational data that had been corrected for transcription. The 

correction was performed by subtracting the log2 mean signal derived from the 

transcriptional sample from each translational sample according to sample class. To 

identify genes that were statistically differentially translated, we filtered for genes that 

showed differential expression (FDR<5%) both at the translational level and in the data 

set where the translational level had been corrected for transcription. The resulting data 

is presented in supplemental table 1. To identify pathways that were enriched either 

among translationally activated or inactivated genes, we used the GO::Termfinder v0.72 

module (Boyle 2004). The annotation used by GO::Termfinder from the Gene Ontology 

consortium (2008) had been modified to also include miRNA target sites as described 

previously (Larsson 2007). Categories that showed a FDR<5% were considered 

significant and are show in Table 1. The data set will be deposited at GEO.  

 

RT-qPCR. We followed established procedures we have previously described (Larsson 

2006).  Briefly, The RNA samples for both total and translationally active mRNAs were 

collected from mouse lungs as described above and were converted to cDNA using the 

TaqMan reverse transriptase kit (Roche, Switzerland). Real-time PCR was performed 

using the Roche Light-Cycler with SYBR Green dye (Roche). Primer sequences 

specific to Cytochrome C, Cytochrome P450 2A5, and VEGFa were used and was as 

follows:  

Cytochrome C  Forward:  ACCTGGTGGGAGTGTGCTAC  

Reverse:  CATCCTGGACCTCCACCTC   



 

 71 

Cyp2A5   Forward:  CACTGCTTCGAATGATGCTG 

Reverse:  GAGTCGATGAAGTCCCTTGG 

VEGFa   Forward:  GATCATGCGGATCAAACCTC 

Reverse:  TTTCTGGCTTTGTTCTGTCTTTC   

 

For all RT-qPCR annealing temperature of 60°C was used.  

 

Statistical Analysis.  For statistical analyses, ANOVA, Wilcoxon rank sum or the 

student’s t-test was used with 2-tails and unequal variance expressed as mean ± s.e.m. 

unless otherwise stated.   

 

V. Future Direction 
 
There are two key questions that presents itself from the results presented above.  One is 

how much of the increased sensitivity to NNK induced lung carcinogenesis is due to 

increase in CYP2A5 and how much is due to the other translational profile changes that 

occurs in 4E-BPnull mice.  The second question is how are select groups of transcripts 

chosen for translation while others groups are not.   

 

To determine the contributing factors in NNK induced lung carcinogenesis and to 

affirm the Ras oncogenesis model of translational deregulation, I propose a lung cancer 

model where the tumors are initiated by the oncogene K-RAS.  Mouse model of K-RAS 

induced lung cancer has already been established.  K-RAS induction specifically in the 

lung using Cre expressing adenovirus into lungs of Lox-Stop-Lox K-Ras mouse showed 
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lung tumor development and the frequency of tumors were adenovirus dose dependent 

(Jackson 2001).   Since NNK causes preferential mutation in K-RAS and high majority 

of NNK induced lung tumors harbor the K-RASV12 mutation, direct use of K-RASV12 

to induce lung tumors is the next logical step.  If 4E-BPnull mice do not show increased 

sensitivity to K-RASV12 induced lung tumors compared to wild type, we can conclude 

that majority of the tumorigenicity seen in 4E-BPnull mice from NNK was due to 

increased translation of CYP2A5.  This would prompt an exploration of the 

translational control of cytochrome P450 system and a closer examination of the feed 

forward loop created in the 4E-BP deficient state.  If the 4E-BPnull mice do show the 

similar 5 fold increased sensitivity to K-RASV12 induced lung tumors, we can 

conclude that majority of the tumorigenicity seen in 4E-BPnull mice from NNK was 

due to the loss of translational check point.  This result would naturally prompt the 

second questions of how do we understand the selectivity of transcripts for translation 

 

To decipher the translational selectivity of transcripts in the 4E-BPnull mice, we have to 

understand what makes a transcript attractive for translation.  Literature suggests that 

there are elements in the 5’ and 3’ UTR that may serve as bar codes for translational 

selectivity (Larsson 2006).  By exploring the enrichment for known elements and 

determining new elements, we can begin to decipher the coordinate regulation of 

translation in tumorigenesis. 
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VI. Contribution 

All experiments described above were performed by me except for tumor scoring and 

grade analysis which was done by the Cancer Center Histology Core, mass 

spectrometry for DNA adduct analysis performed by Dr. Linda von Waymarn and Siyi 

Zhang, and the statistical analysis of the microarray profiles which was performed by 

Dr. Ola Larsson.  All experimental design was performed by me with supervision by my 

PI, Dr. Peter Bitterman, except the NNK lung cancer feasibility experiment which was 

designed in consultation with Dr. Stephen Hecht and DNA adduct experiments which 

were designed with consultation from Dr. Linda von Waymarn and Siyi Zhang. 
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CHAPTER III 

BARRIERS TO RAS INDUCED TRANSFORMATION 

 

I. INTRODUCTION 

RAS proteins are small GTPases that regulate cell fate by coupling receptor signaling to 

effector pathways controlling cell proliferation, viability and development (Karnoub 

2008). Mutations in Ras family gene members occur in approximately 30% of human 

cancers, making Ras one of the most commonly activated proto-oncogenes.  The most 

commonly seen mutation in the Ras oncogene is the activating mutation at codon 12 

from glycine to valine (RasV12) which prevents the conversion of GTP to GDP.  In this 

state, RasV12 is constitutively active signaling multiple downstream pathways. 

 

Contradictory signaling downstream of oncogenic Ras.  

Despite the frequency of Ras mutations in human cancer, expression of oncogenic 

RasV12 in normal human epithelial cells does not cause transformation.  In fact, 

expression of RasV12 causes proliferative arrest by triggering senescence.  One 

possible explanation is that oncogenic Ras triggers multiple contradictory signals, some 

of which promote malignant conversion while others suppress it.  The decision to 

promote oncogenesis or proliferative arrest is dependent on the net summation of all the 

Ras-dependent signals in the cellular context. Indeed, same levels of RAS activation 

that can transform some cells, can induce permanent growth arrest in primary human 

cells in vitro (Serrano 1997) and murine epithelial cells in vivo (Sarkisian 2007).  In the 

case of cancer, RAS-induced transformation leads to the predominance of signals which 
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either boost growth promoting activities or negate anti-cancer signaling or both.  

However, in the normal cell, permanent growth arrested state via senescence is the 

predominant outcome triggered by RasV12. Additionally, cell cycle arrest of primary 

human cells can be triggered by activation of RAS pathway participants such as ERBB2  

and BRAF (Michaloglou 2005; Trost 2005; Wajapeyee 2008) or by loss of tumor 

suppressors, like PTEN (Chen 2005; Michaloglou 2005). 

 

So, if RasV12 triggers proliferative barrier in normal cells, how does a normal cell 

become aberrant?  Several studies show that to transform primary human cells, 

oncogenic Ras needs support from other genetic alterations that immortalize cells and 

promote cell cycle transit. These include constitutive expression of telomerase or c-Myc 

plus the expression of viral proteins such as the SV40 large T-antigen or the 

papillomavirus E6 and E7 (Land 1983; Ruley 1983; Serrano 1997; Elenbaas 2001).  

These findings are the basis the current theory of multistep carcinogenesis in which 

neoplastic conversion of primary human cells require oncogenic alterations in multiple 

metabolic and regulatory pathways including activation of Ras or Ras-dependent 

pathways (Hahn 1999; Elenbaas 2001; Yorimitsu 2005; Sarkisian 2007). Oncogene-

promoted senescence and the equally paradoxical proclivity of deregulated Myc to 

trigger apoptosis are considered to be innate cancer-protective mechanisms serving to 

eliminate neoplastic cells from the proliferative pool (Sharpless 2002; Lowe 2004; 

Yorimitsu 2005).  Therefore, overcoming these barriers is crucial to the transformation 

of normal cells. 
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Barrier to RasV12 induced transformation in hTERT immortalized cells 

In an effort to better understand tumorigenesis, human epithelial cells were 

immortalized without the use of viral genes which have pleiotropic effects in the cell.  

Human breast and lung epithelial cells have been immortalized using hTERT to 

lengthen the telomeres and bypassing the G1 cell cycle check point by either down 

regulating p16 or up regulating CDK4 (human mammary epithelial cell; hMEC and 

human bronchial epithelial cell; hBEC).  This would bypass replicative senescence and 

expression of RasV12 in these cells could trigger transformation instead of cancer 

barriers.  Indeed, Sato et el has shown that RasV12 expression in hBECs leads to 

anchorage independent growth and invasion in 3-D culture.  However, RasV12 

expression in hBECs did not lead to frank tumors when the cells were injected into nude 

mice.  In fact, this barrier to transformation was not overcome by p53 knockdown and 

expression of mutant epidermal growth factor receptor (EGFR) along with RasV12 

(Sato 2006).  What could be the barrier that is triggered by RasV12 that prevents tumor 

formation when canonical senescence has been overcome?  It has been shown recently 

that RasV12 can activate autophagy, a normal cellular process of recycling energy, 

which in turn promoted proliferative arrest by triggering senescence (Young 2009).  I 

proposed the hypothesis that RasV12 triggers autophagy which in turn induces 

proliferative block via a non-canonical senescence pathway. 

 

Plausibility of a tumor suppressive role for autophagy 

Autophagy is an evolutionary conserved catabolic process activated in response to 

starvation or stress.  When autophagy is triggered, cellular proteins, organelles and 
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cytoplasm are engulfed in double-membrane vesicles and digested by fusion with 

lysosomes to recycle cellular components and to sustain metabolism (Figure 16) 

(Yorimitsu 2005).  The canonical pathway involves the BECLIN1 protein at the 

initiation step of autophagy.  Once initiated, the double-membrane vesicle elongates and  

engulfs the target proteins and organelles.  This process is regulated by the autophagy 

genes (ATG) ATG12 and ATG8 (also known as LC3).  Then the autophagosome fuses 

with the lysosome for degradation of its contents for recycling.  The lysosome 

associated membrane protein 1 (LAMP1) is an important marker for this late stage 

autophagy.  Physiological autophagy has important homeostatic functions; 1) recycling 

normal cellular constituents, 2) removal of damaged proteins and organelles 3) 

preventing the accumulation of polyubiquitinated and aggregated proteins (Hara 2006; 

Maiuri 2007).  Although generally considered as a cell survival mechanism, autophagy 

under some circumstances can promote cell death (Maiuri 2007; Kroemer 2008).  For 

example, autophagy is the form of cell death that occurs when cells are subjected to 

excessive levels of starvation when the apoptosis pathway is blocked (Baehrecke 2005).  

Also, a non-canonical cytotoxic form of autophagy that does not require BECLIN1 can 

be triggered by some pharmaceutical interventions (Scarlatti 2008) and in neurons (Zhu 

2007).    
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Figure 16. Regulation of autophagy in higher eukaryotes. Starvation/ stress inhibit 

the mTOR pathway which permits the recruitment of Autophagy (ATG) genes. The 

initiation step is regulated by the Vps34-Beclin1-Vps15 complex for double membrane 

vesicle nucleation. Elongation of the vesicle is mediated by ATG12-ATG8 (LC3) until 

the vesicle completely isolates the target organelles to be degraded. Next, the lysosome 

binds to the autophagosome releasing its hydrolytic enzymes. Hence LAMP1 can be a 

late stage marker of autophagy. Finally degradation of the target organelles is released 

for energy harvesting. 
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Evidence that autophagy may play a role in cancer is accumulating.  It has been shown 

that levels of BECLIN1 is down regulated in liver and esophageal cancer with 

BECLIN1 having a significant predictive power in survival (Ding 2008; Chen 2009).  

Additionally, mice that have one copy of BECLIN1 knocked out developed 

spontaneous cancers including lymphomas, hepatocellular carcinomas, and lung 

adenocarcinomas.  However, autophagy also seems to have pro-oncogenic roles in 

cancer.  For example, it has been shown that autophagy antagonizes apoptosis and may 

serve as a survival strategy in tumor cells treated with pro-apoptotic drugs (Amaravadi 

2007; Mathew 2007).  While the role of autophagy as a pro- or anti-cancer mechanism 

remains controversial, the importance of autophagy in cancer is becoming accepted.   

 

Conclusion.  

RasV12 induces senescence and growth arrest in primary cells.  Evasion of proliferative 

senescence by cancer cells is associated with telomerase-driven telomere maintenance 

(Bryan 1999). Breaching the senescence barrier with genetic changes that commonly 

occurs in cancer - constitutive expression of the catalytic subunit of telomerase 

(hTERT) and disabling the p16 checkpoint – immortalizes primary human epithelial 

cells, hBEC and hMEC.  These cells represent immortalized “normal” cell lines.  When 

RasV12 was expressed in hBECs, robust increase in in vitro growth and invasion was 

seen.  Surprisingly however, the cells were unable to form tumors in nude mice.  

RasV12 may be triggering autophagy, a normal cellular process of recycling energy, 

which in turn triggers non-canonical senescence providing a barrier to tumorigenesis. 
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II. RESULTS 

Validation of RasV12 construct and expression in human epithelial cells.   

As the first step in developing an in vitro model of RasV12 induced transformation, I 

introduced RasV12 into hBECs and hMECs.  As a marker for plasmid intake, the 

RasV12 construct also expressed the fluorescent protein dsRED (Figure 17a).  Sato et al 

had shown that when RasV12 is expressed in hBECs, there was increased proliferation, 

clonogenic growth, and anchorage independent growth, but not tumorigenesis when 

injected into nude mice (Sato 2006).  I wanted to test and see if autophagy was the 

barrier to tumorigenesis.  First, I validated the expression of RasV12 in hBECs and 

hMECs by determining the activation of downstream effectors, phosphorylation of ERK 

in the MAPK pathway (Figure 17b).  I found that ERK was robustly phosphorylated in 

RasV12 expressing cells showing that RasV12 was being expressed and that it was 

functional. 

 

RasV12 promotes cell cycle arrest and morphological change in hBECs and 

hMECs 

I measure the proliferative effect of RasV12 in the hBEC and hMEC cells.  To our 

surprise, when either H-RasV12 or K-RasV12 were introduced into hBEC and hMEC 

cells, RasV12 induced a rapid growth arrest  instead of increased proliferation shown by 

Sato et al (Figure 18).  RasV12 transfected cells were followed over time to determine if 

the cells progressed through cell cycle.  While neighboring non-transfected cells grew 

over time, the RasV12 transfected red fluorescent cell did not transit through cell cycle 

nor died from apoptosis.   
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Figure 17.  Vector and RasV12 Constructs with Western Validation.  a. RasV12 

was cloned into a SV40 plasmid and subcloned with the SV40 promoter and polyA 

signal into the Vector plasmid.  b. To validate that introduction of the RasV12 construct 

indeed does activate a known Ras pathway, phosphoylated Erk was measured. 
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Figure 18.  Time lapse microscope.  The same cells were tracked over time to 

determine if RasV12 positive cells proliferated.  Shown are the phase contrast and the 

corresponding dsRED fluorescence.  dsRED expression correlates with RasV12 

expression. 
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In conjunction with the growth arrest, there was a striking morphological change in 

hBECs and hMECs.  Cells became flat and spread out with easily detectable vacuoles in 

the cytoplasm (Figure 19).  This was completely unexpected not only because of the 

data published by the Sato group, but because the cells had already bypassed the 

replicative senescence barrier via hTERT.   

 

The growth arrest induced by H-RasV12 expression was not senescence 

I first confirmed that the cells had indeed bypassed the senescence barrier known to be 

triggered by Ras in primary cells.  I analyzed the cells for the classic senescence test, β-

Gal metabolism, in both primary and hTERT immortalized cells.  As expected, H-

RasV12 was able to induce senescence in primary cells.  However, in the hTERT 

immortalized cells, H-RasV12 expressing cells were negative for β-Gal stain (Figure 

20).  Therefore, RasV12 was triggering a previously unrecognized anti cancer barrier in 

the epithelial cells. 
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Figure 19. Oncogenic Ras triggers vacuoles in immortalized epithelial cells. 

Immortalized hMECs and hBECs were transiently transfected with the Sleeping Beauty 

transposon pT2/dsRED/H-RasV12 and empty vector. Shown are phase contrast and 

dsRED fluorescence photomicrographs of the same microscopic field. Arrow heads 

point to some of the vacuoles located in DsRed-positive RasV12 expressing cells.  
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Figure 20.  β-Gal assay for senescence.  Primary and hTERT immortalized hMECs 

were assessed for β-Gal positivity.  dsRed positive cells express the RasV12 oncogene 

and the corresponding β-Gal staining is shown in the right panel with arrows pointing to 

the same cell. 
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The proliferative arrest did not lead to apoptosis, but decrease in cells at the S 

phase of cell cycle. 

To characterize the nature of the proliferative arrest, I looked to see if the arrested cells 

were undergoing apoptosis.  When the DNA content of the cells were analyzed, the sub-

G1 DNA fraction which represents degraded DNA seen in apoptosis, was unchanged 

compared to the vector transfected control (Figure 21a).  Analysis of cell cycle transit 

showed that cells in the S phase were significantly decreased in the RasV12 expressing 

cells (Figure 21b).   

 

The pattern of accumulation of cells in the G2/M phase while S phase cells disappear, 

points to a possible block in the cell cycle after the Restriction Point (R-Point).  This is 

similar to previous findings in RasV12 induced senescence except that in hBECs and 

hMECs, senescence was not triggered. 
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Figure 21. Oncogenic Ras induces cell cycle arrest, but not apoptosis in 

immortalized epithelial cells.  Cells transiently transfected with empty vector (vector) 

or H-RasV12 (Ras) were fixed with 70% ethanol and stained with propidium iodide and 

fraction of proliferating (S and G2/M) and apoptotic (sub-G1) cells were quantified by 

flow cytometry.  a. Apoptosis. Shown is the sub-G1DNA (M1) fraction.  b. Cell cycle 

progression. Shown are S phase (M1) and G2/M phase (M2) fractions.   
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Autophagy as the cause of morphological change 

The striking nature of the morphological change with formation of multiple vacuoles 

led to the possibility that autophagy may be occurring.  Autophagy has been implicated 

as a possible source of vacuoles where damaged organelles and proteins are recycled.  

One of the unique characteristics of vacuoles formed during authophagy is the double 

layered membrane.  Electron microscopy (EM) was utilized to analyze the ultrastructure 

of the vacuole membrane to determine if the vacuoles in the RasV12 expressing cells 

where double membraned.  EM analysis showed that indeed the vacuoles were double 

membraned and in some of the vacuoles, pieces of organelles could be found (Figure 

22a).  However, unlike canonical autophagy, there were large holes in the nucleus 

indicating nuclear damage.   

 

To confirm our EM results I performed the Acridine Orange Dye analysis.  

Autophagosomes fuse with a lysosome to degrade its contents for recycling and hence 

would be acidic.  Acridine Orange dye stains acidic compartments red and basic 

compartments green.  The analysis revealed that the vacuoles were acidic shown by the 

intense red fluorescence of the vacuoles (Figure 22b).  Acridine Orange stain also 

showed nuclear blebbing which implicated nuclear damage, a result consistent with the 

EM observations.  
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Figure 22. Oncogenic Ras triggers autophagy in HMEC cells. a. Ultrastructural 

evidence of autophagic vacuolization in Vector and H-RasV12 transfected cells.  Fpr 

the RasV12 cells, right panel represents a 10-fold magnification of the box shown in the 

left panel. Arrows point to the double membrane vacuoles (autolysosomes). b. Vital 

acridine orange staining. RasV12 transfected cells were stained 48 hr post-transfection 

with acridine orange. Arrowheads show acidic autophagic vacuoles – intense red 

fluorescence seen only in cells expressing DsRed-RasV12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 96 

        

 

    

       

 

a 

b 

RasV12 

Vector 

RasV12 

Vector 



 

 97 

To get a direct look at key autophagy mediators, I analyzed markers of early and late 

statge autophagy, Beclin1 and LAMP1.  Cells transfected with RasV12 and Vector 

constructs were treated with lysosome inhibitors to stabilize Beclin1 protein and lysed 

for Western analysis.  Cells expressing RasV12 had higher levels of Beclin1 compared 

to Vector expressing cells.  Since autophagy is part of normal cellular process detection 

of Beclin1 in the Vector expressing cells was expected.  However, RasV12 expressing 

cells showed a robust up regulation of Beclin1 above that of Vector levels indicating 

increased autophagy in RasV12 cells (Figure 23a).  For LAMP1 analysis, 

immunofluorescent study was performed.  During late stage autophagy, LAMP1, 

localizes into discrete punctuations due to their association with autophagosomes.  The 

immunofluorescent analysis showed that RasV12 expressing cells indeed had focused 

punctations of LAMP1 instead of the defused light staining in the vector control cells 

although not all RasV12 cells were positive (Figure 23b).  
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Figure 23. RasV12 expressing cells show markers of autophagy.  a. Beclin1 Western 

analysis.  Cells were treated with lysosome inhibitors to stabilize the Beclin1 protein for 

4 and 6 hours before Western analysis.  b. LAMP1 immunostaining. Left panel shows 

endothelial cells (positive control). Central panel shows HMEC/hTERT transfected with 

DsRed/empty vector (negative control). Right panel shows HMEC/hTERT transfected 

with DsRed/H-RasV12. Arrowheads point to the discrete punctation characteristic of 

autophagy. 
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III. DISCUSSION 
 
Ras is a potent oncogene which is activated in almost 30% of all human cancers.  

Therefore, understanding Ras induced transformation of normal cells may give insight 

into possible targets for cancer therapy.  In this effort, Sato et el performed multiple 

genetic manipulations in normal primary human bronchial epithelial cells in an effort to 

generate transformed cells.  Despite immortalizing the cell via hTERT/CDK4, 

introducing RasV12 and mutant EGFR, and knocking down p53, Sato et el was unable 

to generate cells capable of growing tumors in nude mice.  This presented an 

opportunity to determine which anti-cancer mechanisms were triggered to prevent 

RasV12 induced transformation in hBECs.  In our efforts to determine the anti-cancer 

barrier preventing tumor formation in the human in vitro model, we discovered a 

completely new barrier to RasV12 induced transformation.  Even before the multiple 

genetic manipulations of p53-/- and addition of mutant EGFR, the expression of RasV12 

in hTERT/CDK4 immortalized human epithelial cells triggered proliferative arrest.  

This unexpected discovery of a new barrier to RasV12 induced transformation supports 

the idea that cells will trigger multiple defenses to protect itself against aberrant growth.   

 

Discovery of the new anti-cancer barrier 

Research into the mechanism of RasV12 transformation has been extensive.  So, how is 

it that this check point has been missed until now?  This may be due to the fact that 

majority of the studies used antibiotic selection markers to select for colonies that 

expressed the RasV12 oncogene.  Therefore, only the clones that already bypassed the 

newly discovered check point were able to expand and proliferate.  Our use of a 
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fluorescent marker (dsRED) gave us an opportunity to observe the cells at the initial 

stages of RasV12 expression without the need for clonal selection.  As early as 16 hours 

after transfection with the RasV12 construct, we were able to see enlargement and 

flattening of the cells with multiple vacuole formation.   

 

Since oncogenic Ras is known to trigger senescence as the barrier to proliferation, we 

were surprised to find that the proliferative block we saw in hTERT/CDK4 

immortalized epithelial cells was not senescence.  The nature of the proliferative block 

showed a remarkable resemblance to senescence.  The DNA profile showed that hBECs 

expressing RasV12 were depleted of cells in the S phase while there was no change in 

the number of cells in the G2/M phase compared to the vector control cells.  This is the 

precise pattern you see in RasV12 triggered senescent cells.  Additionally, the cells 

became large and flat, and underwent growth arrest instead of triggering apoptosis 

similar to what happens in senescence.  However, unlike senescence, the cells had large 

vacuoles and were not positive for beta-Gal staining.  In fact, our results suggest that the 

process that is initiated in RasV12 expressing cells may be authophagy evidenced by 

the double layered membrane of the vacuoles, acidity of the vacuoles, and positive 

staining for markers of autophagy, BECLIN1 and LAMP1.  However, there are caveats 

to our results.  There is some evidence that localization of BECLIN1 is important for its 

function which puts into question the validity of a Western analysis for BECLIN1 

(Liang 2001).  Also, the LAMP1 marker can be associated with the endosomal pathway 

since lysosomes can fuse with endosomes (Huynh 2007).  Hence, multiple evidences 

are required to establish autophagy.  Our BECLIN1 western and LAMP1 
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immunofluorescence, together with the EM and acridine orange analysis, builds a 

strong case for autophagy.  Therefore, our results introduce the possibility that 

autophagy itself can trigger the proliferative block without the activation of senescence.   

 

These results point to two new findings; 1) a barrier which is triggered at a previously 

unseen stage of RasV12 cancer progression and 2) a barrier with a completely different 

mechanism than senescence.  This new anti-cancer barrier was not cell type dependent 

since RasV12 caused the same autophagy and proliferative block in both lung and 

breast epithelial cells.  This is intriguing since, the frequency of Ras mutation varies 

depending on the tissues or cell types from which cancer cells originate, ranging from 

1% in kidney cancer to about 65% in pancreatic cancer (Schubbert 2007).  In human 

lung and breast carcinomas, frequency of ras lesions, including mutations and 

amplification, varies from 5% in the breast to 36% in the lung (Schubbert 2007; Ding 

2008).  Therefore, although breast epithelium is more resistant to ras oncogenesis 

compared to the lung, they both displayed the same new anti-cancer barrier induced by 

RasV12.  This shows that the new barrier is not an artifact of a particular cell type, but a 

more general defense against transformation.  Our discovery of autophagy as a general 

anti-cancer barrier shows how the cell protects itself from transformation using all 

available mechanisms.  Also, our study highlights the need for a careful study of the 

effects of introducing pro-oncogenic genes since it may elicit an anti-cancer barrier.  
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IV. MATERIALS AND METHODS 

Cell lines and culture conditions.  HMEC and HBEC cells were generously donated 

by Dr. Robert Weinberg and Dr. John Minna respectively.  HMECs are maintained in 

mammary epithelium basal medium (MEBM, Lonza) supplemented with 10 ng/mL 

human epidermal growth factor (EGF), 5 ug/mL insulin, 0.5 ug/mL hydrocortisone, 52 

ug/mL bovine pituitary extract, 50 ug/mL gentamicin, and 50 ng/mL amphotericin-B 

(Lonza), plus 10-5 mol/L isoproterenol and 5 ug/mL transferrin.  HBECs are maintained 

in Keratinocyte serum free media with a supplement kit provided by manufacturer 

(Invitrogen).   

 

Vector and RasV12 constructs.  The Vector construct is a transposon construct 

containing CMV promoter with an intron and SV40 polyA constructed by Dr. Scott 

McIvor.  To this construct, RasV12 was subcloned from a purchased plasmid 

(Clontech).  The Vector and RasV12 constructs were analyzed by sequencing, and 

functionally tested by transfection into HMEC and HBEC cells for red fluorescence.   

 

Transfection of constructs.  Vector and RasV12 constructs were introduced into the 

cell lines via transfection.  Cells were grown to 80% confluence in a 6 well plate before 

transfection using the Fugene6 reagent and protocol (Roche).  2 ug of DNA to 6ul of 

Fugene6 was used for complex formation.  Cells were exposed to the complex for 4 

hours then incubated in normal growth media without antibiotics over night.   
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Western Blot Analysis.  Cells are lysed using buffer containing 0.1% Triton X-100 and 

protease/phosphatase inhibitor cocktail according to published protocols (Kulichm SM, 

2003), and equal amounts of cell extract protein per lane are subjected to 10% SDS-

PAGE.  Proteins are transferred onto nitrocellulose membranes, and identified using 

antibodies directed against phosphorylated Erk (Cell Signaling) and Actin (Sigma).  For 

the Beclin1 Western, cells were pretreated with lysosome inhibitors, E64 and Pepstatin 

A, for 4 or 6 hours before lysis. 

 

Flow Cytometry.  For quantification of DNA content, cultured cells are detached with 

trypsin, washed with PBS, fixed with ice-cold 70% ethanol, and resuspended in 

propidium iodide (PI) staining mixture. The percentage of cells with sub G1, G1, S, 

G2+M DNA content is determined using a FACS Calibur flow cytometer (Becton 

Dickinson) with the CellQuest program. 

 

Electron Microscopy.  Cells were plated at 80% confluence on a 6 well plate and 

transfected with RasV12 and Vector constructs. 48 hours post transfection, cells were 

delivered to the University of Minnesota Anatomic Pathology Core for electron 

microscopic image analysis. 

 

Immunohistochemistry for LAMP1.  Immunohistochemistry for LAMP1 was 

performed according to published protocols with minor modifications (Abedin 2007).  

Briefly, Cells were plated at 60% confluence on glass 8 well chamber slides and 

transfected with RasV12 and Vector constructs. 48 hours post transfection, cells were 
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washed with PBS, fixed for 30 min at 37°C in 3.7% paraformaldehyde, permeabilized 

with Methanol:Acetone (1:1) solution for 10 minutes at -20°C.  Then cells were blocked 

with 5% Goat serum solution for 30 minutes. Cells were immunolabeled with 

polyclonal anti-LAMP1 primary antibody (Affinity Bioreagents), followed by Alexa 

488-tagged secondary antibody (Invitrogen). Cells were rinsed, dried and mounted 

under cover slips using Vectashield mounting medium containing DAPI (Vector 

Laboratories, Inc.). Cells were observed at 60X magnification using a Bio-Rad MRC 

1024 Multi-Photon Confocal microscope.  

 
Beta-Gal and Acridin Orange analysis.  Beta-Gal assay was performed using the kit 

purchased from Cell Signaling following the manufacturer’s protocol.  For Acridine 

Orange, cells were stained with Acridine Orange 1% solution (Invitrogen) for 15 min in 

a 37°C, 2% CO2 incubator. Acridine Orange was removed and the cells were washed 

once with HBSS. Phase-contrast and fluorescent images of the live cells were 

immediately taken.  

 

V. FUTURE DIRECTION 

To firmly establish autophagy as the new barrier to Ras oncogenesis, a more 

comprehensive analysis of autophagy is necessary.  The key experiments would be the 

following; 1) Confirm that the process seen is indeed autophagy by analysis of early and 

mid stage markers of autophagy (BECLIN1 and LC3). 2) Establish that when 

autophagy is prevented by shRNA knockdown of ATG7, a critical autophagy protein, 

RasV12 induced proliferative block is abrogated.  As described above, there is evidence 
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that BECLIN1 localization is important for function. Hence, an immunofluorecent 

analysis of Beclin1 together with LC3 localization study would establish firmly that 

autophagy is indeed the process initiated by RasV12.  The second study where ATG7 is 

knocked down using shRNA would show that autophagy triggered by RasV12 is not 

only sufficient but necessary for the proliferative barrier.  These studies are ongoing and 

will be completed by my colleague Jose Gomez. 

 

VI. Contribution 

For this project, Jose Gomez, a graduate student in the lab, and I are working together.  

Since the goal is to have a dual first authored paper, we have distributed the work 

evenly between us.  Most of the experiments were performed together with Jose on 

different cell systems (Jose with hMECs and me with hBECs).  EM was performed by 

the Laboratory Pathology Core and the LAMP immunoflurescence was analyzed by Dr. 

Ramakrishnan.  The design of experiments was supervised by Jose’s PI, Dr. Vitaly 

Polunovsky, with guidance from Dr. Ameeta Kelekar. 
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Chapter IV 

eIF4E STIMULATES CELL CYCLE ENTRY VIA CYCLIN D1 

 

Chapter III describes a collaborative study in which I assisted my colleague and lab 

mate, Jon M Underwood. The following is an excerpt from his manuscript submitted to 

Molecular Cell Biology.  I have provided below the Abstract, Introduction, Discussion, 

Methods and References sections from the manuscript to provide the study motivation 

and novel findings.  I have also added a section detailing my contributions to the study. 

 

 

eIF4E Mediated Cell Cycle Entry Requires Translational 

Activation of Cyclin D1 

 

Jon M Underwood, Yong Y Kim, Jose R Gomez, Karen A Smith, Mark S Peterson, 

Vitaly A Polunovsky, Peter B Bitterman 

 

 

I. ABSTRACT 

The cap-dependent translation initiation apparatus, eukaryotic initiation factor 4E 

(eIF4E) functions as a regulatory hub in the pathway to cancer; however, the pleiotropic 

effects of eIF4E on cell biology have complicated studies to elucidate the mechanism of 

eIF4E mediated oncogenesis. We exploited an inducible system to abruptly increase 

eIF4E expression and determine if there was a direct connection between eIF4E 
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abundance and a defining property of cancer, autonomous cell proliferation. By 

ectopically expressing eIF4E under control of a mifepristone inducible promoter, here 

we show that eIF4E triggers cell cycle entry in quiescent cells by increasing the 

translation of cyclin D1 mRNA through 2 mechanisms: i) increased ribosome 

recruitment; and ii) stimulation of nuclear export leading to increased cyclin D1 mRNA 

in the translationally active pool. Using shRNA targeting cyclin D1, we found that 

eIF4E triggered cell cycle entry was strictly dependent on translational activation of 

cyclin D1, and subsequently followed the canonical growth factor pathway to 

phosphorylation of the retinoblastoma protein. These data establish the molecular 

mechanisms linking increased levels of cellular eIF4E to proliferative autonomy – one 

defining property of malignancy. 

 

II. INTRODUCTION 

Cancer results from a series of somatic mutations that override or relax physiological 

controls on proliferation, survival and other critical life cycle and morphogenic events. 

As molecular mechanisms have been elucidated, most cancers show surprising genetic 

diversity despite remarkably uniform biology. The prototypical autonomous properties 

of a cancer cell are thought to emerge from several hundred cancer-associated genes 

that function in only a few, well defined cancer pathways (Weinberg 1983). One 

component of the cellular machinery that resides at a point of convergence of many 

oncoproteins – and is regularly usurped in cancer - is the cap-dependent translation 

initiation apparatus, eukaryotic initiation factor 4F (eIF4F). Initiation is the rate limiting 

step of translation, mediated by the association of eIF4F (a trimer consisting of the cap 
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binding protein eIF4E, the eIF4G scaffold and the helicase eIF4A) with the 7-methyl 

guanosine cap at the transcript 5’ terminus. Positive and negative regulators of cap 

dependent translation control cell development, growth and survival (Richter 2005). 

However, pathological over expression of eIF4E, the rate limiting component of eIF4F, 

causes malignant conversion of rodent fibroblasts (Lazaris-Karatzas 1990) and human 

mammary epithelial cells (Avdulov 2004) ; and promotes tumor formation in transgenic 

mice (Ruggero 2004; Wendel 2004). Tumors isolated from humans express abnormally 

high levels of eIF4E (Ruggero 2003) along with inactivated, hyperphosphorylated 

forms of the eIF4E antagonists, the 4E-BP family of translational repressors. Pertinent 

to cancer biology, when the 4EBPs prevent formation of the eIF4F complex by 

sequestering eIF4E (Haghighat 1995), there is striking selectivity - with only a small 

proportion of cellular mRNAs showing a substantial change in translation (Gingras 

1999). This translationally sensitive subset is highly enriched with genes assigned 

oncogenic functions (Richter 2005). 

 

The pleiotropic effects of eIF4E on the full range of cancer-related functions have made 

elucidating mechanism a challenge. In studies focused on individual genes of interest 

governing proliferation, activation of eIF4E was found to increase ribosome recruitment 

to c-Myc and ornithine decarboxylase (Shantz 1994); and enhance nuclear-cytoplasmic 

transport of the cyclin D1 transcript (Rousseau 1996). In genome-wide translational 

profiling studies utilizing combined polyribosome-microarray analysis, functions 

assigned to eIF4E-sensitive genes are strongly skewed towards survival, apoptosis, 

morphogenesis and proliferation (Larsson 2006; Larsson 2007). However, all of these 
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studies have been limited by reliance on established cell lines constitutively over 

expressing eIF4E, which precludes assignment of a specific cell function to a direct 

translational effect on a gene or group of genes. 

 

A recent study exploited a tetracycline-inducible system to increase eIF4E expression 

and examine translational control of genes linked to the acquisition of apoptosis 

resistance (Khaleghpour 1999). We adopted a similar approach to determine if there 

was a direct connection between eIF4E abundance and a defining property of cancer, 

autonomous cell proliferation, and to define the mechanism. By ectopically expressing 

eIF4E under control of a mifepristone inducible promoter, here we show that eIF4E 

triggers cell cycle entry by increasing the translation of cyclin D1 mRNA through 2 

mechanisms: i) stimulation of nuclear export leading to increased cyclin D1 mRNA in 

the translationally active pool; and ii) increased ribosome recruitment. These data 

establish the mechanisms linking increased levels of cellular eIF4E and proliferative 

autonomy – a hallmark of malignancy. 

 

III. DISCUSSION 

Sustained activation of eIF4F is on the causal pathway to cancer (Polunovsky 2006). 

When its rate limiting component, eIF4E, is over expressed in rodent cells, it functions 

as an oncogene in vitro and in vivo; and when over expressed together with the 

catalytically active subunit of telomerase, eIF4E confers human cells with apoptosis 

resistance and the capacity for clonal and anchorage-independent growth (Polunovsky 

1996). However, in nearly all prior reports eIF4E has been over expressed in a 
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constitutive manner, leaving uncertain whether newly acquired oncogenic properties 

arose directly from the resultant alterations in translational control – or indirectly from 

long term cellular adaptations that occur, and new mutations that persist (due to 

apoptosis resistance) when cap-dependent translation is durably activated in vivo or in 

vitro. To test whether increasing eIF4E abundance could confer cells with a hallmark 

property of cancer, autonomous proliferation; we engineered 

NIH3T3 cells with a mifepristone inducible eIF4E construct, and quantified cell cycle 

entry after increasing eIF4E abundance to levels typical of human cancer. Here we 

show that eIF4E triggers transit of the G1/S phase checkpoint within 16h, following the 

canonical growth factor pathway downstream of cyclin D1. Translation of cyclin D1 

was rapidly activated after eIF4E induction by increased ribosome recruitment and 

increased flux of cyclin D1 mRNA into the translationally active cytoplasmic pool. 

These data establish that eIF4E directly confers cells with proliferative autonomy, and 

reveals the mechanism by which eIF4E liberates cells from the physiological 

requirement for growth factors to enter the cell cycle. 

 

Prior reports firmly establish that activation of eIF4F is on the causal pathway to cancer 

(De Benedetti 1999; Zimmer 2000; Watkins 2002; Clemens 2004; Holland 2004; 

Polunovsky 2006). The evidence includes direct gain and loss of function experiments 

in animal models and in human and animal cell lines (Lazaris-Karatzas 1990; Avdulov 

2004). In this line of investigation, most investigators have manipulated the levels and 

activity of the rate limiting component of the eIF4F complex, eIF4E. Over expression of 

eIF4E causes malignant conversion of rodent fibroblasts (Lazaris-Karatzas 1990) and 
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human mammary epithelial cells (Avdulov 2004); and promotes tumor formation in 

transgenic mice (Ruggero 2004; Wendel 2004). Tumors isolated from humans express 

abnormally high levels of eIF4E (Ruggero 2003). While the prowess of eIF4E as an 

oncogene has been firmly established, its pleiotropism has complicated studies of 

mechanism. 

 

Our approach to simplifying this problem was to focus on a single, but sentinel property 

of malignant transformation, proliferative autonomy; and develop a high fidelity 

inducible system that simulated the levels of eIF4E observed in human cancer. We 

began our studies with significant prior knowledge derived from more than a decade 

and a half of studies from many laboratories using constitutive over expression models 

in vitro and in vivo. These studies document that several pathways linked to cell cycle 

progression including growth factor production, polyamine metabolism and the cell 

cycle machinery itself are all subject to translational control (Rousseau 1996; Shantz 

1996). 

 

In accord with prior reports in constitutive systems (Rousseau 1996), our studies verify 

that enforced over expression of eIF4E increases cyclin D1 abundance. Cyclin D1 is 

tightly regulated by several transcriptional and post-transcriptional mechanisms 

(Gladden 2005). Prior to our study, there was no evidence that eIF4E could alter the 

efficiency of ribosome recruitment to the cyclin D1 transcript. Results in constitutive 

systems indicate that the sole mechanism was accelerated transit of the cyclin D1 

mRNA from the nucleus to the cytoplasm where it entered the translationally active 
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pool (Rosenwald 1995; Topisirovic 2003; Topisirovic 2004; Culjkovic 2005; Culjkovic 

2006; Topisirovic 2009). In contrast, here we report a very rapid increase in the 

recruitment of ribosomes to the cyclin D1 transcript after eIF4E over expression, 

followed later by the increase in nuclear-cytoplasmic transport documented in previous 

reports. 

 

Translational control includes a system of regulatory elements that generally reside in 

the 5’ and 3’ untranslated regions of a transcript permitting rapid and large changes in 

the translation of individual mRNA – or groups of mRNA sharing one or more 

regulatory elements (reviewed in Keene 2007). These elements associate with 

sequence-specific RNAbinding moieties (proteins or miRNA) that orchestrate their 

splicing, nuclear export, localization, stability and ribosome recruitment. While our 

study does not directly reveal the molecular mechanisms mediating the increased 

ribosome recruitment to the cyclin D1 transcript in response to enforced over expression 

of eIF4E, curated databases of 5’ and 3’ RNA regulatory elements provide a clue. A 

survey of UTR elements conducted with UTRscan reveals 1 regulatory element in the 

3’ UTR of the cyclin D1 transcript; and TARGETscan identifies 14 putative miRNA 

targets (Table. 1). A recent report has implicated the 3’ UTR elements HuR and AUF1 

in translational control of eIF4E expression by regulating eIF4E mRNA stability 

(Topisirovic 2009). This same report suggests that HuR and eIF4E may control the 

translation of a common set of transcripts, including cyclin D1. Future studies focused 

on the interaction between eIF4E abundance and the functions of these elements have 
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the potential to elucidate the full set of mechanisms controlling the translation of cyclin 

D1. 

 

To dissect whether activation of cyclin D1 was required for cell cycle entry or was 

simply one of many trophic pathways activated by an increase in eIF4E abundance, we 

induced eIF4E expression in cells harboring cyclin D1 shRNA. By using 3 different 

shRNA targeting distinct regions of the cyclin D1 mRNA, we were able to achieve a 

range of cyclin D1 knockdown. Of note, each of the shRNA constructs blocked transit 

of the G1/S checkpoint upon eIF4E induction. These data are in accord with the idea 

that eIF4E triggered cell cycle entry follows the canonical growth factor pathway, 

skipping past the apical growth factor stimulated steps to join the cell division pathway 

at cyclin D1. To address this inference experimentally, we replicated prior experiments 

(Zhang 2009) tracing the fate of cyclin D1 and found an increase in cyclin D1/cdk4 

complex assembly with subsequent phosphorylation of Rb. These results show that 

translational activation of cyclin D1 is required for eIF4E mediated cell cycle entry, and 

that eIF4E can substitute for growth factors to stimulate cell cycle entry, following the 

canonical growth factor pathway. 

 

Available data begin to unveil those cancer-related functions that can be directly 

ascribed to activation of eIF4E. Experiments conducted using a tetracycline inducible 

system show that eIF4E confers cells with resistance to apoptosis by increasing 

translation of several survival genes (Khaleghpour 1999); and also document 

translational activation of ornithine decarboxylase (ODC), a positive regulator of cell 
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proliferation. Although this study clearly illustrates the pleiotropic action of eIF4E; here 

we document that translational activation of cyclin D1 is necessary for cell cycle entry, 

and that other growth promoters that are eIF4E-responsive cannot rescue cells from this 

requirement.  

 

Our study provides novel insights into how the translational machinery functions in 

oncogenesis. Enforced over expression of eIF4E translationally activates cyclin D1, 

stimulates cell cycle entry, and thus is capable of short-circuiting the canonical growth 

factor pathway. As a point of convergence of many oncogenes, activation of 

capdependent translation may serve as a biomarker for early cancer detection and 

prevention. In addition, studies in model systems targeting eIF4E abundance with 

antisense oligonucleotides and the integrity of eIF4F with novel small molecules that 

mimic 4E-BP activity already show promise (Graff 2007; Moerke 2007). These 

observations serve as proof of concept that cap-dependent translational control is a 

legitimate target for cancer therapy, and provide the foundation for future studies in 

which the regulation of the translational machinery is utilized for cancer therapy in 

humans. 

 

IV. MATERIALS AND METHODS 

Cell culture. NIH3T3 cells (designated “parental cells”) were maintained at 37°C, 10% 

CO2 in regular growth medium (Dulbecco's modified Eagle's medium [DMEM, Sigma] 

supplemented with 10% fetal bovine serum [FBS, Sigma], 25 mM Hepes, 100 units/ml 

penicillin, 100 units/ml streptomycin, and 125 ng/ml amphotericin [GIBCO]).  
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Inducible ectopic eIF4E system. Geneswitch NIH3T3 cells were purchased from 

Invitrogen and maintained in regular growth medium (previously described) 

supplemented with hygromycin (50ug/ml) at 37°C, 10% CO2. Plasmids encoding 

hemagglutinin (HA)-tagged wild-type eIF4E [pKAS8-3] were linearized by digesting 

with SspI and transfected into log phase Geneswitch NIH3T3 cells. Two days 

posttransfection, cells were subcultivated and zeocin selection begun (500ug/ml 

zeocin). Transfected cells were incubated at 37°C, 10% CO2 under zeocin selection for 

2-3 weeks to allow foci to form. Approximately 100 individual foci were isolated using 

8mm cloning rings and expanded in growth medium under hygromycin and zeocin 

selection. For each clone, cells were added to 10 cm dishes, cultures continued 

overnight and the next morning were shifted to fresh medium with or without the 

inducer mifepristone (625pm final concentration). Cultures were continued for up to 

48h and lysates were prepared. Clones were screened for background expression of 

ectopic eIF4E without induction, and mifepristone-induced expression of HA-eIF4E by 

immunoblot as described in methods (Immunoblot analysis). Forty clones of 

Geneswitch NIH3T3 cells with mifepristone inducible eIF4E expression (designated 

“4E-inducible cells”) were expanded further and frozen under liquid nitrogen. To 

induce ectopic eIF4E, cells were incubated in serum free F-12 medium (serum starved) 

for 24 h, washed once with PBS and cultured for the indicated amount of time in serum 

free F-12 media with or without mifepristone (625nM). 
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Immunoblot analysis. To analyze protein abundance, cells were lysed with NP-40 lysis 

buffer, quantified using a BCA protein assay kit (Pierce). Equal amounts of cell extract 

protein per lane were subjected to SDS-PAGE, transferred onto nitrocellulose 

membranes, and identified using antibodies directed against; eIF4E (mouse monoclonal 

antibody, 1:500, Transduction Laboratories), cyclin E (mouse monoclonal antibody, 

1:500, Santa Cruz Biotechnology), cyclin D1 (mouse polyclonal antibody, 1:500, BD 

Pharmingen), p27 (mouse polyclonal antibody, 1:2500, BD Pharmingen), p16 (mouse 

polyclonal antibody, 1:1000, BD Pharmingen), RB (mouse polyclonal antibody, 1:1000, 

BDPharmigen), 4E-BP1 (rabbit polyclonal antibody, 1:2000, BD Pharmingen), CDK 4 

(mouse polyclonal antibody 1:1000, Cell Signaling), Lamin (mouse polyclonal antibody 

1:1000, Cell Signaling) and Phosphorylated Rb Ser 780 (mouse polyclonal antibody 

1:1000, Cell Signaling). Actin (rabbit polyclonal antibody, 1:500, Sigma) served as a 

loading control. 

 

Immunoprecipitation. To define the time course of cyclin D1/cdk4 complex formation 

after eIF4E induction, we followed established procedures to conduct a cyclin D1 

pulldown assay (Tan 2000; Zhang 2009). Lysates were collected and proteins quantified 

by immunoblot analysis (see above). Blots were probed first with mouse cdk4 (Cell 

Signaling, 1:500); stripped and re-probed for cyclin D1 (BDPharmingen, 1: 500).  

 

Cell transfection. For stable transfection, cells were seeded into 35 mm wells of 6-well 

clusters. After 24 h, cells were transfected with 4 μg DNA using Lipofectamine 2000 

reagent (Invitrogen) according to the manufacturer's instructions. Cells were incubated 
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in the presence of Lipofectamine 2000 for 6h, switched to regular growth (DMEM) 

medium containing 5% FBS for 24 h and cultures were continued in regular growth 

(DMEM) medium containing 10% FBS until use. 

 

Cell based bicistronic assay. To quantify the global level of cap-dependent translation, 

we utilized a bicistronic reporter system (pcDNA-rLuc-polIRES-fLuc). Cells were 

transfected with 1 μg of pcDNA3-rLuc-polio-fLuc. Cells were rinsed with PBS 24 h 

after transfection and induced to express ectopic eIF4E with mifepristone (625pM). 

After 24 h, cells were incubated with passive lysis buffer (Promega) for 15 min, cell 

debris was pelleted by centrifugation, and triplicate supernatant samples were assayed 

for Renilla and firefly luciferase activities in a Lumat LB 9507 luminometer (BG&G, 

Berthold, Germany) using the Promega dual luciferase reporter system. 

 

Flow cytometry. For quantification of DNA content, cultured cells were detached with 

trypsin, washed with PBS, fixed with ice-cold 70% ethanol, and resuspended in 

propidium iodide (PI) staining mixture as previously described (Polunovsky 1996; Li 

2002). The percentages of cells with sub G1, G1, S and G2+M DNA content were 

determined on a FACSCalibur flow cytometer (Becton Dickinson) with the CellQuest 

program. 

 

RNA preparation, fractionation and quantification. Polyribosome stratified RNA 

was fractionated and prepared as described previously (Larsson 2006). Ten fractions of 

0.5 ml were collected into tubes containing 50 μl of 10% SDS. RNA in the fractions 
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was purified using Tri-reagent (Sigma), and reverse transcribed to cDNA using the 

TaqMan reverse transcriptase kit (Roche). To quantify RNA, Quantitative PCR (Q-

PCR) was performed using the Roche Light-Cycler with SYBR Green dye (Roche). The 

primers were cyclin D1: 5′-GCGTACCCTGACACCAATCT and 5′-

ATCTCCTTCTGCACGCACTT; and eIF4E: 5′-ACGTTCCAGATTACGCTGCT and 

5′-AGAGTGCCCACCTGTTCTGT. Before a primer pair was deemed acceptable for 

use in quantitative analysis, reaction products were subjected to gel electrophoresis to 

confirm the presence of a single PCR product of the appropriate length. 

 

shRNA Viral Transduction. Lentiviral constructs expressing small hairpin RNA 

against mouse cyclin D1 (NM_007631) were purchased from Open Biosystems 

(Huntsville, AL) for viral transduction of NIH 3T3 cells harboring the mifepristone 

inducible eIF4E construct. The target sequences of the three constructs used were: 

Clone TRCN0000055233 – TCTAAGATGAAGGAGACCATT 

Clone TRCN0000026883 - CCACGATTTCATCGAACACTT 

Clone TRCN0000026948 - CCACAGATGTGAAGTTCATTT 

Viral production and transduction was performed as follows. Each shRNA construct 

was transfected along with viral helper plasmids (pMDG & pCMVΔ8.91) into HEK 293 

cells using the Fugene6 (Roche, Indianapolis, IN) transfection reagent at 1:3 DNA to 

Fugene6 ratio (w:v). 48 hours post transfection, media containing the virus was 

collected and filtered through a 0.45 μm filter. Media containing the virus was mixed 

with an equal volume of fresh growth medium containing 8 μg/ml polybrene (Sigma, St 

Louis, MO), and applied to confluent cells maintained in 6-well dishes which were 
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centrifuged at 2000 rpm for 1 hour at room temperature and incubated at 37°C for 24 

hours. After incubation, medium was removed, fresh growth medium was added and 

cultures were continued 24 hours. Cells were induced with mifepristone and lysates 

were collected for immunoblot analysis of cyclin D1. 

 

Sub-cellular fractionation. Protein analysis of cytoplasmic and nuclear compartments 

was conducted as previously described (Rousseau 1996). Following subcellular 

fractionation, lysates were analyzed for eIF4E (ectopic & endogenous), cyclin D1, cdk4 

and actin by immunoblot. Subcellular fractionation for Rb was conducted with the 

NER-PER® Nuclear and Cytoplasmic Kit (ThermoScientific; Rockford, IL) as 

described in the product’s protocol. Nuclear fractions were analyzed by immunoblot for 

phosphorylated Rb (ser 780) and nuclear Lamin. 

 

RNA analysis. Parallel experiments proceeded identically for RNA isolation, 

substituting superase RNAse inhibitor (Applied Biosystems, 100 units/mL) for ROCHE 

complete tablets in all buffers. RNA from each fraction was purified using tri-reagent, 

reverse transcribed and subjected to Q-PCR. 

 

V. CONTRIBUTION 

My contribution to this study was in two parts.  First, working with Karen Smith, a 

scientist in our lab, we established the eIF4E inducible NIH3T3 cell lines used in this 

study.  Our earlier attempts using the Tet regulatory system was less than satisfactory 

due to significant leakage in the cells even before induction.  The Geneswitch 
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mifepristone system showed tight regulation and robust induction of eIF4E.  Second, in 

the efforts to show that cyclin D1 was necessary for eIF4E induced cell cycle entry, I 

helped develop the shRNA targeted knockdown of cyclin D1.  Analysis for ideal targets 

for shRNA  knockdown of cyclin D1 was performed using online analysis tools for 

limiting off targeting and proper hairpin formation.  Once targets were determined, the 

lentiviral constructs used to deliver the shRNAs were purchased from Openbiosystems.  

Viral production protocol was optimized and robust production and transduction was 

validated using dsRED fluorescence as the readout.  
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CHAPTER V 

THESIS CONCLUSION 

 

In this thesis, I set out to explore the role of translation initiation in cancer with three 

questions:   

 

1) Since activation of translation initiation is on the causal pathway to cancer, is there a 

tumor defense checkpoint at the translation step?   

2) Can you build cancer from normal cells by activating translation initiation and what 

are the requirements?   

3)  Is there a direct connection between eIF4E abundance and a defining property of 

cancer, autonomous cell proliferation?   

 

The results of these studies showed that translation indeed plays an important role in 

cancer and secondly, presents an unexpected finding of autophagy as a novel barrier to 

Ras induced transformation. 

 

The findings from chapter II indicate that there exists a translational control checkpoint 

in cancer defense and that 4E-BPs are the guardians of this checkpoint.  Additionally, at 

baseline, the lack of 4E-BPs shifted the genome wide translational profile towards 

proliferation, growth, and transcription.  These findings were similar to the genome 

wide translational profile seen in eIF4E over-expressing cells and are consistent with a 

cancer primed state.  Further exploration in translational activation of specific 
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transcripts showed an increase in VEGF and CYP2A5.  The translational activation of 

VEGF provides a possible mechanism for the finding that tumors in 4E-BP deficient 

mice have increased microvessels.  As for CYP2A5, the metabolizing enzyme of 

tobacco carcinogen NNK, translational up regulation was seen as well as the 

corresponding increase in NNK metabolism and DNA adduct formation.  This provides 

a potential feed forward loop starting with the initial exposure to NNK by smoking.  

The CYP2A5 in the lung catalyzes NNK into carcinogens which forms DNA adducts.  

It has been shown that there is preferential activation of the Ras oncogene by mutation 

in codon 12.  Oncogenic Ras hyperphosphorylates the 4E-BP family members creating 

a 4ebp1-/-/4ebp2-/- phenocopy.  CYP2A5 is translationally activated in the 4E-BP 

deficient state, increasing the catalysis of NNK into carcinogenic metabolites resulting 

in accelerated accumulation of DNA adducts.  We speculate that such a feed-forward 

loop in human smokers may help to explain both the carcinogenic potency of cigarette 

smoke and the exponential relationship between lung cancer incidence and smoking 

duration in humans. 

 

In chapter III, before the activation of translation via eIF4E, we discovered an 

unexpected result of proliferative block induced by oncogenic RasV12 expression in 

hTERT immortalized cells.  This finding was surprising since many publications have 

shown that RasV12 mediates malignant transformation.  The well known barrier to Ras 

oncogenesis is senescence which should have been bypassed by hTERT expression and 

indeed, the nature of the barrier was not senescence.  Due to the striking nature of the 

associated morphological changes with large vacuoles in the cytoplasm, autophagy was 
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explored as the possible barrier.  Our results indicate that many of the markers of 

autophagy were positive in the RasV12 expressing cells implicating autophagy as a new 

barrier to Ras induced oncogenesis.  Although Ras triggered autophagy does not 

involve translation initiation, the importance of this new discovery in tumor defense 

provides a novel target for cancer therapy.  Furthermore, translation initiation may play 

a critical role in Ras triggered autophagy since autophagy is a mechanism normally 

triggered by starvation and translation is closely tied to the nutrient status of the cell.  

Therefore, the logical hypothesis would be that activation of translation by eIF4E could 

help to bypass this proliferative barrier.  Future experiments are planned to answer this 

question and may link autophagy to translation initation showing again the pleotropic 

effects of translational regulation. 

 

Lastly, in chapter IV, we show a direct relationship between eIF4E expression and 

translational activation of Cyclin D1.  Using the inducible system, we were able to 

decipher that eIF4E initiated cell cycle transit by Cyclin D1 and that Cyclin D1 was 

necessary for the eIF4E effect.  We found that the canonical proliferation pathway was 

involved showing that eIF4E activation essentially shortcuts the growth factor pathway.  

This finding was in line with the idea that cancer usurps pathways that are already 

established in the cell for its own benefit.   

 

This thesis adds to the mounting evidence that the translation initiation complex may be 

at a critical node at the nexus of multiple oncogenic signals.  Also, this thesis opens a 

new possibility of autophagy playing a role as a proliferative barrier in Ras oncogensis.  
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Future studies in our lab aims to establish the role of translation initiation in Ras 

triggered proliferative block, linking another critical pathway to translation.  My thesis 

validates translation initiation as a genuine target for cancer therapy and supports 

current and future research in translation initiation. 
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