
The role of cap-dependent translation in
malignant pleural mesothelioma and

non-small cell lung cancer

A DISSERTATION
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL

OF THE UNIVERSITY OF MINNESOTA
BY

Arpita De

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

Advisers: Dr. Robert A.Kratzke, Dr. Peter B. Bitterman

APRIL 2010



© Arpita De 2010



i

Acknowledgements

These past four and a half years as a graduate student at the University of

Minnesota have been an invaluable learning experience for me. This daunting academic

venture would not have been so enjoyable and fruitful without the generous help and

support that I received from so many people during this time.

Firstly, I will like to wholeheartedly thank my adviser, Dr.Robert A.Kratzke for

his constant guidance and support throughout my graduate career. Apart from the very

helpful suggestions and directives, he has been a very understanding and caring mentor

who was always ready to listen to my concerns and address my questions during any

phase of my Ph.D. education.

I am also greatly indebted to my co-adviser, Dr. Peter B. Bitterman for his

valuable comments and original ideas that immensely helped to channel my thesis work

in a more constructive direction. I cannot thank him enough for his generosity in allowing

me to frequently use the polyribosome isolation instrument in his laboratory as a very

significant part of my experiments.

I will also like to express my sincere appreciation to my committee members -

Dr.Sundaram Ramakrishnan (chair) and Dr. Douglas Yee for always being so willing to

offer very useful new insights and important critique in influencing the course of my

experiments and the analysis of my findings.

I want to sincerely thank all the Directors of Graduate Studies during my time:

Dr. Colin Campbell, Dr. Sabita Roy and Dr. Jonathan Marchant for their invaluable help

and guidance right from my early days at this university till today.

I have been fortunate enough to have the opportunity to work in a lab full of

genuinely nice people. I will like to express my gratitude to all my fellow lab members:

Blake A. Jacobson, Manish R. Patel, Naomi Fujioka, Ahad A. Sadiq, Marian Kratzke,



ii

Tanawat Jirakulaporn, Joe Jay-Dixon, Saritha Thumma and Bryan A. Whitson for their

friendly co-operation and helpful support during my Ph.D. in this lab. It has been an

absolute pleasure working with all of them.

I am especially thankful to Blake. He is an amazing person who has taken great

pains to train me so meticulously on the various laboratory experimental approaches and

was always so ready and excited to offer his priceless assistance whenever I needed it. It

has been a great joy working with him especially because of that wonderful sense of

humor that he possesses.

I have to specially thank Ola Larsson for his immeasurable assistance in analyzing

the microarray data that we generated. Interacting with him and seeking his knowledge

on a daily basis throughout this period has helped me tremendously to learn extensively

about the use of microarray data to unravel gene signatures and its relevance to my

research. He also very kindly guided me in analyzing the quantitative real time PCR data

in this thesis.

I will like to take this opportunity to express my deep gratitude to Mark Peterson

for helping and tutoring me in the delicate procedure of polyribosome isolation. Not only

did he assist me with the polyribosome preps, he also took special care to explain and

make me understand the detailed reasoning behind every step of this method. Without his

generous help, a major part of this research undertaking would not have been possible.

I specifically thank British Journal of Cancer for Figure 3 [Assembly of cap-

dependent initiation complex in mesothelioma is impaired by production of constitutively

active 4E-BP1 (4E-BP1A37/A46)], Figure 4 [Constitutively active 4E-BP1 hinders

mesothelioma colony formation] and Figure 7 [Xenograft Tumor growth is abrogated by

constitutively active 4E-BP1] from a published manuscript in 2009: “Activated 4E-BP1

represses tumourigenesis and IGF-I-mediated activation of the eIF4F complex in

mesothelioma” in Volume 101(3): 424-31 of which I was a co-author. These figures

represented the results of the experiments that I specifically worked upon with the

assistance and supervision of Dr. Blake Jacobson as discussed in Chapter 2. I am also



iii

grateful to the RNA Biology Journal for Figure 2 [The cap-dependent translation

pathway] & Figure 4 [The molecular circuitry of translationally-mediated oncogenic

signaling] from a published manuscript in 2006: “The cap-dependent translation

apparatus integrates and amplifies cancer pathways” in Volume 3(1):10-17 as these

figures have helped me to clearly explain the underlying mechanisms of cap-dependent

translation in Chapter 1. Also, a special thanks to the Journal Cell for the structure of the

small molecule inhibitor 4EGI-1 [Figure 1D] and Supplemental Figure S4 [Theoretical

model of the multiple binding equilibria between eIF4E, eIF4G, 4E-BP1, and 4EGI

compounds] ] from a published manuscript in 2007: “Small-molecule inhibition of the

interaction between the translation initiation factors eIF4E and eIF4G” in Volume

128(2):257-67 since the use of these figures in Chapter 1 of my thesis was very essential

for elucidating the hypothesized mode of action of 4EGI-1.

Finally, it’s time to thank my near and dear ones. I have to deeply thank my

parents for always being so supportive and loving me unconditionally. I guess we can

never find the words that are good enough to express our gratitude to our parents. So, I

just wanted to let them know - thank you so much for making me who I am.

I will also like to sincerely thank my parents-in-law for always appreciating and

encouraging my efforts and accepting me so warmly and lovingly as a part of their lovely

family.

I am also blessed to have a wonderful elder sister Ananya whose guidance and

love have made it possible for me to reach this point in my career. I cannot thank her and

her sweet family enough for always being a very special part of my life.

I cannot, however, conclude this section without acknowledging two of my

dearest people - my husband Tanmoy and our cute little daughter Pranjoli. Tanmoy has

been incredibly supportive and caring during this challenging period of my life,

especially when I was trying to multi-manage the rigorous task of dissertation writing

along with the duties of a new mother. His companionship and love throughout this time

have taught me to treasure our relationship more than ever before. As for Pranjoli, I have



iv

written most of this thesis with her rocking in her bouncer by my side and often waiting

patiently for me to look up from my computer and give her a smile. So, thank you,

Tanmoy for being my source of strength and thank you, Pranjoli for giving me such a

beautiful reason to smile everyday!!!



v

Dedication

Dedicated to my wonderful family for their

unwavering love and support.

Thank you for always believing in me.



vi

Abstract

Deregulated cap-dependent translation is a predominant characteristic of

malignant cells. Targeting this cap-dependent translation initiation machinery by anti-

cancer therapeutics is a very attractive strategy especially because this initiation

apparatus functions as a pleotropic integrator and amplifier of numerous oncogenic

signals emanating from a wide variety of signaling pathways known to be significantly

involved in the pathogenesis of cancer.

Preliminary results demonstrate that the ectopic expression of the dominant active

translational repressor protein 4E-BP1 effectively suppresses colony formation and

tumorigenesis in mesothelioma cells, thus justifying the plausibility of targeting cap-

dependent translation in treating this cancer.

4EGI-1 is a novel small molecule inhibitor which has been shown to efficiently

disrupt cap-dependent translation by inhibiting the interaction between translation

initiation factors eIF4E and eIF4G and enhancing 4E-BP1 association. We report the

effect of this small molecule inhibitor, 4EGI-1 on cap-dependent translation in malignant

pleural mesothelioma and non-small cell lung cancer. We show that 4EGI-1 effectively

inhibits the formation of the cap-dependent translation initiation complex, suppresses cell

viability, chemosensitizes the cells, influences expression of certain potential oncogenic

proteins and appears to stimulate cell apoptosis by enhancing PARP cleavage.

Furthermore, we utilize this novel inhibitor to perform a critical evaluation of the effect

of translational control on genome-wide gene expression in these cancers. This was done

with the specific objective to unravel known as well as novel target proteins which are

differentially expressed in response to alterations in translational efficiency and are thus

potentially involved in the progression of these malignancies.
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Structural Organization of the thesis

This doctoral thesis consists of five chapters.

Chapter 1 of this thesis is a comprehensive introduction about the mechanism of

cap-dependent translation and the various strategies that have been used to date to target

and disrupt cap-dependent translation. The purpose of Chapter 1 is to also provide a brief

yet thorough overview of malignant mesothelioma, non-small cell lung cancer and the

role of cap-dependent translation in these cancers.

Chapters 2, 3 and 4 of this thesis present a chronological overview of all the

research that I performed as a graduate student at the University of Minnesota.

Chapter 2 of this thesis is a summary of the first set of experiments that I worked

on under the supervision of Blake Jacobson; these experiments eventually formed an

integral part of the paper “Activated 4E-BP1 represses tumourigenesis and IGF-I-

mediated activation of the eIF4F complex in mesothelioma.” in British Journal of Cancer

2009 Aug 4;101(3):424-31.

Chapters 3 and 4 of this thesis summarize the work that I performed, using a small

molecule inhibitor (4EGI-1), to impair cap-dependent translation in malignant pleural

mesothelioma and non-small cell lung cancer respectively. These data are being prepared

for publication.

Chapter 5 of this thesis is a brief conclusive summary of all my research findings

as well as thoughtful comments about the various approaches and aspects of my research.

In this chapter, I also discuss possible future studies that might be undertaken to advance

my findings.

Following these five chapters, is a cumulative list of all the references that I have

used in Chapters 1 through 5.
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CHAPTER ONE

Introduction
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Cap dependent translation and cancer

In eukaryotes, 5’cap-mediated translation is the predominant mechanism most

commonly used to initiate translation, although the internal ribosomal entry site (IRES)

mechanism for translation initiation has also been shown to be active (1-2). Cap-mediated

mRNA translation significantly controls the level of gene expression in eukaryotes. These

genes eventually play important roles in a wide variety of cell survival processes such as

cell cycle progression and differentiation, adaptation to cellular stresses and hence the

alteration in the expression of these genes due to translation extensively affects cell state

(3-4) possibly leading to cancer.

In eukaryotes, all newly synthesized nuclear-encoded cellular mRNAs are

modified at their 5’end by the addition of a cap structure, 7-methyl-G (5’) ppp (5’) N

[m7GpppN] where G is for guanosine and N is any nucleotide. The process of translation

initiation is typically regulated by the combined action of a number of eukaryotic

initiation factors (eIFs) (5). The most important translation initiation factor is the rate-

limiting eukaryotic initiation factor 4E (eIF4E), a 25 kDa phosphoprotein which initiates

translation in the nucleus by binding the 5’cap (m7GpppN) of eukaryotic mRNA

resulting in nuclear export of the selected transcripts. This is followed by the cytoplasmic

association of the eIF4E-mRNA with the 170 kDa docking protein eIF4G whose amino

terminal (one-third) binds to eIF4E and the C-terminal (two-third) has two binding

domains for an ATP-dependent helicase eIF4A (4, 6). The translation initiation factor

eIF4G also contributes significantly to the initiation process in that the eIF4E-bound

eIF4G allosterically enhances the association of eIF4E with the mRNA cap (7). This

formed trimolecular complex (eIF4E-eIF4G-eIF4A) is collectively known as eIF4F. The

eIF4G protein also has a recognition site for eIF3 near its C-terminus that directs the

initiation complex to the 40S ribosomal subunit, and for the poly (A) binding protein

(PABP) near the N-terminus which may facilitate circularization of the eIF4F-mRNA

complex. This resulting preinitiation ribosome complex then scans from the 5’cap
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through the untranslated region (5’UTR) until it locates the translation initiation codon

thereby enabling the joining of the 60S ribosome subunit to form an elongation

competent 80S ribosome [Figure 1.1]. The translation initiation factor eIF4A plays a

major role in this process since the requirement for its helicase activity is dependent on

the amount of secondary structure in the 5’UTR that needs to be unwound for effective

scanning to occur (8).

Translational control is exerted by regulation of the abundance and activity of

eIF4E which is regarded as the rate-limiting member of the cap-dependent translation

initiation complex because it is found to be the least abundant component under most

cellular physiological conditions. eIF4E exists in both phosphorylated and non-

phosphorylated forms (9) and Ser-53 has been reported to be the major site of

phosphorylation (10). The binding of eIF4E to eIF4G is inhibited by a group of

translational repressor proteins known as the eIF4E-binding proteins (4E-BPs) (also

known as PHAS-I for phosphorylated heat and acid soluble protein stimulated by

insulin). The most abundant and the best studied 4E-BP protein is 4E-BP1 and it belongs

to a family of two other related proteins - 4E-BP2 and 4E-BP3. The translation initiation

factors eIF4G and hypophosphorylated 4E-BP1 share a common binding motif for eIF4E

[Y(X)4Lφ where X is variable and φ is hydrophobic] (11) that lies along the same convex

region of eIF4E at some distance from this protein’s cap-binding site (12-13). The full

affinity for binding of mammalian eIF4G to eIF4E may not depend only upon the

Y(X)4Lφ motif; however, mutations in this sequence have been found to effectively

interfere with this binding, thereby implicating that this motif is essential for this protein-

protein interaction (14). Thus 4E-BP1 competes with eIF4G for binding to eIF4E. It has

been found that the phosphorylation of 4E-BP1 occurs at a series of threonine and serine

residues (T37, T46, S65, T70, S83, and S112) with requisite mTOR-mediated

phosphorylation of T37 and T46 occurring before phosphorylation at S65 and T70 (15-

16). Hyperphosphorylated 4E-BPs bind weakly to eIF4E compared to

hypophosphorylated forms.



4

Furthermore, there is a very tight regulatory connection between the

phosphorylation of eIF4E, the phosphorylation of 4E-BP1, the rate of formation of the

translation initiation complex eIF4F, the rate of protein synthesis and eventually the rate

of cell growth (17-19). The translation initiation factor eIF4G also has recognition sites

for MAP kinase integrating kinases (Mnk1/2) that phosphorylate eIF4E in response to

activation of Ras-dependent ERK and MAP kinase pathways (20). In normal cells, serum

and a host of extracellular stimuli (hormones, growth factors, mitogens, cytokines or G-

protein-coupled receptor agonists) regulate eIF4E abundance by Myc-mediated

transcriptional transactivation (21-22) and promote eIF4E phosphorylation causing eIF4E

to bind more avidly to the 5’mRNA cap, thus resulting in enhanced cap-dependent

translation (21, 23) [Figure 1.2]. At the same time, it has also been noticed that mitogenic

stimulation of the cells activate mTOR signaling pathways thus leading to 4E-BP1

phosphorylation causing the dissociation of 4E-BP1 from eIF4E, thus facilitating the

assembly of the eIF4F complex (5, 24-25), thereby promoting translation [Figure 1.2].

Conversely, in the absence of growth factors and nutrients, 4E-BP1 is

hypophosphorylated and tightly binds to eIF4E, thus inhibiting translation initiation.

Deregulation of cap-dependent translation plays a significant role in the

development of various human diseases. Mutations affecting the mTOR pathway have

been shown to cause a number of genetic disorders such as hypertrophic cardiopathy and

tuberous sclerosis (26). The first report implicating eIF4E in oncogenesis was published

in 1990 by Nahum Sonenberg’s laboratory (27). Following that, more than a decade of

research has shown a compelling link between pathological changes in the translational

machinery to a number of human malignancies including breast cancer, head and neck

squamous cell carcinoma, cancer of the prostrate and lung cancer (28-29).

Overexpression of eIF4E (27, 30) or eIF4G (31) resulted in transformation of mammalian

cells. Conversely, reversion of the neoplastic phenotype in eIF4E-transformed cells is

observed following overexpression of 4E-BP1 (32-33). Also, tumorigenesis induced by

eIF4E overexpression or Ras-induced transformation in transgenic mouse models (34-35)

is suppressed by 4E-BP1 expression (33). In human lung adenocarcinoma, there is a
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direct relationship between stage I disease and mortality and the eIF4E/4E-BP1 ratio

(36). 4E-BP1/2 deficient mice have also been reported to be more sensitive to tobacco

carcinogen-induced lung tumorigenesis compared to their wild-type counterparts (37). In

addition, elevated levels of eIF4E have been observed in a wide variety of human tumor

types (38).

In general, messenger RNAs with short unstructured 5’UTRs known as “strong”

RNAs (housekeeping genes like β-actin, GADPH etc) are more easily translated than

mRNAs harboring lengthy, highly structured 5’UTRs (known as “weak” RNAs) as the

latter prevent efficient scanning and start codon recognition. However, higher levels of

eIF4E have been found to preferentially enhance the selective synthesis of highly

structured “weak” mRNAs which typically encode messages for growth factors and

cytokines (FGF-2, PDGF, TGF-β, VEGF, IL-15), protein kinases (Mos, Pim-1),

transcription factors (Fos, Myc), enzymes involved in polyamine biosynthesis (ornithine

decarboxylase and ornithine aminotransferase) and cell cycle regulators (Ras, cdk4,

cyclin D1, p27Kip) (39-44) [Figure 1.3]. Thus, the aberrant levels of eIF4E can be viewed

as a strong mechanism for the selective induction of crucial malignancy-related events

such as transformation, angiogenesis, invasion, metastasis and tumorigenesis (45).

It is particularly interesting to note that the cap-dependent translation initiation

machinery eIF4F serves as a pleotropic integrator and amplifier of many important

oncogenic signals [Figure 1.4] and hence targeting this common regulatory node can be a

very robust approach to counteract a disease of multiple genetic alterations such as cancer

(46). This gives rise to the principle of convergence according to which mutations

occurring in various growth factor receptors as well as in their downstream signaling

proteins, finally focus all their effects on a single critical regulatory node, thereby

significantly increasing the scope for highly effective future anti-cancer therapeutic

interventions.
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Approaches to target cap-dependent translation in cancer

Disrupting cap-dependent translation in cancer with a dominant active 4E-

BP1 protein

The affinity of 4E-BP1 for eIF4E is governed by ordered phosphorylation of

critical amino acid residues and regulated through FRAP/mTOR signaling (47). The

binding of 4E-BP1 to eIF4E is inhibited by serial phosphorylation of 4E-BP1 on six

serine and threonine residues. However, the mutation of both Thr 36 and Thr 47 to

Alanine strongly abrogates 4E-BP1 phosphorylation since phosphorylation is required to

occur on these residues in order to allow phosphorylation on subsequent residues of this

protein (16). Hence, expressing a hemagglutinin–tagged dominant active 4E-BP1 mutant

(4E-BP1A37/A46 designated as HA-TTAA) in the cancer cells can possibly contribute to

inhibiting cap-dependent translation.

Polunovsky et al. (33) reported that the ectopic expression of the HA-TTAA

protein in Ras-transformed mouse fibroblast cells significantly decreases the tumorigenic

potential by promoting apoptosis in these cells. Targeting the activity of the 4E-BP1

protein is of special interest also because 4E-BP1 overexpression does not preclude the

physiological functions of normal cells (e.g., 4E-BP1 overexpression does not cause

apoptosis in non-transformed fibroblasts), thus indicating its selectivity towards

malignant cells (33) and the consequent potential of being well-tolerated in patients with

cancer. Avdulov et al. (30) later demonstrated the suppression in tumorigenicity in breast

cancer cells transfected with this HA-TTAA protein; conversely, they also observed a

spontaneous reversal to the malignant phenotype on loss of these 4E-BP1

phosphorylation site mutants. These exciting results acted as stimulus for the future work

by Jacobson et al. (29) where NSCLC cells were transfected with the gene that codes for

the HA-TTAA protein and a subsequent inhibition in cloning efficiency and

tumorigenicity was observed. Furthermore, recent work (48) in malignant pleural

mesothelioma (MPM) cells reveal that the expression of this HA-TTAA protein can
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repress tumorigenesis and inhibit the IGF-1 mediated stimulation of cap-dependent

translation in these cells. Thus, this dominantly active repressor protein can help us to

specifically target and disrupt cap-dependent translation in cancer.

Inhibiting cap-dependent translation with an antisense oligonucleotide

directed against eIF4E

The most frequently documented aberration in the translational apparatus is the

overexpression of the eukaryotic translation initiation factor 4E (eIF4E). The levels of

eIF4E is elevated in a wide variety of human cancers such as glioblastoma and cancers of

the colon, prostrate, breast, lung and endometrium (30, 49-50). The activation of the

PI3K/Akt/mTOR signaling pathway causes the hyperphosphorylation of 4E-BP proteins,

liberating eIF4E from 4E-BPs and enabling cap-dependent translation (16). Moreover,

overexpression eIF4E has been shown to lead to malignant transformation (27) by

rescuing cells from apoptosis (51-53), enhancing proliferation of transformed cells (54)

and selectively enhancing the translation initiation of positive cell cycle regulators like

PDGF, VEGF, FGF-2, ODC (45). Furthermore, eIF4E has been shown to stimulate the

nuclear transport of cyclin D1 mRNA , thus increasing cyclin D1 synthesis (43) and helps

in recruiting growth-factor deprived NIH-3T3 cells into the cell cycle (55).

Overexpression of eIF4E in mice has also shown a significant increase in the rate of

tumor formation (34-35).

Thus, antagonizing the expression of eIF4E with an antisense oligonucleotide

should be a highly effective approach to treat cancer. LY2275796 sodium is a 2nd

generation 2’methoxyester gapmer antisense oligonucleotide (ASO) developed by Eli

Lilly which has been shown to dramatically decrease eIF4E mRNA and protein

expression, induce apoptosis and repress expression of VEGF, cyclin D1, survivin, c-myc

and Bcl-2 (56). In addition, systemic administration of eIF4E ASOs markedly suppressed

the growth of human breast and prostate cancer xenografts, selectively reducing eIF4E

expression in the xenografts without showing any toxic side effects (56). It was also
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particularly exciting because Graff et al. (56) reported the first in vivo evidence that

cancers are more vulnerable to the inhibition of eIF4E compared to normal tissues since

eIF4E-ASO administration did not significantly affect liver weight, spleen weight, body

weight or liver transaminase levels of these mice, thus highlighting the specificity of

these ASOs. LY2275796 is currently under evaluation in Phase I clinical trials.

Using mTOR inhibitors

Mitogenic stimulation leads to m-TOR mediated translation initiation by two

distinct pathways mediated by ribosomal p70 S6 kinase (p70S6K) and by eIF-4E binding

proteins (4E-BPs). mTOR-mediated phosphorylation of 4E-BP1 causes the dissociation

of eIF4E from 4E-BP1, thus facilitating the formation of cap-dependent translation

initiation complex eIF4F. The phosphatase PTEN which negatively regulates PI3K/Akt

survival pathway is found to be inactivated in many human tumors leading to increased

activation of Akt (57) which is upstream of mTOR, thus phosphorylating 4E-BP1 and

enhancing cap-dependent translation. Hence, mTOR signaling is another potential

attractive target for cancer therapy. Two distinct mTOR signaling complexes have been

identified: mTORC1 (mTOR-raptor) and mTORC2 (mTOR-rictor), both of which

contribute to tumor cell growth. The use of the first non-ATP competitive inhibitor of

mTORC1, rapamycin has been shown to effectively block the phosphorylation of

mTORC1 substrates, p70S6K and 4E-BP1, and repress metastasis in murine colon

carcinoma cells and human renal carcinoma cells (58-59). Also, in PTEN-deficient

tumors such as glioblastomas and prostrate tumors, more enhanced activity of rapamycin

was observed (60-61). At present, mTOR inhibitors such as CCI-779 and RAD001 are

being tested in clinical trials (62-63) for lung cancers and other malignancies. Direct

inhibition of mTOR has also been shown to enhance cis-platinum chemosensitivity and

could be an effective adjunct to current treatments (64). However, the efficacy of these

agents is in question mainly because they may have a variety of non-specific effects

besides inhibition of 4E-BP1 phosphorylation. For instance, recent reports indicate that
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rapamycin inhibition of mTORC1 induces phosphorylation and activation of the

mTORC2 substrate, Akt, demonstrating potential limitations of this therapeutic strategy

(65). Owing to the dual role of mTOR within the PI3K/Akt/mTOR pathway as an

upstream activator of Akt as well as the downstream effector of pathway activity on cell

growth and proliferation, targeting the active site of mTOR is an emerging area of

extensive investigation (66-67). Recently, a family of pyrazolopyrimidines were reported

to be ATP-competitive selective inhibitors of both mTORC1 and mTORC2 which might

be more successful than rapamycin at inhibiting tumor formation (68). These inhibitors

are known as “TORKinibs” because they directly inhibit mTOR by targeting the TOR

kinase domain.

Preventing the binding of eIF4E to the cap by using cap analogs

Structural studies combined with competitive eIF4E-binding immunoassays have

been utilized to specifically design and identify a library of certain structural analogs of

the 5’mRNA cap which can thus compete with the mRNA cap for binding to the cap-

binding domain on the concave surface of eIF4E (69) and impair cap-dependent

translation. A small molecule ribavirin has been recently reported to possibly interfere

with the interaction of eIF4E with the mRNA cap and suppress tumor growth while

selectively decreasing the expression of eIF4E-dependent proteins like cyclin D1 (70).

Yet, further structural studies are required to explicitly characterize the effect of ribavirin

on the eIF4E-cap interaction.

Targeting the helicase eIF4A

Bordeleau et al. (71-72) discovered a natural product, pateamine A which

interfered with the incorporation of the RNA helicase eIF4A into the eIF4F complex by

forcing an indiscriminant association (by chemically inducing dimerization) of eIF4A

with the RNA. In this way, the compound renders the eIF4A unavailable to participate in
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the ribosome-recruitment phase of translation initiation, thereby hindering translation

initiation.

Using micro RNAs (miRNAs)

Micro-RNAs are small (approximately 22 bases), non-protein coding RNAs that

play a significant role in modulating gene expression primarily at the post-transcriptional

levels in mammals. These miRNAs identify target sequences of imperfect

complementarity in cognate mRNAs and either destabilize them or interfere with normal

translation (73). Pillai et al. (74) reported that cap-independent translation was not

repressed by endogenous let-7 microribonucleoproteins (miRNPs), thus implying that the

miRNPs inhibit translation at the initiation step by impeding the recognition of the 7-

methyl GTP cap.

Inhibiting the interaction between eIF4G and eIF4E

Small molecule inhibitors of translation initiation identified in high throughput

screens have been previously reported (71, 75-76). These inhibitors are especially

attractive because they offer the scope to selectively target specific protein-protein

interaction by identifying the “hot spots” or regions of conserved residues on the protein-

protein interfaces which are absolutely essential for their effective binding. These small

molecule inhibitors can be effectively utilized to study a wide range of cellular processes

in which translation is significantly involved such as embryonic development, cell

growth, synaptic plasticity, axon guidance and apoptosis.

Moerke et al. (77) recently identified a novel small molecule inhibitor 4EGI-1 (a

substituted thiazole carboxylic acid) [Figure 1.5(a)] which shares a common eIF4E-

binding motif [Y(X)4Lφ where X is variable and φ is hydrophobic] with eIF4G and thus

inhibits the association of eIF4G with eIF4E, thereby repressing the formation of the cap-

dependent translation initiation complex eIF4F. They utilized high-throughput
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fluorescence polarization-binding assays, nuclear magnetic resonance and chemical shift

mapping to confirm the direct binding of 4EGI-1 to eIF4E and to specifically locate the

point of interaction between these two proteins. Following this, they demonstrated the

activity of this compound in inhibiting the formation of the cap-dependent translation

initiation complex and in repressing the expression of oncogenic proteins like c-myc and

Bcl-xL (both of which have been earlier identified as “weak mRNAs”). Furthermore, this

drug enhanced the binding of the repressor protein 4E-BP1, thus forming the basis of

their proposed theoretical model [Figure 1.5(b)]. In this model, Moerke et al. (77)

speculate that the binding of 4E-BP1 might involve more residues on the surface of the

eIF4E protein (apart from the Y(X)4Lφ motif) and hence the removal of eIF4G by

4EGI-1 ultimately results in more accessible binding of 4E-BP1 to eIF4E. Also, this

compound did not inhibit cap-independent translation and had a more profound effect on

transformed versus non-transformed cells.

Based on these findings, we have extensively investigated the effect of this drug

in malignant pleural mesothelioma (MPM) and non-small cell lung cancer (NSCLC), the

results of which have been presented in complete details in Chapters 3 & 4, respectively,

of this thesis.
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Mesothelioma

According to the National Cancer Institute, “Malignant mesothelioma (MM), a

rare form of cancer, is a disease in which cancer (malignant) cells are found in the sac

lining the chest (the pleura), the lining of the abdominal cavity (the peritoneum) or the

lining around the heart (the pericardium).” There are also various sub-types (cell types) of

mesothelioma, namely epitheliod (the most common and amenable to treatment),

sarcomatous (a more aggressive form) and biphasic or mixed (a combination of both of

the other cell types).

Occupational exposure to asbestos fibers, mainly the amphibole, crocidolite and

amosite fibers, is largely thought to be the primary cause of this disease (78). Wagner et

al. (79) first reported that the incidence of mesothelioma among heavily exposed miners

from the Cape of Good Hope asbestos fields in South Africa exceeded 50 %. However, it

is worthwhile to mention that there have also been cases of mesothelioma with no

documented exposure to asbestos fibers and emerging data (80) suggest that genetic

factors may play an important role in the etiology of this disease. Several well-defined

acquired genetic targets have also been recently identified in mesothelioma, including the

9p21 (p16INK4a, p14ARF) and the 22q11-q13.1 loci (NF2) (81-83). In addition, there has

been compelling evidence of the presence of the simian virus-40 (SV-40) T-antigen (Tag)

in a considerable percentage of human mesothelioma tumors (81, 84). The ability of SV-

40 Tag to inactivate the tumor suppressors, p53 (84) and Rb (85) might contribute to SV-

40 associated mesothelial cell transformation. Despite the characterization of a handful of

these and other oncogenic lesions, there still remains a considerable fraction of

mesothelioma cases which involve no previous asbestos exposure (86) or does not

contain SV40 sequences (81) and hence further elucidation of the underlying molecular

mechanisms of this disease is absolutely essential.

The incidence of this cancer is on the rise and the patients generally survive less

than a year from the time of the initial diagnosis (78, 87). Mesothelioma is diagnosed in
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approximately 2000 to 3500 patients annually in the United States (86, 88) and this

increase in incidence has recently plateaued (89). In Europe, the incidence of

mesothelioma is increasing and is estimated to peak between the years 2010 and 2020

(90).

At present, aggressive surgical resection can be an option for a minority of pleural

mesothelioma patients who have localized disease and can tolerate an extra-pleural

pneumonectomy. Potential markers in mesothelioma diagnosis include soluble

mesothelin-related peptides (91) and the secreted phosphoprotein osteopontin (92). The

FDA has approved the first line use of the multi-targeted anti-folate pemetrexed in

combination with cisplatin in light of the study demonstrating a modest prolongation of

survival (9-12 months) of this combination compared to cisplatin alone (93). However,

the impact of this study is not significant enough because nearly all patients will

eventually succumb to the disease. Efforts have also been made to specifically target

various growth factor pathways in the wake of the numerous reports of activation of these

pathways in MM. For instance, the vascular endothelial growth factor (94) and the Ras

pathway components (95) were reported to be overexpressed in MM. The EGFR protein

is autophosphorylated and overexpressed in mesothelial cells after in vitro exposure to

asbestos (96). Furthermore, the Akt pathway has been shown to be frequently activated in

MMs and inhibiting this pathway has resulted in suppression of cell growth and increased

chemosensitivity (97-98). The insulin growth factor (IGF) axis has been shown to

contribute to the malignant phenotype and found to be necessary for SV-40 induced

transformation of mesothelial cells (99). In addition, the selective activation of the

adaptor proteins, insulin receptor substrate-1 and-2, in pleural mesothelioma cells has

also been observed (100). However, disappointingly enough, the ventures to target these

oncogenic pathways have not shown any substantial promise in clinical trials (101-103).

Hence, the development of new targets for the treatment of mesothelioma remains a top

priority.

Targeting cap-dependent translation as a potential therapy for mesothelioma may

be very promising, especially because the cap-dependent translation apparatus serves as a
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critical regulatory node or point of convergence of numerous oncogenic pathways (46)

[Figure 1.4]. Recent studies (48) aptly demonstrated the power of this approach where

repression of cap-dependent translation by a 4E-BP1 dominant active protein resulted in a

marked decrease in tumorigenesis, diminished proliferation and motility and effective

negation of the IGF-1 stimulatory effects in malignant pleural mesothelioma (MPM)

cells. Furthermore, Patel et al. (95) reported that cap-dependent translation might be a

possible mechanism of Ras-induced proliferation in MPM cells. Hence, the cap-

dependent translation machinery appears to be very robustly involved in the development

of malignancy in mesothelial cells.

Our work in Chapters 2 and 3 were done with MPM cells; hence, the abbreviation

MPM is frequently used in the rest of this thesis.
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Non-small cell lung cancer

Lung cancer is the primary cause of cancer-related mortality not only in the

United States but also around the world. The reason for the emergence of the lung cancer

outbreak in the 20th century has undeniably been cigarette smoking. Tobacco smoking

accounts for more than 90% of lung cancers in men and 75-85% of lung cancers in

women in the United States and Europe (104). According to estimated projections, an

absolutely radical reduction in smoking rates is necessary in order to achieve a significant

reduction in the prevalence of lung cancer (105). However, it is worthwhile to note that

approximately 10% of patients with lung cancer in the United States are found to be

lifelong never smokers, affecting women more often than men in this category. The U.S.

Environmental Protection Agency (2007) has estimated that secondhand smoke accounts

for about 3000 deaths per year from lung cancer. Furthermore, it was recently reported

that exposure to passive smoking during childhood increased the susceptibility to lung

cancer in adulthood by 3.6 fold (106).

There are two main types of lung cancer -- small cell lung cancer (SCLC) and

non-SCLC (NSCLC). NSCLC is more common (85% of all lung cancer cases) which is

further subdivided histologically into adenocarcinoma (50% of cases), squamous cell

(20%), large cell (10%) and not otherwise specified histologies (107). The present 5-year

survival rate for lung cancer in the United States is a very disappointing 15%. One reason

for this is that the majority of the patients present with late stage locally advanced or

metastatic disease (108) as NSCLC has a tendency for early metastasis. Therefore, for the

vast majority of patients with NSCLC, the goals of care are principally palliative with

most of them ultimately succumbing to the disease.

Needless to say, the detection of lung cancer at an early stage is an absolute

requirement in order to improve the overall survival rate. Conventional clinical staging is

most often performed with computed tomography (CT) of the thorax and upper abdomen;

CT, though helpful in detecting early-stage tumors, is not specifically known to have any
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effect on reducing mortality rates (109). Various genetic alterations such as mutations in

the tumor suppressor gene p53 (110) and deletion or mutation of the retinoblastoma gene

(111) have been reported, thus implicating these proteins as potential markers for the

detection of lung cancer. Also, increased levels of angiogenic molecules like the vascular

endothelial growth factor (VEGF) in serum and tumor tissue have been associated with

poor prognosis in lung cancer patients (112-113). Gessner et al. (114) reported the breath-

based detection of angiogenic markers (VEGF, bFGF, angiogenin) to specifically

distinguish between early-stage NSCLC versus chronic obstructive pulmonary disease

(COPD) patients and healthy volunteers.

At present, platinum-based chemotherapy is the recommended first line treatment

for advanced NSCLC. However, numerous clinical trials comparing different platinum-

based combinations have reported equal efficacy but different side-effect profiles (115-

116), thus achieving a “therapeutic plateau” and increasing the need for exploring better

options. Recently, it has become of particular interest to investigate the effect of the

addition of a novel biologic drug or a “targeted agent” in combination with platinum-

based chemotherapy. These agents are proven to have reduced toxicity compared to

standard cytotoxic chemotherapy, mainly because of the specificity of the mode of action

of these drugs. For instance, the addition of a monoclonal antibody (bevacizumab) that

targets the vascular endothelial growth factor (VEGF) to a platinum-doublet

chemotherapy regimen has resulted in enhanced delivery of the chemotherapeutic drugs

to the tumor site due to alteration in the tumor vasculature (117), causing a statistically

significant improvement in progression-free survival and overall survival (118). On the

other hand, EGFR overexpression has been associated with poor prognosis in 40% to

80% of NSCLC patients (119). However, treatment with EGFR tyrosine kinase inhibitors

(TKIs), gefitinib and erlotinib showed a dramatic antitumor activity in only a minority of

patients harboring mutations in the tyrosine kinase domain of the epidermal growth factor

receptor (120-121). So far, the single most successful option for treating lung cancer

patients is surgical resection; however, the feasibility of this approach is critically

dependent upon the assumption that the tumor is completely resectable and the patient
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can successfully tolerate the procedure. Hence, new agents are urgently needed for

treating this disease in order to exceed the current median survival rate of only one year.

Targeting cap-dependent translation should be theoretically more robust than

single-targeted therapies because the targeted drugs are active against only a single

pathway involved in the pathogenesis and metastasis of NSCLC whereas interfering with

the cap-dependent translation initiation apparatus means maneuvering a common point of

regulation impacting numerous oncogenic signaling pathways (46). Moreover, the

enhanced cap-dependent translation, so frequently observed in various cancers, is

believed to lead to the translation of a limited subset of critical proteins that play a vital

role in the establishment and maintenance of malignancy by influencing critical cell

biology processes such as proliferation, metastasis, apoptosis and premature senescence.

The suppression of cap-dependent translation has also been shown to result in decreased

tumorigenicity in NSCLC (29), thus implying the potential of this approach in treating

NSCLC. Jacobson et al. (29) also demonstrated that the blockade of cap-dependent

translation chemosensitized NSCLC cells to gemcitabine. Williams et al. (122) later

reported that translation blockade by a dominant active 4E-BP1 protein significantly

enhances the susceptibility of the NSCLC cells to the antitumor effects of gemcitabine in

an in vitro bioreactor system. In light of these findings, the cellular translation initiation

apparatus definitely stands out as a strong candidate for targeting by future anti-NSCLC

therapeutics.
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Figure 1.1. Cap-dependent translation (Polunovsky et al. RNA Biology 2006;

3(1):10-17):

The 5’mRNA cap is bound by eIF4E (a rate-limiting 25 kDa phospho-protein) in

the nucleus and is then transported to the cytoplasm where eIF4E binds with the 170 kDa

scaffolding protein, eIF4G. The amino terminal of eIF4G binds eIF4E and the poly (A)-

binding protein, PABP. The C-terminus of eIF4G contain binding sites for eIF4A (a RNA

helicase that unwinds the mRNA 5’secondary structure) and eIF3 (which directs the

initiation complex to the 40S ribosomal subunit and also binds the kinase mTOR). This

pre-initiation ribosome complex scans through the 5’UTR towards the initiation codon

(AUG) followed by elongation. However, the 4E-BP family of proteins compete with

eIF4G for binding to eIF4E using a similar binding motif (Y(X)4Lφ where X varies and φ

= Leu, Met or Phe) and thus act as translational repressors.
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Figure 1.1
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Figure 1.2. Signaling pathways resulting in activation of cap-dependent translation:

Phosphorylation by growth factors, hormones, mitogens and cytokines activate

the Ras/MAPK & PI3K pathways. Phosphorylation of eIF4E is mediated by the MAP

kinase interacting protein kinase 1 (Mnk1) which is activated through Ras-regulated

MAPK/ERK pathway. Phosphorylated eIF4E has high binding affinity to the 5’mRNA

cap leading to enhanced cap-dependent translation. 4E-BP1 is preferentially

phosphorylated by the mammalian target of rapamycin (mTOR) via the PI3K pathway

and dissociates from eIF4E, allowing eIF4E to bind to eIF4G, facilitating assembly of the

initiation complex eIF4F and subsequent cap-dependent translation.
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Figure 1.2
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Figure 1.3. Increased eIF4E preferentially increases the translation of potentially

oncogenic mRNAs compared to the physiological mRNAs:

eIF4E levels are limiting under normal cellular conditions. Malignancy-related

mRNAs like VEGF, cyclin D1, FGF-2, ODC and Bcl-2 are “weak mRNAs” having

lengthy extensive secondary structure in their 5’UTR which hinders efficient scanning

and recognition of the AUG translation initiation codon. These “weak mRNAs” are

inefficiently translated under normal conditions and need higher levels of eIF4E to be

competently translated. In tumors, the levels of eIF4E are significantly enhanced, thus

markedly enhancing translation of “weak mRNAs”; eIF4E thus plays a critical role in

facilitating the development of malignancy. Conversely, constitutively expressed mRNAs

like β-actin are “strong mRNAs” having minimal secondary structure in their 5’UTR and

are hence actively translated by normal eIF4E levels and have only insignificant

enhancement in translation, if at all, in tumors.
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Figure 1.3
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Figure 1.4. The principle of convergence of oncogenic signaling (Polunovsky et al.

RNA Biology 2006; 3(1):10-17):

eIF4F functions as a point of convergence for various malignancy-related

signaling pathways. The downstream effector proteins participate effectively in

establishing the transformed phenotype by directly stimulating growth and proliferation

and inhibiting apoptosis and premature senescence. These proteins also serve in a self-

amplifying positive regulatory loop, thereby facilitating the maintenance of activated cap-

dependent translation machinery which is essential for sustaining the neoplastic state.
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Figure 1.4
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Figure 1.5. Structure of 4EGI-1 and the proposed theoretical model

(Moerke et al. Cell 2007; 128(2):257-67):

(a). The small molecule inhibitor 4EGI-1 is a substituted thiazole carboxylic acid.

(b). 4EGI-1 shares the common eIF4E-binding motif Y(X)4Lφ [where X varies and

φ = Leu, Met or Phe] with eIF4G and thus prevents eIF4G from binding to eIF4E. 4EGI-

1, thus makes the 4E-BP1 binding site on eIF4E more accessible, thereby effectively

increasing the amount of eIF4E-bound-4E-BP1 and repressing cap-dependent translation.
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Figure 1.5
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CHAPTER TWO

Activated 4E-BP1 represses assembly
of the eIF4F complex and suppresses

colony formation and tumorigenesis in
mesothelioma
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Purpose of this chapter

A promising approach to disrupt cap-dependent translation is by utilizing a

dominant active form of the translational repressor 4E-BP1 protein as earlier discussed in

Chapter 1. The hemagglutinin-tagged activated 4E-BP1 protein (4E-BP1A37/A46

designated as HA-TTAA) has substituted alanine for threonine at residues 37 and 46, the

first two sites of sequential phosphorylation, that renders 4E-BP1 incapable of

phosphorylation and subsequently dominantly active (16).

In this chapter, we effectively demonstrate that the expression of a dominant

active 4E-BP1 protein significantly inhibits the formation of the cap-dependent

translation complex in mesothelioma, severely impairs mesothelioma colony formation

and diminishes tumorigenicity of mesothelioma murine xenografts. Through these data,

we hope to strongly establish the critical importance of cap-dependent translation in the

maintenance of malignancy in mesothelioma.

Material and methods

Cell lines and Culture: The MPM cell lines H2596, H2461, H513 and H2373 were

purchased from either the American Type Culture Collection or obtained from Frederick

Kaye (National Cancer Institute) and were grown in RPMI 1640 (GIBCO, Grand Island,

NY) supplemented with 10% new born calf serum (Sigma, St.Louis, MO).

Immunoblot analysis: A 15% or an 8-15% gradient SDS-polyacrylamide gel was used

to separate the protein samples by electrophoresis and the separated proteins were

transferred to a polyvinylidene difluoride membrane ((Hybond-P), Amersham

Biosciences, Piscataway, NJ). The membranes were blocked in 5% non-fat dry milk for 1

hour at room temperature in Tris-buffered saline Tween 20 (TBST). The membranes

were then incubated overnight at 4˚C in TBST-diluted or 5% bovine serum albumin-

TBST diluted primary antibodies. The primary antibodies used are as follows: rabbit -
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eIF4GI antibody (kindly provided by Nahum Sonenberg) at a 1:2500 dilution, rabbit -

4E-BP1 antibody (Abcam Inc.) at a 1:2500 dilution, -eIF4E antibody (BD Biosciences)

at a 1:500 dilution and rat -HA antibody (Roche) at a 1:2000 dilution. This was

followed by three washes (5 minutes each) in TBST before incubation with suitable

horseradish peroxidase-labeled secondary antibody for 1 hour at room temperature and a

final set of three TBST washes. The Pierce ECL western blotting substrate (Thermo

Scientific, Rockford, IL) was used to visualize the bands of interest which were then

quantified by a public domain Java image processing program, ImageJ.

Cell Transfection: At 50% confluence, MPM cell lines were transfected with 5 g of the

plasmid DNA pACTAG neo encoding the neomycin resistant empty vector gene or with

pACTAG neo/HA-4E-BP1A37/A46 (the dominant active 4E-BP1 protein). Lipofectin

reagent (Invitrogen Life Technologies) was used for this purpose. After 3 days, medium

containing G418 (Cellgro) (250 g/ml) was added to replace the original growth medium.

Eventually, the colonies which survived i.e., the resistant colonies were picked and

propagated in fresh plates.

Cloning efficiency assay: Following the afore-mentioned procedure for cell transfection,

the plates containing resistant colonies were fixed in 10% methanol and 5 % acetic acid

for 10 min, stained in 0.1% crystal violet/20% ethanol for 5 minutes, and then the G-418-

resistant colonies were counted. All transfections were carried out in triplicate.

Cap-binding assay: As earlier discussed in Chapter 1, the nuclear-encoded 5’cap of all

eukaryotic mRNA is a 7-methyl guanosine triphosphate (7mGTP) entity. Hence, when 50

µl of a 50% slurry of 7-methyl GTP-Sepharose 4B (Amersham Biosciences) was added

to 300 µl (1µg/µl) of each cell lysate and rotated at 4˚C for 2 hours, this resulted in the

binding of eIF4E and its binding partners eIF4G and 4E-BP1 to the cap analogue as

previously described in (29). The bound proteins were then treated with 35 µl of elution

buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl) containing 100 µM of 7-methyl

guanosine 5’-triphosphate (Sigma-Aldrich). This high concentration of 7mGTP in the

elution buffer thus effectively eluted off the bound proteins from the cap. The eluate was
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then subjected to 8 to 15% gradient sodium dodecyl sulfate-polyacrylamide gel

electrophoresis.

Xenograft tumorigenicity experiment: 0.5 ml of PBS containing about 2.6 X 107 of

H2596 cells stably transfected with pACTAG neo or pACTAG neo/HA-4E-BP1A37/A46

was subcutaneously injected into the left or right flank, respectively, of 5 nude mice. 0.5

mL of PBS containing 2.1 X 107 of H2373 cells stably transfected with pACTAG neo or

pACTAG neo/HA-4E-BP1A37/A46 was also subcutaneously administered into the left or

right flank, respectively, of another set of five nude mice. After 14 days or 23 days for the

H2596 and the H2373 cells respectively, tumor growth was quantified by weight in each

case.

Results

Expression of dominant active 4E-BP1 protein (4E-BP1A37/A46) effectively inhibits

assembly of the cap-dependent eIF4F complex in mesothelioma

In order to determine the ability of 4E-BP1A37/A46 to suppress the formation of the

cap-initiation complex, we stably transfected four MPM cell lines with an empty vector

or with the same vector containing the gene that encodes 4E-BP1A37/A46. Cap-affinity

assay was performed on these cell lysates followed by immunoblot analysis. Figure 2.1(a)

(top panel) confirms the expression of the HA-tagged ectopically expressed 4E-

BP1A37/A46 in lysates of each cell line. For each cell line, cells expressing 4E-BP1A37/A46

had less eIF4G bound to eIF4E compared to empty-vector transfected cells [Figure 2.1(a)

(lower panel)]. We also calculated the ratio of the bound eIF4G to bound eIF4E in each

case since this ratio has been earlier used to be reliably indicative of the status of cap-

dependent translation (29). This ratio was found to be significantly reduced in all four

cell lines by a range of 66.7 % (H2373) to 51 % (H2461) [Figure 2.1(b)], thus effectively

demonstrating that the activated 4E-BP1 protein substantially hinders cap-dependent

translation.
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Activated 4E-BP1 protein (4E-BP1A37/A46) significantly suppresses colony formation

in mesothelioma

It seemed motivated enough to next assess whether repression of cap-dependent

translation by activated 4E-BP1 protein had any effect on impairing cloning efficiency of

these four MPM cell lines. As seen in Figure 2.2, mesothelioma cell lines transfected

with the 4E-BP1A37/A46 had a very significant decrease in cloning efficiency compared to

cells transfected with the empty vector.

Activated 4E-BP1 protein (4E-BP1A37/A46) significantly impairs mesothelioma

xenograft tumorigenesis

The most important experiment that we needed to perform to strongly establish

the fact that activated cap-mediated translation plays a vital role in the development of

malignancy was to test whether inhibited cap-mediated translation decreases

mesothelioma tumor growth. Figure 2.3(a) demonstrates the strong inhibition of

tumorigenesis observed in MPM xenografts by ectopically expressed active 4E-BP1.

While we observed a complete abrogation of tumor growth in the H2596 xenografts,

H2373 xenografts also had significantly reduced tumors compared to the controls.

Immunoblot analysis was also performed on lysates of 4E-BP1A37/A46 expressing or not

expressing H2373 cells before as well as after implantation into the mice. It was

particular interesting to note that 4E-BP1A37/A46 expression levels in H2373 xenograft

tumors were almost completely lost during tumorigenesis [Figure 2.3(b)]. This finding

implicates the possibility that the cells expressing minimal levels of 4E-BP1A37/A46 were

selected to aid in tumor growth in this cell line.
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Discussion

The essence of this work is to specifically bring to light that activated cap-

mediated translation plays a significant role in the manifestation of malignancy. Previous

experiments (30) have shown that expression of the 4E-BP1A37/A46 protein suppresses

tumor growth in breast cancer xenografts. Similar results were observed in lung cancer

studies earlier performed (29). In this chapter, our identical findings in MPM cells

reinforces the fact that 4E-BP1 hyperphosphorylation is a strong mechanism by which

cancer cells activate the eIF4F translation initiation apparatus.

This work also strongly supports the notion of developing therapeutics aimed at

correcting aberrantly activated eIF4F machinery. Furthermore, targeting the 4E-BP1

protein is particularly attractive since overexpressed 4E-BP1 does not appear to be

detrimental to normal cells (33), thus offering us a scope of a well-tolerated therapy for

cancer. Hence, focusing on eIF4F-targeted therapies seems to be a strong venture owing

to its pleotropism (46) and wide therapeutic margin. This realization was the impetus for

the future experiments that I performed in chapters 3 and 4 as an integral part of this

thesis. In the subsequent chapters, I inhibited the interaction between the translation

initiation factors eIF4E and eIF4G by treating mesothelioma and lung cancer cells with a

small molecule inhibitor 4EGI-1 (discussed earlier in Chapter 1) and comprehensively

summarized the subsequent effects on cap-mediated translation in these cancers.
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Figure 2.1. Assembly of cap-dependent initiation complex in mesothelioma is

impaired by production of constitutively active 4E-BP1 (4E-BP1A37/A46)

(Jacobson et al. Br J Cancer 2009; 101(3): 424-31):

(a). Assessment of eIF4F integrity utilizing a cap-affinity assay of four mesothelioma cell

lines ectopically expressing 4E-BP1A37/A46 protein or control. Top, Steady state levels of

exogenous HA tagged 4E-BP1A37/A46 and endogenous 4E-BP1 in cells. Bottom, eIF4E

and binding partners eIF4G and 4E-BP1A37/A46 eluted from 7-methyl-GTP-sepharose

resin.

(b). The average and standard deviation (of the 4 MPM cell lines) of the relative level of

eIF4G normalized to eIF4E bound to the cap analogue comparing cells expressing and

not expressing 4E-BP1A37/A46.
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Figure 2.1
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Figure 2.2. Constitutively active 4E-BP1 hinders mesothelioma colony formation

(Jacobson et al. Br J Cancer 2009; 101(3): 424-31):

MPM cell lines were transfected with empty vector (open columns) or HA-4E-

BP1A37/A46 (filled columns). G418-resistant clones were counted for each transfection and

normalized to the value for empty vector transfection for each cell line.
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Figure 2.2
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Figure 2.3. Xenograft Tumor growth is abrogated by constitutively active 4E-BP1

(Jacobson et al. Br J Cancer 2009; 101(3): 424-31):

(a). Tumor size for 10 animals (mean +/- standard error) from cell lines H2596 and

H2373 expressing (filled columns) or not expressing (open columns) 4E-BP1A37/A46.

Columns, mean of five xenograft measurements of each cell line indicated, bars, standard

error.

(b). Immunoblot analysis of lysates from MPM cells producing or not producing 4E-

BP1A37/A46 both before (in vitro) and after implantation (xenograft) into the mice. The

level of ectopic HA-tagged 4E-BP1 is shown.
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Figure 2.3
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CHAPTER THREE

4EGI-1 represses cap-dependent
translation and regulates genome-wide

translation in malignant pleural
mesothelioma
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Purpose of this chapter

As discussed extensively in Chapter 1, activated cap-mediated translation is

essential for the malignant phenotype in cancers of breast and lung and has been shown

to be deregulated in most solid cancers (27-28). The rate-limiting step in cap-dependent

translation initiation is the binding of eIF4E to the 5’cap structure [m7GpppN (where N is

any nucleotide)] present on all nuclear-encoded cellular mRNAs (reviewed in (19)).

eIF4E availability is critical for the assembly of the cap-dependent initiation complex

(collectively designated as eIF4F) and elevated levels of eIF4E are common in a wide

variety of human carcinomas (28, 123-126). Besides eIF4E, eIF4F is composed of eIF4G

(a large scaffolding protein) and eIF4A (an ATP-dependent RNA helicase which assists

in the unwinding of the 5’mRNA secondary structure). The association of eIF4E with

eIF4G is thus an essential event in cap-dependent translation initiation. The 4E-BP family

of proteins share a common eIF4E binding motif Y(X) 4LΦ [where X is variable and Φ is

hydrophobic] with eIF4G. In the hypophosphorylated state, 4E-BPs compete with eIF4G

for eIF4E binding, disrupting eIF4F complex formation and thereby repressing cap-

dependent translation (11). Hence, novel therapies which target and disrupt eIF4F

formation have good potential in suppressing cap-mediated translation and counteracting

malignant transformation.

A novel small molecule inhibitor 4EGI-1 has been recently reported to inhibit the

association between eIF4E and eIF4G, impairing cap-dependent translation and

increasing the amount of bound 4E-BP1 both in vitro and in cells ((77) and also discussed

in Chapter 1). Therefore, it seemed appropriate to examine if targeting the eIF4F complex

formation by 4EGI-1 could be a new strategy to treat a devastating disease such as MPM.

In this chapter, we show that 4EGI-1 inhibited cell viability and induced apoptosis in a

mesothelioma cell line, but not in a normal cell line. We further show that the translatome

upon treatment with 4EGI-1 shows a conspicuous negative correlation to the translatome

when eIF4E is overexpressed, thus corroborating that translational regulation downstream
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of eIF4E is a major effector of 4EGI-1 treatment. Thus, targeting the eIF4F complex

could be a way forward for the treatment of MPM.

Materials and Methods

Drugs: The small molecule inhibitor, 4EGI-1 (a substituted thiazole carboxylic acid) was

obtained from Chembridge Corporation, San Diego, CA. GemzarTM (Gemcitabine HCL)

and AlimtaTM (pemetrexed) were obtained from Eli Lily, Indianapolis, IN.

Cell lines and Culture: The mesothelioma cell lines H2596, H2461 and H2373 were

purchased from either the American Type Culture Collection or obtained from Frederick

Kaye (National Cancer Institute) and were grown in RPMI 1640 (GIBCO, Grand Island,

NY) supplemented with 10% new born calf serum (Sigma, St.Louis, MO). The non-

transformed human mesothelial cell line, LP9, was obtained from the National Institute

on Aging Cell repository at passage 5 and was grown in 1:1 mixture of M199 and

MCDB10 basal medium (Sigma) supplemented with 15% calf serum,10 ng/ml EGF and

0.4 μg/ml hydrocortisone.

Cell viability studies: H2596, H2461 and LP9 cells were seeded in 96 well plates at

1500, 1000 and 2000 cells/well, respectively, on day 1. These cell densities were chosen

based on earlier performed growth curves on each of these cell lines in order to ensure

that the cells would not reach confluence by or before day 6; otherwise, cell viability

determination would be compromised. On day 2, increasing concentrations of 4EGI-1

were added. On day 6, the cells were counted using a colorimetric assay (Cell Counting

Kit-8 assay (CCK-8)) from Dojindo Molecular Technologies according to the

manufacturer’s protocol. In this assay, a highly water soluble tetrazolium salt is reduced

by the dehydrogenase in the cells to give a soluble yellow colored product (formazan),

the amount of which is directly proportional to the number of living cells. For

combination treatment with pemetrexed/gemcitabine, H2596, H2461 and H2373 cells

were seeded at 1500, 1000 and 2500 cells/well, respectively, on day 1 and on day 2,

4EGI-1 was added to the wells. On day 3, gemcitabine or pemetrexed was added and the
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cells were counted by the CCK-8 assay on day 6 as described above. Triplicate wells

were analyzed for each treatment in all experiments.

Cap-binding assay: (i) 4EGI-1 treatment of cell lysates: This was performed as

previously described in (77). In this assay, cell lysates were prepared in freeze/thaw lysis

buffer. 300 µl (1µg/µl) of each cell lysate was treated with increasing concentrations of

4EGI-1 for 1 hour at 37˚C; then 50 µl of a 50% slurry of 7-methyl GTP-Sepharose 4B

(Amersham Biosciences) was added and the tubes were rotated at 4˚C for 1 hour to

isolate eIF4E and its binding partners eIF4G and 4E-BP1. The bound proteins were then

treated with 50 µl of elution buffer (25 mM Tris-HCl pH 7.5, 150 mM KCl) containing

100 µM of 7mGTP (Sigma-Aldrich). This high concentration of 7mGTP in the elution

buffer thus effectively eluted off the bound proteins from the cap analogue. The eluate

was then subjected to 8 to 15% gradient sodium dodecyl sulfate-polyacrylamide gel

electrophoresis. One of the tubes of each cell line lysate was treated with a high

concentration (200 µM) 7mGTP instead of 4EGI-1, which should block the binding of

eIF4E to the beads and serve as a negative control for the experiment.

(ii) 4EGI-1 treatment of cells: Cells (at 70 % confluency) were treated with increasing

concentrations of 4EGI-1 for 14 hours; then, the cells were lysed in freeze/thaw lysis

buffer. 7mGTP Sepharose beads were added to 300 µl (1µg/µl) of each cell lysate and

rotated at 4˚C for 2 hours followed by elution as previously described above in (i) and

also in (48).

Immunoblot analysis: A 15% or an 8-15% gradient SDS-polyacrylamide gel was used

to separate the protein samples by electrophoresis and the separated proteins were

transferred to a polyvinylidene difluoride membrane ((Hybond-P), Amersham

Biosciences, Piscataway, NJ). The membranes were blocked in 5% non-fat dry milk for 1

hour at room temperature in Tris-buffered saline Tween 20 (TBST) as earlier described in

Jacobson et al. (48). The membranes were then incubated overnight at 4˚C in TBST-

diluted or 5% bovine serum albumin-TBST diluted primary antibodies. The primary

antibodies used (at 1:1000 dilution unless otherwise specified) are as follows: Rabbit α-

eIF4GI antibody (generously provided by Nahum Sonenberg) at a 1:2500 dilution, rabbit
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4E-BP1 antibody (Cell Signaling), rabbit eIF4E antibody (Cell Signaling), rabbit PARP

antibody (Cell Signaling), mouse β-actin antibody (Sigma) at a 1:10,000 dilution, rabbit

c-myc antibody (Cell Signaling), rabbit osteopontin antibody (Abcam), rabbit survivin

antibody (Cell Signaling), mouse EP300 antibody (Thermo Scientific), mouse AHR

antibody (Santa Cruz Biotechnology), rabbit ATR antibody (Cell Signaling), rabbit

RAB1B antibody (Santa Cruz Biotechnology), rabbit GNA11 antibody (Santa Cruz

Biotechnology) and rabbit TPM2 antibody (Santa Cruz Biotechnology). This was

followed by four washes (5 minutes each) in TBST before incubation with suitable

horseradish peroxidase-labeled secondary antibody for 1 hour at room temperature and a

final set of four TBST washes. The secondary antibodies used are as follows: goat anti-

rabbit antibody (Southern Biotech) at 1:2500 dilution and goat anti-mouse antibody

(Southern Biotech) at 1:3000 dilution. The Pierce ECL western blotting substrate

(Thermo Scientific, Rockford, IL) was used to visualize the bands of interest which were

then quantified by a public domain Java image processing program, ImageJ.

Polyribosome preparation: H2596 cells were grown to 65-70% confluency and treated

with 25 μM or 50 μM 4EGI-1. The control group of cells was treated with DMSO.

Following 14 hours of treatment, cycloheximide (100 μg/ml) was added to the culture

media for 5 minutes in order to arrest protein translation by immobilizing the ribosomes

bound to the mRNA. Cells were then trypsinized, washed once with PBS containing

100 μg/ml cycloheximide and then collected by centrifugation. About 10% of the non-

homogenized cell pellet was treated with Trizol reagent (Invitrogen, Carlsbad, CA) to

isolate “total cellular RNA” for subsequent microarray analysis. Supplemental Figure

3.S1 of this chapter provides a detailed overview of this procedure. Each polyribosome

preparation was done in triplicate.

Microarray labeling and hybridization: The quality of the “heavy” and the “total”

RNA samples was verified on a 2% agarose gel. 5 μg of the “heavy” and the “total” RNA

for each sample was labeled using the single-round labeling kit from Affymetrix and

probed with Affymetrix U133plus2 microarrays at the University of Minnesota

Biomedical Genomics Center.
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Quantification of mRNA by Real Time PCR: The ImProm-II Reverse Transcription

System (Promega) was used to synthesize cDNA from 1 μg of each RNA sample primed

with random primers. Primer sequences for the selected genes were designed using

Primer3 (http://frodo.wi.mit.edu/primer3/input.htm) and synthesized by the University of

Minnesota Biomedical Genomics Center. Quantitative Real Time PCR was performed

employing an Applied Biosystems 7300 Real-time PCR system and SYBR Green PCR

master mix (Applied Biosystems) using the following primers: EP300 forward

5’caaacgccgagtcttctttc 3’ EP300 reverse 5’ gttgagctgctgttggcata 3’ ; ATR forward 5’

ctctggtccaagggtgatgt3’ ATR reverse 5’ gcatagctcgaccatggatt 3’ ; AHR forward 5’

cttccaagcggcatagagac 3’ AHR reverse 5’ agttatcctggcctccgttt 3’ ; GNA11 forward 5’

ccactgctttgagaacgtga 3’ GNA11 reverse 5’ tccagcaggtccttcttgtt 3’; TPM2 forward 5’

ggagcagaaattgccaacat 3’ TPM2 reverse 5’ gggtggaaggggataggtaa 3’; RAB1B forward 5’

atgtccctcgtgctgtctct 3’ RAB1B reverse 5’atctttccccaagtggcttt 3’; ACTB forward 5’

gatgagattggcatggcttt 3’ ACTB reverse 5’ caccttcaccgttccagttt 3’. The representative

products were run on a gel to verify the size of the amplicon. We used the comparative Ct

or the delta-delta Ct method to quantify differences in RNA levels using ACTB (β-actin)

as control. Ct is an abbreviation for cycle threshold which is the cycle number at which

the fluorescence generated by the SYBR green dye binding to the amplified double-

stranded DNA crosses the threshold. According to the delta-delta Ct method,

[delta][delta]Ct = [delta]Ct,treated - [delta]Ct,control where [delta]Ct,treated is the Ct value for

the treated set normalized to the endogenous housekeeping gene (ACTB) and [delta]Ct

control is the Ct value for the control set also normalized to ACTB. This method assumes

minimal correction for the housekeeping or reference gene (in our case, ACTB) and

hence, ACTB was chosen based on the fact that the Ct values of β-actin did not vary

appreciably in the treated set compared to the control. For the delta-delta Ct method to be

valid, the amplification efficiencies of the target and the reference genes should also be

approximately equal. For this purpose, dilution curves were done to ensure that the delta

Ct between the reference gene and the target gene did not change on serial sample

dilution. Furthermore, dissociation curves were strictly monitored to rule out any chance

http://frodo.wi.mit.edu/primer3/input.htm
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of mispriming (i.e., PCR products formed due to the annealing of the primers to

complementary or partially complementary sequences on non-target DNAs) and primer-

dimer artifacts (i.e., primers annealing to themselves and producing small templates for

PCR amplification). The Applied Biosystems 7300 Real Time PCR machine used is

programmed to do a dissociation curve, in which the temperature is raised by a fraction of

a degree and the change in fluorescence is measured. At the melting point, the two

strands of DNA separate resulting in a rapid decrease in fluorescence. The machine

software then plots the rate of change of the relative fluorescence units (RFU) with time

(T) (-d (RFU)/dT) on the Y-axis versus the temperature on the X-axis and the peak of this

curve represents the melting temperature. A primer-dimer artifact (being a short DNA)

will thus produce a peak with a lower melting temperature and can be easily detected. We

subtracted the Ct values obtained for the total RNA from the polysomal Ct values for

both the control and treated sets before normalizing to β-actin in order to confirm that the

observed differences in gene expression were due to translational repression and not

because of transcriptional alterations.

Microarray analysis: All data analyses was performed using the statistical environment

R and packages from Bioconductor (127). There were 3 polysome RNA and total RNA

preparations from the control and two from the 25 μM and 50 μM treatments each, thus

totalling 14 arrays. Technical data quality was validated using the “simpleaffy” package

and included RNA integrity and scaling factors as a measure of sensitivity (128). Data

was normalized and transformed by Robust Multiarray Averaging (RMA) using RefSeq

(Version 10) centered updated probe set definitions as these provide improved precision

and accuracy (129-130). Following normalization, we assessed biological data quality

using Principal Component Analysis (PCA) after performing per gene centering. This

analysis indicated that the DMSO control and the 25 μM treatment could not be separated

while the 50 μM showed marked differences to the DMSO control and the 25 μM

treatment in the 2 first components. Thus we combined the DMSO control and the 25 μM

treatment and called it control (leading to 5 control samples and two samples treated with

50 μM). To correct the polysome RNA data for a possible transcriptional contribution, we
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subtracted the polysome data (log2 scale) with the mean of total RNA data across all

replicates per condition, thus generating a ratio between the polysomal and the total RNA

level. This corrected data was used to identify translationally regulated genes (comparing

the control to the treated) by the significance analysis of microarrays algorithm

(SAM,(131)) using a fixed random seed (1, 2, 3, 4, 5, 6, 7, 8, 9), a preset fudge factor

(s0=0.1) and a large delta table (n=400). The data set will be deposited at the Gene

Expression Omnibus.

Cross data set comparison: We reanalyzed the study of eIF4E overexpression in human

mammary epithelial cells (132) (HMECs) using RMA and updated the same version of

the probeset definitions as above. Further, we created transcriptionally corrected

translational data as above and analyzed the data set using SAM as above. We then used

a Monte-Carlo simulation to compare the difference between treated and untreated cells

from the present study to the difference between overexpressing eIF4E and not

overexpressing eIF4E from the HMEC study using fold changes. This analysis was

performed similarly as previously described (133). Briefly, we randomly resampled

(10,000 times) the fold changes in the two datasets (under comparison) and calculated the

Pearson correlation for each sampling to generate a distribution of random correlations.

The obtained correlation was then compared to the random distribution of correlations to

determine the significance of the correlation assuming an approximate Gaussian

distribution of the simulated correlations and using the standard deviation of the

simulations to estimate if the obtained correlation differed from 0 using student’s t-test.
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Results

4EGI-1 preferentially inhibits viability of MPM cells compared to LP9 cells

To examine the effect of 4EGI-1 on viability of MPM cancer cells, we treated two

MPM cell lines (H2596 and H2461) and non-transformed mesothelial cells (LP9) with

increasing concentrations of 4EGI-1. We recorded viability using an assay that quantifies

the number of living cells; thus this assay alone cannot differentiate between proliferative

arrest and proliferation in combination with apoptosis. 4EGI-1 strongly inhibited the

viability of MPM cancer cells H2596 and H2461 at 25 or 50 μM concentrations but had a

relatively modest effect on the non-transformed human mesothelial cells [Figure 3.1].

This finding is in accordance with the previously published results (77) where 4EGI-1

was shown to have a more potent effect on Ph+ cells transformed by the bcr-abl oncogene

compared to the non-transformed Ph – cells. To further study the mechanism by which

4EGI-1 decreases viability, we focused on apoptosis as the ability to evade apoptosis is

one of the hallmark of cells with activated eIF4E (51, 134-135). We thus sought to

determine whether 4EGI-1 could induce apoptosis in MPM cells. Using cleavage of

PARP as a marker for apoptosis, we observed an increase in the 89 kDa cleavage product

in the MPM cells but not in the LP9 cells after 4EGI-1 treatment [Figure 3.2(a)].

Translational activation of genes involved in cell growth and survival has

previously been identified as key events downstream of eIF4E activation. These include

the proto-oncogene c-myc (45, 136); osteopontin (135) - an extracellular structural

integrin-binding protein (also known as secreted phosphoprotein 1) which has been

extensively linked to tumorigenesis and metastasis in various experimental models and is

a well-established biomarker for MPM making it more attractive for our studies (137);

the anti-apoptotic protein, survivin (138) which was previously identified as an important

player in cancer progression (139). We therefore assessed the protein level of these key

targets. Indeed, we observed decreased protein levels of c-myc, osteopontin and survivin

upon 4EGI-1 treatment in MPM cells but not in LP9 cells [Figure 3.2(b)]. Surprisingly,

the levels of the c-myc protein in LP9 cells appeared to increase to some extent at
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100 µM concentration of 4EGI-1, which might be explained as a possible consequence of

the cells trying to defend themselves against the stress induced by the drug. Thus, 4EGI-1

selectively induces apoptosis in MPM cells compared to control cells and this is

associated with decreased protein levels of genes involved in survival and cancer

progression. The preferential effects after eIF4F disruption on transformed cells

compared to non-transformed cells indicates that transformed cells might be more

vulnerable to anti-eIF4F treatment, consistent with previous findings with overexpressed

constitutively active 4E-BP (30).

4EGI-1 disrupts the eIF4F complex and possibly leads to decreased mTOR signaling

by inhibiting phosphorylation of 4E-BP1

To assess the impact of 4EGI-1 on the translation initiation machinery, we

performed cap-binding assays with or without drug treatment both in cell lysates and in

growing cells. Using MPM cell lysates, treatment with 4EGI-1 strongly suppressed the

amount of cap-associated eIF4G and increased the amount of cap-associated 4E-BP1

[Figure 3.3(a)]. The increase in cap-associated 4E-BP1 is consistent with previous data

and hypothesis (77), suggesting that 4E-BP1 may have a larger eIF4E-binding footprint

compared to eIF4G and thus the displacement of eIF4G by 4EGI-1 clears up the steric

obstruction enabling 4E-BP1 to bind more effectively to eIF4E. As a negative control, we

used high concentration of 7mGTP (200 µM) in the binding buffer because at this

7mGTP concentration, the free 7mGTP outcompetes the cap-analogue for eIF4E binding

and consequently no eIF4G or 4E-BP1 was associated with the cap [Figure 3.3(a)].

Similar dose-dependent inhibition of cap-binding was observed upon treatment with

4EGI-1 in MPM cells [Figure 3.3(b)]. Interestingly, and in agreement with the

differential phenotypic effects of 4EGI-1 between MPM and control cells, LP9 cells

showed more eIF4G associated with the cap and therefore appeared less susceptible to

4EGI-1 treatment [Figure 3.3(b)].
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As some effects mediated by the activation of eIF4E in cancer cells are

manifested through auto and paracrine signaling involving growth factors activating feed

forward loops culminating in further activation of cap-dependent translation initiation,

e.g. through the mTOR pathway, we wanted to test if we could identify a decrease in

such signaling following treatment with 4EGI-1. A good readout for mTOR activity is the

phosphorylation status of the 4E-BPs as it exists in three distinct forms whose

phosphorylation level is positively correlated with mTOR activity --- [ α isoform

(hypophosphorylated that binds most avidly to eIF4E and disrupts the eIF4F complex), β

isoform (phosphorylated, less active) and γ isoform (hyperphosphorylated,

inactive)][Figure 3.4].In agreement with reduced mTOR activity following treatment,

4EGI-1 treatment led to an increase in the hypophosphorylated (α) form of 4E-BP1 in the

cancer cells but not in the LP9 cells [Figure 3.4].

To see if disruption of the eIF4F complex by 4EGI-1 leads to changes in

translation initiation, we used polysome preparations. During polysome preparations, the

ribosomes are locked onto the mRNAs using cycloheximide and the cytosolic fraction is

subjected to sucrose gradient ultracentrifugation leading to sedimentation of mRNAs as a

function of ribosome binding. The absorbance can then be monitored as a function of

sedimentation to approximate the amount of mRNA associated with polysomes compared

to sub-polysomes. Polyribosome fractionations revealed a relatively less preferential

recruitment of mRNAs to heavier polysome fractions (8-10) in the MPM cells treated

with 50 µM 4EGI-1 compared to the control cells treated with DMSO. This can be

deciphered from the drooping profile of the heavier polysome peaks in Figure 3.5 in the

treated cells. Additionally, the peak corresponding to the 40S, 60S and 80S ribosomes is

higher in the tracing of the treated cells [Figure 3.5] thus indicating the presence of more

free ribosomes due to disrupted cap-dependent translation by 4EGI-1. Thus 4EGI-1

shows a dual mode of action --- it directly disrupts the eIF4F complex (both in-vitro and

in-vivo) and indirectly inhibits up-stream activating signaling pathways leading to overall

decreased translation initiation manifested by a reduction of polysome associated mRNA.
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4EGI-1 enhances chemosensitivity to pemetrexed (AlimtaTM) and gemcitabine

(GemzarTM)

Given that 4EGI-1 reduces the protein level of genes that mediate apoptosis

resistance such as osteopontin and survivin, it is possible that cells treated with low

concentrations of 4EGI-1 could be more sensitive to other anti-cancer agents. Thus we

wanted to evaluate if 4EGI-1 could sensitize MPM cells to drugs used to treat

mesothelioma. The role of pemetrexed in mesothelioma has already been extensively

investigated (93). Also, gemcitabine has shown considerable activity in mesothelioma

(140). Hence, we were interested in the effect of either of these drugs in combination

with 4EGI-1. As shown in Figure 3.6, the drug combination regimen showed a

co-operative effect in comparison to pemetrexed alone [Figure 3.6(i)] or gemcitabine

alone [Figure 3.6(ii)], thus implying improved chemotherapeutic response.

A comparison between the 4EGI-1 translatome and the eIF4E translatome reveals a

substantial overlap

A previous genome wide analysis of the transcriptional and translational profiles

of a genetically tractable model of primary human mammary epithelial cells with or

without over-expressed eIF4E (132) identified a set of genes that were translationally

regulated in an eIF4E dependent manner. Using this data set, it appeared possible to

directly assess whether the translational deregulation following 4EGI-1 is similar to the

eIF4E translatome. Thus, we performed polysome preparations using H2596 cells treated

with DMSO or 50 μM 4EGI-1. The data set was analyzed similarly as the eIF4E data set

to identify translational regulation which was independent of transcriptional regulation.

We then compared the translational regulation caused by having overexpressed eIF4E or

not to the translational regulation caused by being treated with 4EGI-1 or not. Thus, the

analysis focuses on comparisons of translational differences between the two data sets.

The overall similarity was then visualized using a scatter plot comparing the translational
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regulation in the two data sets [Figure 3.7(i)]. This analysis indicated a strong negative

correlation between the two data sets in agreement with that having more eIF4E is

opposite to being treated with 4EGI-1. To assess this similarity statistically, we used

Monte-Carlo simulations [Figure 3.7(ii)]. Thus, we calculated the correlation between the

two data sets and compared this to the distribution of correlations obtained from

randomly resampling the gene identifiers in each data set 10,000 times as described

(133). This analysis indicated a highly significant anti-correlation p<10e-15. Thus,

treatment of 4EGI-1 leads to translational deregulation which is consistent with inhibition

of eIF4E. The analysis further shows that translational profiling could be used to monitor

drug effects.

Although the analysis above showed that the eIF4E translatome (as described in

the eIF4E study) was highly similar to the 4EGI-1 translatome, we wanted to further

validate a few selected target genes. We generated a list of the overlapping genes

between the two gene sets and selected genes from that list based on their earlier

established involvement in cancer (141-154). These were EP300 (E1A binding protein

p300), ATR (ataxia telangiectasia and Rad3 related) and AHR (aryl hydrocarbon

receptor) from the list of upregulated genes upon 4EGI-1 treatment; RAB1B (member

Ras oncogene family), TPM2 (tropomyosin 2(beta)) and GNA11 (guanine nucleotide

binding protein (G protein), alpha 11 (Gq class)) from the list of downregulated genes

upon 4EGI-1 treatment. Western blot analysis confirmed the altered protein expression of

these genes [Figure 3.8(a)], while β-actin expression remained unchanged. In agreement

with both phenotypic data and molecular characterization of the translational machinery,

these changes were absent or less in LP9 control cells. However, differences in protein

levels could be caused by changes at many steps in the flow of genetic information. The

best assay to assess the contribution of translational regulation of single transcripts is a

comparison of the mRNA level associated with polysomes compared to the total RNA

level using quantitative real time PCR. Figure 3.8(b) shows enhanced recruitment of the

EP300, ATR, AHR mRNA and the reduced recruitment of the GNA11, TPM2 and

RAB1B mRNA to heavier polysomes in the treated cells compared to the control cells.
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The real time PCR data was corrected for total RNA differences, thus focusing only on

the observed translational shift in these cancer-related transcripts and normalized to β-

actin. Thus, we have established a substantial overlap between the translational signature

of 4EGI-1 treatment and overexpression of eIF4E and validated some of these

translational differences within a set of genes with cancer related functions. Thus it seems

plausible that the biological effects from 4EGI-1 at least partially originate from the

disruption of the eIF4F complex.

Discussion

The cap-dependent translation initiation apparatus has been extensively identified

as a critical regulatory node and a common point of convergence for various cancer

pathways (46). Hence, targeting this machinery is undoubtedly a very strong venture for

developing novel anticancer agents. We have used a small molecule inhibitor, 4EGI-1, to

investigate the effect of disrupted cap-dependent translation on various aspects of cancer

biology such as apoptosis and expression of known cancer-related proteins. We have also

performed a genome wide analysis of the translational profile in response to treatment

with 4EGI-1.

4EGI-1 may not be a sufficiently potent anticancer molecule and hence may

never be used in the clinic. However, it can serve as an efficient pharmacophore for

future development of a series of chemically modified derivatives with enhanced

potency. Meticulous X-ray crystallographic studies can be performed to further

strengthen the selectivity of the interaction of this molecule with eIF4E; this might prove

beneficial since 4EGI-1 did non-specifically enhance the amount of bound eIF4E in the

cap-binding studies performed in Figure 3.3. However, this observation does not

undermine the effect of this drug on cap-binding as the level of eIF4G is drastically

affected, thus significantly diminishing the ratio of eIF4G bound to eIF4E which is a very

reliable estimate of cap-binding efficiency as previously shown (29, 48). Also, the

association of free eIF4E with the mRNA cap is much less stable than the interaction of
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capped mRNAs with the eIF4E-eIF4G complex (155). Thus, a cellular pool of free eIF4E

could not efficiently compete with the eIF4E-eIF4G complex for cap-binding.

Nevertheless, more thorough analysis of the underlying molecular mechanism and

stringent evaluation of the structural moieties of the drug is needed to explain its effect on

the phosphorylation status of 4E-BP1 in Figure 3.4.

One of the most attractive aspects of this drug is its selectivity towards

transformed compared to non-transformed cells. This surely represents a significant

advance since toxicity to normal tissues has always been a major obstacle in traditional

anticancer drug development. However, at this point, we do not understand this

mechanism and possible explanations include reduced drug uptake and that normal cells

are less dependent on hyperactive eIF4F for survival. Hence this offers compelling

credence to the approach to target cap-dependent translation for cancer therapy since

deregulated cap-dependent translation is a very selective characteristic of malignant cells

(156) and thus can be used to distinguish them from the non-malignant cells.

The chemotherapeutic benefit that we observe in combination of 4EGI-1 with

pemetrexed or gemcitabine [Figure 3.6] is noteworthy because it further strengthens the

contemporary notion that combination drug regimens are more beneficial compared to

single-target drug administrations. Cancer results from multiple genetic alterations and

hence combination chemotherapy will most likely yield an improved patient response.

The impact of the genome-wide study is further enhanced in light of the

observation that there is a very significant correlation of this study with an earlier

conducted assay in human mammary epithelial cells (132). This implies the discovery of

a general set of translationally regulated genes which are particularly consistent in the

sense that these transcripts are differentially bound to the polysomes regardless of the

approach used to modulate cap-dependent translation or the type of cell line used. Hence,

a very attractive future approach can be to more thoroughly study these genes by various

molecular biology techniques (like knock-down or overexpression) to further characterize

the role of these genes in the development of malignancy. Obviously, if promising results

are obtained in vitro, the next exciting step would be to undertake these studies in in vivo
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models to emphasize their relevance. These genes may also eventually turn out to be

potential biomarkers and thus may help in the early diagnosis and prevention of these

cancers.
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Figure 3.1. 4EGI-1 inhibits cell viability:

The MPM cell lines H2596 and H2461 and the non-transformed mesothelial cell

line LP9 were treated with the indicated concentrations of 4EGI-1 and incubated for 4

days. A colorimetric assay was used to quantify the number of living cells. Data are

normalized to untreated control cells and represent the mean ± standard deviation of

triplicate samples.
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Figure 3.1
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Figure 3.2(a). 4EGI-1 enhances PARP cleavage:

Cell lysates were subjected to immunoblot analysis with an antibody to the

caspase-cleaved 89 kDa fragment of PARP [a 116 kDa poly ADP-ribose polymerase].

β-actin was used as a protein loading control. Representative data from one of three

experiments are shown for each cell line.
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Figure 3.2(a)
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Figure 3.2(b). 4EGI-1 downregulates some malignancy-related proteins:

Cell lysates were subjected to immunoblot analysis with antibodies to c-myc,

osteopontin, and survivin. β-actin was used as a protein loading control. Representative

data from one of three experiments are shown for each cell line.
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Figure 3.2(b)
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Figure 3.3(a). 4EGI-1 disrupts eIF4G binding to eIF4E in cell lysates:

(i). Cap-binding assay after 4EGI-1 treatment of cell lysates. Cell lysates were incubated

with 7-methyl GTP-Sepharose beads in the presence of the indicated concentrations of

4EGI-1 to pull down eIF4E and its binding partners eIF4G and 4E-BP1. Bound proteins

were eluted and immunoblotted with their respective antibodies. A high concentration of

7mGTP (200 µM) was used as a negative control to prevent eIF4E binding to the cap

analogue beads. Representative data from one of three immunoblots are shown for each

cell line.

(ii). Quantification of the bands on the immunoblots show the ratio of the level of eIF4G

bound to eIF4E.
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Figure 3.3(a)
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Figure 3.3(b). 4EGI-1 disrupts eIF4G binding to eIF4E in cells:

(i). Cap-binding assay after direct 4EGI-1 treatment of the cells. Cells were treated with

increasing concentrations of 4EGI-1. Following treatment, the cells were lysed and the

lysates were incubated with 7-methyl GTP-Sepharose beads to pull down eIF4E and its

binding partners eIF4G and 4E-BP1. Bound proteins were eluted and immunoblotted

with their respective antibodies. Representative data from one of three immunoblots are

shown for each cell line.

(ii). Quantification of the bands on the immunoblots show the ratio of the level of eIF4G

bound to eIF4E.
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Figure 3.3(b)
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Figure 3.4. 4EGI-1 causes a shift towards the hypophosphorylated form (α) of 4E-

BP1:

(i). Top left: Cell lysates were subjected to immunoblot analysis with antibodies to the

hypophosphorylated active (α), phosphorylated inactive (β), and hyperphosphorylated

inactive (γ) forms of 4E-BP1. Immunoblots are representative of one of three

independent experiments performed for each cell line.

(ii). Right and bottom left: Bar graphs depict the quantification of immunoblot bands to

show the relative percentage of 4E-BP1 isoforms compared to total 4E-BP1.
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Figure 3.4
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Figure 3.5. Polyribosome profiles of DMSO-treated and 4EGI-1-treated cells:

H2596 cells were treated with DMSO (in i) or 50 μM 4EGI-1 (in ii) for 14 hours.

Cytosolic fractions of lysed cells were subjected to ultracentrifugation in sucrose

gradients to separate free and mRNA-attached ribosomes as described in the methods.

Absorbance profiles of mRNAs associated with polysomes from each gradient are shown

here.
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Figure 3.5
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Figure 3.6. 4EGI-1 enhances chemosensitivity:

Cells were treated with or without 4EGI-1 followed 24 hours later by treatment

with either pemetrexed (in i) or gemcitabine (in ii) while maintaining the concentration of

4EGI-1 in the cell culture medium. A colorimetric assay was used to quantify the number

of living cells. Data are normalized to untreated control cells and represent the mean ±

standard deviation of triplicate samples. Gemcitabine has been abbreviated as gem in the

figure.
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Figure 3.6
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Figure 3.7. 4EGI-1 treatment mimics the translational effects of eIF4E deficiency:

Polysome preparations were obtained from H2596 cells treated with DMSO or

50 μM 4EGI-1. Microarray analysis was performed and correlated with the translatome

of HMECs overexpressing eIF4E or not.

(i). Scatter plot showing fold changes in gene expression. Gene Set 1 represents the data

set from HMECs overexpressing eIF4E vs. HMECs not overexpressing eIF4E.

Gene Set 2 represents the data set from H2596 cells treated with 4EGI-1 vs. DMSO-

treated H2596 cells.

(ii). A Monte-Carlo simulation was performed to assess the statistical significance of the

correlation between Gene Set 1 and Gene Set 2 (p value=0).
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Figure 3.7
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Figure 3.8. Validation of the microarray results by using western blotting and

quantitative Real Time PCR:

Cancer-related genes from the microarray analysis were selected based on

whether they were upregulated (EP300, AHR, ATR) or downregulated (RAB1B,

GNA11, TPM2) upon 4EGI-1 treatment. Cells were treated with or without 50 μM

4EGI-1 followed by analysis of the selected genes.

(a). Cell lysates were subjected to western blot analysis with antibodies to the indicated

proteins. β-actin was used as a protein loading control. Representative data from one of

three experiments are shown in each case.

(b). Quantitative Real Time PCR analysis was performed to confirm the altered

ribosomal recruitment of the indicated mRNAs to heavier polysomes. Polysomal mRNA

levels were corrected for total RNA differences and normalized to β-actin.
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Figure 3.8
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Supplemental Figure 3.S1. RNA isolation and polyribosome preparations:

A simplified flowchart of polyribosome isolation has been provided; more

actively translated transcripts should have more ribosomes bound to the mRNA

compared to less actively translated transcripts. To explain the procedure in more details,

cultured cells were treated by the addition of cycloheximide (CHX) (100 μg/ml) to the

culture media 5 minutes prior to collection in order to arrest ribosomes during protein

translation. Cells were then trypsinized, washed once with PBS containing 100 μg/ml

cycloheximide and collected by centrifugation. About 10% of the non-homogenized cell

pellet was treated with Trizol reagent (Invitrogen, Carlsbad, CA) to isolate “total cellular

RNA” for subsequent microarray analysis. The remaining portion of the cell pellet was

placed in a dounce homogenizer with 375 μl of low salt buffer (LSB), (10 mM NaCl, 20

mM tris pH 7.5, 3 mM MgCl2), supplemented with 1 mM DTT, 200 U RNAse inhibitor,

and 1 mM cycloheximide and allowed to swell for 2 minutes; following this, 125 μl of

lysis buffer (0.2 M sucrose, 1.2% Triton X-100 in LSB) was added. The cells were

homogenized with 15 strokes of the tight fitting pestle. The homogenate was removed

and microcentrifuged at 16,000 G for 1 minute to pellet insoluble material. The

supernatant was removed to a new tube containing 50 μl of heparin (1000 USP units/ml)

and 15 μl of 5 M NaCl. The supernatants were then layered onto a 5 ml, 0.5 M to 1.5 M

linear sucrose gradient (in LSB) and centrifuged at 45,000 RPM in a Beckman SW55Ti

rotor for 80 min at 4C. The polyribosome stratified RNA was fractionated using an

ISCO density gradient fractionator. Ten fractions of 0.5 ml were collected into tubes

containing 50 μl of 10% SDS. RNA in the fractions were purified using Trizol reagent

(Invitrogen, Carlsbad, CA) and precipitated overnight with 0.5 equivalent volume

isopropanol. For our purpose, the RNA from fractions 8-10 (containing 4 or more bound

ribosomes) were pooled and labeled as “heavy RNA” for microarray analysis.

Bottom: A representative polyribosome tracing of the 10 polysome fractions isolated

where fraction 1 contains unbound mRNA, fractions 2, 3 and 4 contain 40S, 60S and 80S
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ribosomes respectively, fractions 5, 6 and 7 are designated as “light” polysomal fractions

containing less than 4 bound ribosomes per transcript and fractions 8, 9 and 10 are

designated as the “heavy” polysomal fractions containing 4 or more bound ribosomes per

transcript.
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Supplemental Figure 3.S1
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CHAPTER FOUR

4EGI-1 represses cap-dependent
translation in non small cell lung

cancer
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Purpose of this chapter

As a follow-up of our work in Chapter 3, we were also interested in examining the

effect of the small molecule inhibitor 4EGI-1 in repressing cap-dependent translation in

non-small cell lung cancer. This seemed very compelling considering the recent statistics

that lung cancer is alone responsible for greater number of deaths compared to the

combined death toll of the next three leading causes of cancer (namely colorectal, breast

and prostrate). Among the various types of lung cancer, the most prevalent (85%) is non-

small cell lung cancer (NSCLC) for which surgical resection is considered to be the

current standard care; however, surgery is not a viable option for patients with metastatic

or locally advanced NSCLC. Furthermore, the futility of the presently available treatment

options is evident from the fact that the estimated overall 5-year survival for NSCLC

patients is only 16% resulting from high relapse rates (157). Hence, it is absolutely

critical to investigate the underlying molecular mechanisms and find novel therapeutic

targets for the effective treatment of NSCLC.

In this chapter, apart from investigating the effect of the drug 4EGI-1 on various

cell biology processes such as cell viability, cap-binding and apoptosis, we have also

adopted the polyribosome approach to report a genome-wide analysis of the transcripts

that are being translationally affected by the treatment of 4EGI-1 in these cells. This

systematic search was done with the aim to identify new targets that are being

differentially expressed in this particular cancer in response to manipulation of cap-

dependent translation. This information should be significantly useful in elucidating the

underlying NSCLC biology and eventually exploiting these novel targets for potential

future therapeutic benefit in this cancer.
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Materials and Methods

Drugs: The small molecule inhibitor, 4EGI-1 (a substituted thiazole carboxylic acid) was

obtained from Chembridge Corporation, San Diego, CA. Gemcitabine HCL (GemzarTM)

was obtained from Eli Lily, Indianapolis, IN.

Cell lines and Culture: NSCLC cell lines H2009, H2030 & H522 were obtained from

either the American Type Culture Collection (Manassas, VA) or were obtained from

Frederick Kaye (National Cancer Institute). The origin of these cell lines is from NSCLC

tumors at the NCI-Navy Medical Oncology Branch as described in (158). These cells

were grown in RPMI 1640 (GIBCO, Grand Island, NY) supplemented with 10% new

born calf serum (Sigma, St.Louis, MO).

Cell viability studies: Cells H2009, H2030 and H522 were seeded in 96 well plates at

1000, 2000 and 2500 cells/well, respectively, on day 1. These cell densities were chosen

based on earlier performed growth curves on each of these cell lines in order to ensure

that the cells would not reach confluence by or before day 6; otherwise, cell viability

determination would be compromised. On day 2, increasing concentrations of 4EGI-1

was added. On day 6, the cells were counted using a colorimetric assay (Cell Counting

Kit-8 assay (CCK-8)) from Dojindo Molecular Technologies according to the

manufacturer’s protocol. In this assay, a highly water soluble tetrazolium salt is reduced

by the dehydrogenase in the cells to give a soluble yellow colored product (formazan),

the amount of which is directly proportional to the number of living cells. For

combination treatment with gemcitabine, H2030 and H522 cells were seeded in 96 well

plates at 2000 and 2500 cells/well, respectively, on day 1 and on day 2, 4EGI-1 was

added to the wells. On day 3, gemcitabine was added and the cells were counted by the

CCK-8 assay on day 6 as previously described. Triplicate wells were analyzed for each

treatment in all experiments.

Cap-binding assay: (i) 4EGI-1 treatment of cell lysates: Cell lysates were prepared in

freeze/thaw lysis buffer. 300 µl (1µg/µl) of each cell lysate was treated with increasing
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concentrations of 4EGI-1 for 1 hour at 37˚C; then 50 µl of a 50% slurry of 7-methyl

GTP-Sepharose 4B (Amersham Biosciences) was added and the tubes were rotated at 4˚C

for 1 hour to isolate eIF4E and its binding partners eIF4G and 4E-BP1. The bound

proteins were then eluted with 50 µl of elution buffer (25 mM Tris-HCl pH 7.5, 150 mM

KCl) containing 100 µM of 7-methyl guanosine 5’-triphosphate (Sigma-Aldrich). The

eluate was then subjected to 8 to 15% gradient SDS-polyacrylamide gel electrophoresis.

One of the tubes of each cell line lysate was treated with a high concentration (200 µM)

7mGTP instead of 4EGI-1 which should block the binding of eIF4E to the beads and

serve as a negative control.

(ii) 4EGI-1 treatment of cells: Cells (at 70% confluency) were treated with increasing

concentrations of 4EGI-1 for 14 hours; then, the cells were lysed in freeze/thaw lysis

buffer. 7mGTP Sepharose beads were added to 300 µl (1µg/µl) of each cell lysate and

rotated at 4˚C for 2 hours followed by elution as previously described in (i) and also in

(48).

VEGF ELISA assay in cell culture supernates: Cells H2009 and H522 were seeded at

150,000 and 200,000 cells/well, respectively, in 6 well plates. The next day, these cells

were treated with 50 M 4EGI-1 for 14 hours (overnight). Following the treatment,

VEGF in the cell culture supernates was measured using a 96-well plate sandwich

enzyme-linked immunosorbent assay kit (Quantikine Human VEGF Immunoassay Kit,

R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. To briefly

explain the principle of this assay, a monoclonal antibody specific for VEGF was pre-

coated onto a microplate. Standards and samples were pipetted into the wells and any

VEGF present was bound by the immobilized antibody. After washing away any

unbound substances, an enzyme-linked polyclonal antibody specific for VEGF was added

to the wells. A final wash was done to remove any unbound antibody-enzyme reagent.

Then a substrate solution was added to the wells and the developed color was in

proportion to the amount of VEGF bound in the initial step. The color development was

then stopped and the intensity of the color was measured using a microplate reader. The
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assay was conducted with 4 wells per sample and data was represented as mean (+/-)

standard error.

Immunoblot analysis: A 15% or an 8-15% gradient SDS-polyacrylamide gel was used

to separate the protein samples by electrophoresis and the separated proteins were

transferred to a polyvinylidene difluoride membrane ((Hybond-P), Amersham

Biosciences, Piscataway, NJ). The membranes were blocked in 5% non-fat dry milk for 1

hour at room temperature in Tris-buffered saline Tween 20 (TBST) as earlier described in

(29). The membranes were then incubated overnight at 4˚C in TBST-diluted or 5%

bovine serum albumin-TBST diluted primary antibodies. The primary antibodies used (at

1:1000 dilution unless otherwise specified) are as follows: Rabbit α-eIF4GI antibody

(generously provided by Nahum Sonenberg) at a 1:2500 dilution, rabbit 4E-BP1 antibody

(Cell Signaling), rabbit eIF4E antibody (Cell Signaling), rabbit PARP antibody (Cell

Signaling), mouse β-actin antibody (Sigma) at a 1:10,000 dilution, rabbit c-myc antibody

(Cell Signaling), rabbit survivin antibody (Cell Signaling), mouse cyclin D1 antibody

(Santa Cruz Biotechnology), rabbit ERK3/MAPK6 antibody (Cell Signaling) and rabbit

c-abl (ABL1) antibody (Cell Signaling). This was followed by four washes (5 minutes

each) in TBST before incubation with suitable horseradish peroxidase-labeled secondary

antibody for 1 hour at room temperature and a final set of four TBST washes. The

secondary antibodies used are as follows: goat anti-rabbit antibody (Southern Biotech) at

1:2500 dilution and goat anti-mouse antibody (Southern Biotech) at 1:3000 dilution. The

Pierce ECL western blotting substrate (Thermo Scientific, Rockford, IL) was used to

visualize the bands of interest which were then quantified by a public domain Java image

processing program, ImageJ.

Polyribosome preparation: H2009 cells were grown to 65-70% confluency and treated

with 50 μM 4EGI-1. The control group of cells was treated with DMSO. Following 14

hours of treatment, cycloheximide (100 μg/ml) was added to the culture media for 5

minutes in order to arrest protein translation. Cells were then trypsinized, washed once

with PBS containing 100 μg/ml cycloheximide and then collected by centrifugation.

About 10% of the non-homogenized cell pellet was treated with Trizol reagent
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(Invitrogen, Carlsbad, CA) to isolate “total cellular RNA” for subsequent microarray

analysis. Polyribosome preparation was performed on the remaining cells as described

extensively in Supplemental Figure 3.S1 of Chapter 3. For our purpose, the RNA from

fractions 8-10 (containing 4 or more bound ribosomes) were pooled and labeled as

“heavy RNA” for the following microarray analysis. Each polyribosome preparation was

done in triplicate.

Microarray labeling and hybridization: The “heavy” and the “total” RNA samples for

each set were quantitated. The RNA samples were confirmed to be of good quality by

analyzing the samples on the Agilent Bioanalyzer in the microarray facility of the

University of Minnesota Biomedical Genomics Center. 5 μg of the “heavy” and the

“total” RNA for each sample was labeled using the single-round labeling kit from

Affymetrix and probed with Affymetrix U133plus2 microarrays at the University of

Minnesota Biomedical Genomics Center.

Quantification of mRNA by Real Time PCR: 2 μg of each RNA was reverse

transcribed to cDNA, by priming with random hexamers, using the Taqman Reverse

Transcription reagents (Applied Biosystems). Primer sequences for the selected genes

were designed using Primer3 (http://frodo.wi.mit.edu/primer3/input.htm) and synthesized

by the University of Minnesota Biomedical Genomics Center. Quantitative Real Time

PCR was performed employing an Applied Biosystems 7300 Real-time PCR system and

SYBR Green PCR master mix (Applied Biosystems) using the following primers:

MAPK6 forward 5’ gcttagttcccagcatgagc 3’ MAPK6 reverse 5’ ctccccaccactcacaaact 3’;

ABL1 forward 5’ aatgccgctgagtatctgct 3’ ABL1 reverse 5’ gccatcagaagcagtgttga 3’. The

β-actin primer sequences used are as follows: forward 5’ gatgagattggcatggcttt 3’, reverse

5’ caccttcaccgttccagttt 3’. Melting curves and amplification efficiency were monitored

and the representative products were run on a gel to verify the size of the amplicon. We

used the delta-delta Ct approach to quantify differences in RNA levels using ACTB (β-

actin) as control as discussed in the materials and methods of Chapter 3.

Microarray analysis: All data analysis was performed using the statistical environment

R and packages from Bioconductor (127). There were 3 polysome RNA and total RNA

http://frodo.wi.mit.edu/primer3/input.htm


85

preparations from the control and 50 μM 4EGI-1 treatments each, thus totalling 12 arrays.

Technical data quality was validated using the “simpleaffy” package and included RNA

integrity and scaling factors as a measure of sensitivity (128). Data was normalized and

transformed by Robust Multiarray Averaging (RMA) using RefSeq (Version 10) centered

updated probe set definitions as these provide improved precision and accuracy (129-

130). Following normalization, we assessed biological data quality using Principal

Component Analysis (PCA) after performing per gene centering. This analysis indicated

that the DMSO control showed marked differences to the 50 μM treatment. To correct the

polysome RNA data for a possible transcriptional contribution, we subtracted the

polysome data (log2 scale) with the mean of total RNA data across all replicates per

condition, thus generating a ratio between the polysomal and the total RNA level. This

corrected data was used to identify translationally regulated genes (comparing the control

to the treated) by the significance analysis of microarrays algorithm (SAM,(131)) using a

fixed random seed (1, 2, 3, 4, 5, 6, 7, 8, 9), a preset fudge factor (s0=0.1) and a large delta

table (n=400). The data set will be deposited at the Gene Expression Omnibus.

Results

4EGI-1 suppresses cell viability and also inhibits the assembly of the cap-binding

complex in NSCLC lysates and in growing cells

4EGI-1 showed a dose-dependent inhibition of the proliferation of the three

NSCLC cell lines H2009, H2030 and H522 [Figure 4.1]. Cap-binding assay revealed a

significant suppression in the level of bound eIF4G and increased the level of bound 4E-

BP1 to the cap-analogue in cell lysates and in growing cells [Figure 4.2(a) & (b)

respectively]. Densitometry measurements of the levels of the eluted proteins (analyzed

on the western blot) showed a decrease in the ratio of eIF4G bound to eIF4E; this ratio is

considered to be a compelling assessment of the efficiency of cap-binding translation

according to previous studies (29, 48). As expected, there were no detectable levels of

eIF4G, eIF4E or 4E-BP1 bound to the cap-analogue in the presence of high concentration
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of 7mGTP in the cellular lysates, indicating that 7mGTP competitively blocked the

binding of eIF4E to the beads [Figure 4.2(a)].

4EGI-1 enhances the ratio of hypo-phosphorylated (active) 4E-BP1 to total 4E-BP1

In several transformed mammary epithelial cells, when the eIF4E inhibitory

protein, 4E-BP1 is hyperphosphorylated by the kinase FRAP/mTOR cascade, it results in

the liberation of eIF4E from 4E-BP1, thus, in effect, enhancing the concentration of

active eIF4E (30). These findings have led to the clinical testing of several mTOR

inhibitors like rapamycin as potential anticancer agents (159). Immunoblot analysis

revealed a concentration-dependent increase in the ratio of active 4E-BP1

[hypophosphorylated (α)] isoform to ‘total 4E-BP1’ in the cells [Figure 4.3]. The ‘total

4E-BP1’ was measured by adding up the quantitative levels of the α isoform and the

other two isoforms of 4E-BP1, namely the β (inactive, phosphorylated) and γ (inactive,

hyperphosphorylated)] isoforms.

4EGI-1 enhances the susceptibility to gemcitabine [GemzarTM]

Several clinical trials have been performed analyzing the efficacy of the

deoxycytidine analogue, gemcitabine, (in combination regimens) in various cancers,

including non-small cell lung cancer (160-161). Hence, it was valuable to find out

whether co-treatment of the cells with 4EGI-1 and gemcitabine resulted in increased

chemotherapeutic benefit. Figure 4.4 shows an enhanced cytotoxicity in the cells treated

with both drugs compared to the cells treated with either drug alone.

4EGI-1 induces PARP cleavage

Apoptosis has been widely demonstrated as being regulated by cap-dependent

translation (32-33, 51, 53). Overexpression of eIF4E rescues cells from apoptosis (51, 53)

whereas sequestration of eIF4E by overexpressed eIF4E-binding protein 1 enhances
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apoptosis and significantly decreases tumorigenicity (32-33). Western blot analysis

revealed a significant dose-dependent enhancement in the protein levels of the cleaved

PARP protein (89 kDa) on treatment with 4EGI-1 in all three NSCLC cell lines [Figure

4.5(a)].

4EGI-1 decreases c-myc, survivin and cyclin D1 protein expression and significantly

reduces VEGF cell culture supernatant levels

4EGI-1 also appeared to reduce the protein expression levels of some well-known

cancer-relevant proteins like c-myc, survivin and cyclin D1 [Figure 4.5(b)] while the β-

actin levels remained unaffected. Interestingly, we also observed that 4EGI-1

significantly diminished the cell culture supernatant levels of the VEGF protein (p<0.01

by t-test between treated and control samples) [Figure 4.5(c)] in an enzyme-linked

immunosorbent assay.

4EGI-1 treatment results in differential recruitment of the mRNAs to the polysomes

As expected, the cells treated with 4EGI-1 showed a clearly distinguishable

polyribosome tracing profile compared to the cells treated with DMSO [Figure 4.6]. The

heavy polysome peaks in the treated set were significantly smaller compared to the

corresponding peaks in the control, thus implying less recruitment of mRNAs to the

heavier polysomes or simply noticeable translational inhibition. At the same time, the

peak of the free 40S,60S and 80S ribosomes was broader and more well-defined in the

treated set which might be interpreted as a reflection of the diminished cap-dependent

translation and hence the increased concentration of free ribosomes. However, even

though these polysome tracings have good informative value (in terms of gauging the

right direction of the results), it is undeniably a lot more compelling and scientifically

relevant to show the microarray analysis of this altered ribosomal mRNA recruitment

pattern (as done in the subsequent experiments in this chapter).
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Validation of the altered microarray expression levels of MAPK6 and ABL1

For the purpose of validation, we selected one gene each from both the

upregulated and down regulated gene lists. Immunoblot analysis [Figure 4.7(a)] revealed

the increased and the decreased protein expression of MAPK6 (mitogen-activated protein

kinase 6 also known as ERK3) and ABL1 (c-abl oncogene 1, receptor tyrosine kinase)

proteins, respectively, on treatment with 4EGI-1, thus verifying the altered expression of

these genes as observed in the microarray results. The β-actin protein expression,

however, remained unaltered in accordance with the well-established fact that these

housekeeping genes like GADPH, β-actin etc (known as “strong RNAs”) have short,

unstructured UTRs and are thus relatively less affected by manipulations in cap-

dependent translation such as overexpression of eIF4E (45). Quantitative Real Time PCR

analysis was also performed to obviate the chance of transcriptional differences and

demonstrate the effect on translation in these genes [Figure 4.7(b)]. As shown [Figure

4.7(b)], there was an increased and decreased recruitment of the MAPK6 mRNA and the

ABL1 mRNA, respectively, to the heavier polysomes, thus confirming the increased and

decreased translation rates, respectively, of these two affected genes upon 4EGI-1

treatment.

Discussion

The ability of the scaffolding protein eIF4G to compete with other proteins for

binding to eIF4E critically determines the stability and rate of formation of the cap-

dependent translation initiation complex. The association between eIF4G and eIF4E is

thus a main target of the inhibitors of cap-dependent translation. Here, we have utilized a

small molecule inhibitor, 4EGI-1 to specifically target and disrupt this eIF4E-eIF4G

association. Moerke et al. (77) adopted advanced approaches such as fluorescence

polarization and nuclear magnetic resonance to specifically characterize the association

of 4EGI-1 with eIF4E with the aim of ruling out the possibility of non-specific

hydrophobic interactions. However, we definitely need to perform future studies to
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achieve a more detailed characterization of the underlying mechanism and the extent of

specificity of the action of this compound in mammalian cells in order to explain its

effect on somewhat enhancing eIF4E levels in the cap-binding experiments in Figure

4.2(a) & (b). Furthermore, Moerke et al. (77) speculated that the increase in 4E-BP1

binding might be due to a more extensive binding domain of 4E-BP1 on eIF4E (apart

from the common binding motif which both eIF4G and 4E-BP1 share) and thus the

removal of eIF4G by 4EGI-1 makes the binding domain more accessible. The observed

alteration in 4E-BP1 phosphorylation status [Figure 4.3] is also significant because it

leads us to hypothesize that 4EGI-1 is potentially interfering with the mTOR signaling

pathway and consequently inhibiting mTOR-mediated 4E-BP1 phosphorylation. To

further investigate the role of 4EGI-1 in the mTOR signaling pathway, we can thus

individually assess the effect of this drug on specific pathway proteins (PI3K, Akt etc).

The effect of this drug on survivin (an anti-apoptotic protein) is interesting to note

in light of the recently observed effect of 4EGI-1 on PARP cleavage [Figure 4.5(a)] and

also the reported translational activation of this protein in eIF4E-overexpressed NIH 3T3

cells (mouse embryonic fibroblast cells) (138). In addition, Moerke et al. (77)

demonstrated a fragmented nuclear morphology of Jurkat T cells treated with 4EGI-1,

indicating induction of apoptosis. Our findings thus further strengthen the already

established link between activation of cap-dependent translation and inhibition of

apoptosis (51, 53). The alteration in c-myc and cyclin D1 protein expression levels

[Figure 4.5(b)] is also striking since Koromilas et al. (162) had earlier shown that

overexpression of eIF4E results in enhanced translation of “weak or oncogenic” mRNAs

such as ornithine decarboxylase (ODC), vascular endothelial growth factor (VEGF),

fibroblast growth factor 2 (FGF2), c-myc, cyclin D1 containing extensive secondary

structure in their 5’UTRs (reviewed in (45) and also in Chapter 1). This is in great

compliance with the findings of Moerke et al. (77) where the treatment of 4EGI-1 in

Jurkat T cells resulted in significant decrease in expression of c-myc and Bcl-xL, without

affecting β-actin levels. Furthermore, cyclin D1 had been earlier identified as a

downstream effector in the eIF4E-mediated inhibition of myc-dependent apoptosis (52).
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The significant decrease in VEGF cell culture supernatant levels [Figure 4.5(c)]

also deserves special mention. VEGF (involved in tumor angiogenesis) is of particular

interest in NSCLC, especially because it has only been recently found to be a promising

molecular marker in breath condensate to specifically identify NSCLC (114) and can thus

provide us with a practical, non-invasive and relatively inexpensive method for early

disease recognition which is undoubtedly a prerequisite for any strategy to improve lung

cancer treatment outcome. At the same time, it also sheds some light on the

unquestionable significance of the role of cap-dependent translation in regulation of

VEGF levels inspite of the previous observation of the cumulative effect of two

independent internal ribosome entry sites in the translation initiation of VEGF mRNA

(1).

It is believed that enhanced cap-mediated translation affects the translation of a

limited subset of critical proteins which play an important role in establishing the

malignant phenotype by influencing the metastatic potential, cell progression etc (163).

As such, adopting the systematic polyribosome approach to unravel these underlying

proteins is a very attractive method to discover future treatment targets in NSCLC. The

drug, 4EGI-1 has been efficiently utilized as an innovative tool to analyze the role of cap-

dependent translation in influencing gene expression. In our analysis, we found an

interesting set of affected genes, many of which have earlier been shown to have some

connection to a variety of different cancers. For example, alteration in MAPK6 (a novel

target) gene expression profile has already been found following neo-adjuvant anti-

estrogen treatment in estrogen-receptor positive breast cancer (164). Also, there has been

evidence of a significant functional interaction between the human cell cycle regulatory

phosphatase Cdc14A and MAPK6 (also known as ERK3), thus implying its role in

influencing key cell fate outcomes (165). At the same time, we have observed differential

expression status of more popular genes like ABL1 which has been widely linked to

cancer in the past (166-168). These analyses (coupled with various other previously

published microarray results (132, 135, 138)) can be competently exploited for our

maximum benefit in the future if we can come up with a comprehensive analysis of the
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common set of genes susceptible to manipulations in cap-dependent translation in a wide

variety of human cancers as well as the set of genes specifically altered in any particular

cancer type. Having done this, we can improve our understanding of the fundamental

biology of each of these cancers or of cancers in general by evaluating the contribution of

these newly identified target proteins towards the final manifestation of malignancy.
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Figure 4.1. 4EGI-1 inhibits cell viability:

The indicated concentrations of 4EGI-1 were added to the NSCLC cell lines

H2030, H522 and H2009. After 4 days, the level of cell viability was assessed by a

colorimetric assay. Data are normalized to untreated control cells and represent the mean

± standard deviation of triplicate samples.
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Figure 4.1
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Figure 4.2(a). 4EGI-1 disrupts eIF4G binding to eIF4E in cell lysates:

(i). Cap-binding assay after 4EGI-1 treatment of cell lysates. Cell lysates were incubated

with 7-methyl GTP-Sepharose beads in the presence of the indicated concentrations of

4EGI-1 to pull down eIF4E and its binding partners eIF4G and 4E-BP1. Bound proteins

were eluted and immunoblotted with their respective antibodies. A high concentration of

7mGTP (200 µM) was used as a negative control to prevent eIF4E binding to the cap

analogue beads. Representative data from one of three immunoblots are shown for each

cell line.

(ii). Quantification of the bands on the immunoblots show the ratio of the level of eIF4G

bound to eIF4E.
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Figure 4.2(a)



96

Figure 4.2(b). 4EGI-1 disrupts eIF4G binding to eIF4E in cells:

(i). Cap-binding assay after direct 4EGI-1 treatment of the cells. Cells were treated with

the indicated concentrations of 4EGI-1 and the lysates of these cells were incubated with

7-methyl GTP-Sepharose beads to pull down eIF4E and its binding partners eIF4G and

4E-BP1. Bound proteins were eluted and immunoblotted with their respective antibodies.

Representative data from one of three immunoblots are shown for each cell line.

(ii). Quantification of the bands on the immunoblots show the ratio of the level of eIF4G

bound to eIF4E.
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Figure 4.2(b)
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Figure 4.3. 4EGI-1 causes a shift towards the hypophosphorylated form (α) of 4E-

BP1:

(i). Immunoblot analysis was performed on cell lysates with antibodies to the

hypophosphorylated active (α), phosphorylated inactive (β), and hyperphosphorylated

inactive (γ) forms of 4E-BP1. Immunoblots are representative of one of three

independent experiments for each cell line.

(ii). Bar graphs represent the quantification of the bands from the immunoblots to show

the relative percentage of 4E-BP1 isoforms compared to total 4E-BP1.
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Figure 4.3
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Figure 4.4. 4EGI-1 enhances chemosensitivity:

H2030 and H522 cells were co-treated with 4EGI-1 and gemcitabine (referred to

as gem in the figure). Cell viability was then measured using the colorimetric assay as

described in the methods section. Data are normalized to untreated control cells and

represent the mean ± standard deviation of triplicate samples.
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Figure 4.4
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Figure 4.5(a). 4EGI-1 enhances PARP cleavage:

Immunoblot analysis was performed on cell lysates using an antibody to the

caspase-cleaved 89 kDa fragment of PARP [a 116 kDa poly ADP-ribose polymerase].

β-actin was used as a protein loading control. Representative data from one of three

experiments are shown for each cell line.
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Figure 4.5(a)
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Figure 4.5(b). 4EGI-1 downregulates some malignancy-related proteins:

Immunoblot analysis was performed on cell lysates with antibodies to c-myc,

survivin and cyclin D1. β-actin was used as a protein loading control. Representative data

from one of three experiments are shown for each cell line.
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Figure 4.5(b)
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Figure 4.5(c). 4EGI-1 decreases VEGF levels in cell culture supernates:

VEGF ELISA assay was performed to measure the levels of VEGF in cell culture

supernates of H2009 and H522 cells following 14 hours of 50 μM 4EGI-1 treatment. The

significance of the data was assessed by t-test between the treated and the control

samples.



107

Figure 4.5(c)
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Figure 4.6. Polyribosome profiles of DMSO-treated and 4EGI-1-treated cells:

Following 14 hours of treatment with DMSO or 50 μM 4EGI-1, cytosolic

fractions of lysed cells H2009 were subjected to sucrose gradient ultracentrifugation. This

resulted in the collection of mRNA fractions as a function of ribosome binding. The

polyribosome tracings, reflecting the pattern of association of the mRNAs with the

polysomes, are shown.
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Figure 4.6
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Figure 4.7. Validation of the microarray results using western blotting and

quantitative Real Time PCR:

Two interesting genes MAPK6 and ABL1, (the former upregulated and the latter

downregulated upon 4EGI-1 treatment), were chosen from the microarray results based

on their earlier reported relevance to cancer pathogenesis. Cells were treated with or

without 50 μM 4EGI-1 followed by analysis of the selected genes.

(a). Western blot analysis was performed on cell lysates with antibodies to these proteins.

β-actin was used as a protein loading control. Representative data from one of three

experiments are shown in each case.

(b). Quantitative Real Time PCR analysis was performed to verify the increased and

decreased recruitment of MAPK6 and ABL1 mRNAs, respectively, to the heavier

polysomes. To rule out transcriptional contributions, polysomal mRNA levels were

corrected for total RNA differences before normalizing to β-actin in each case.
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Figure 4.7
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CHAPTER FIVE

Conclusions
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Genomic, transcriptional and posttranslational mechanisms that govern cancer

gene pathways have already been well-established. However, besides transcriptional

control and mRNA stability, translational control plays a vital role in determining the

final protein levels in a cell; the cellular phenotype is profoundly influenced by the

efficiency of mRNA recruitment to the ribosomes. There has also been compelling

evidence suggesting that the pathological activation of the translation initiation apparatus

is absolutely necessary for the expression and maintenance of the transformed phenotype

and is not simply a secondary outcome of the inherent need of human cancer cells for

increased protein synthesis (30). Yet, research investigating the effect of translational

control on determining cell fate has still not gained enough weightage to explain all

observed cell behavioral aspects. This thesis focuses on further elucidating the role of

cap-dependent translation (the most common mode of translation in eukaryotes) in

governing gene expression and mediating neoplastic effects exerted by extracellular

stimuli like growth factors, hormones, mitogens and cytokines.

eIF4F versus other targets of anticancer therapeutic interventions

Unraveling signaling networks that dictate the decision of a cancer cell to

propagate or die has ushered in the era of targeted anticancer therapy (169-170).

Molecular-targeted drugs represent an advance over classical chemotherapy owing to

their relatively high therapeutic index and spectrum of selectivity for cancer cells.

Moreover, these drugs can be delivered in combination with conventional anti-cancer

strategies and are not genotoxic. Malignancy results due to the induction of self-

sufficiency in growth signals, insensitivity to growth-inhibitory signals, evasion of

apoptosis, limitless replicative potential, sustained angiogenesis and metastasis (171);

targeted drugs are designed with the aim of specifically affecting this physiology of

cancer cells. However, pathway redundancy or the fact that these various oncogenic

signaling pathways eventually overlap with each other often comes in the way of the
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selectivity of the mode of action of these drugs. For instance, the mTOR inhibitors,

rapamycin and CCI-779 have been shown to non-specifically inhibit the mTOR-

dependent serine phosphorylation of the insulin receptor substrate-1 (IRS-1), thus

enhancing insulin growth factor–1 (IGF-1) signaling and consequently activating

downstream phosphatidylinositol 3-kinase (PI3K)/AKT (172). Also, the acquired in vitro

drug resistance to gefitinib, an epidermal growth factor receptor tyrosine kinase inhibitor,

was effectively reversed only on simultaneous inhibition of the insulin growth factor

receptor (IGFR), which otherwise activates PI3K leading to the acquired resistance (173).

Moreover, the eventual emergence of cell populations harboring a resistant genotype in

previously responsive malignancies upon relapse is a likely drawback of these molecular-

targeted drugs. This explains the observed ineffectiveness of the single-target drug

imatinib (Gleevec) in the long term therapy management of chronic myeloid leukemia

(174). Hence, for long-term treatment benefit, it appears to be more strategic to target a

common regulatory point that governs all these critical cancer cell characteristics. It is

now pretty well understood that the cap-dependent translation initiation apparatus serves

as a master integrator of trophic extracellular signals-both physiological and pathological-

regulating their morphogenic, survival and oncogenic characteristics. Many well known

oncogenic factors are found to be either upstream modulators of eIF4F integrity (e.g.,

Her2/neu, EGFR/erb-b, c-Myc, etc) or downstream effectors of eIF4F function (e.g.,

cyclin D1, Bcl-XL, etc) or both (e.g., Ras) (175-176). Therefore, targeting this eIF4F

machinery should help us to override the harmful effects of acquired mutations or genetic

defects in upstream signaling pathways that cause undesirable downstream enhancement

of cap-dependent translation. This aforesaid pleotropism and the subsequent potential for

achieving a wide therapeutic margin thus provide ample justification for the approach

adopted in this thesis work concentrating upon effectively targeting the eIF4F- translation

initiation apparatus by specific inhibitors of cap-dependent translation (46, 177).
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Cap-dependent versus cap-independent translation

It is however, imperative to mention in this regard that for some viral and cellular

mRNAs, translation is also supported by an alternative mode where the active ribosome

is formed in a cap-independent fashion due to the presence of IRES (internal ribosome

entry site) in the 5’untranslated region of certain mRNAs (178). Especially in those

circumstances, where cap-dependent translation is hampered, cap-independent translation

can come in to assist the translation of the these IRES-bearing transcripts (reviewed in

(179)). Furthermore, cap-independent translation has been shown to significantly regulate

the translation of important cancer-pathway proteins, namely the two major angiogenic

growth factors like vascular endothelial growth factor (VEGF) (1) and fibroblast growth

factor-2 (FGF-2) (180) and proto-oncogenes like c-myc (181). It is also interesting

enough to note the switch that occurs between cap-independent and cap-dependent

translation during the eukaryotic cell cycle. While cap-dependent translation

predominately controls translation at the G1-to-S transition, during the G2-to-M

transition, cap-independent mechanisms take over and cap-dependent translation is

inhibited (179). Also, Svitkin et al. (182) reported that a decrease in the amount of eIF4E

results in a striking increase in IRES-mediated viral mRNA translation. However, though

the relevance of cap-independent translation is undeniable, the experiments performed in

this thesis powerfully demonstrate the effect of inhibition of cap-dependent translation on

tumorigenesis (Chapter 2), cell viability, apoptosis and global expression of potential

cancer-relevant proteins (Chapters 3 & 4). Further studies that establish and correlate the

role of cap-dependent translation and cap-independent translation are needed to advance

our findings.

Microarray data analysis and its implications

Microarray technology has completely revolutionized the study of gene

expression signatures (183). Microarray expression analysis is a powerful approach that

involves the study of patterns of gene expression across multiple experiments allowing us



116

to interpret gene functions in a wide array of cellular responses, phenotypes and

conditions. Various clustering techniques are being applied in order to identify and

stratify definite gene expression patterns. The common hypothesis behind using

clustering techniques is that genes in a cluster must share some common function or

regulatory elements. In other words, genes of a particular pathway, or that respond

similarly to a common physiological perturbation should have comparable patterns of

expression. Thus, identifying patterns of gene expression and grouping genes into

expression classes should help to provide greater insight into their biological function and

relevance. A huge amount of useful inferences have been drawn on the basis of the

expression patterns revealed by microarray data. For instance, gene clusters have been

identified on the basis of co-expression (184), regulatory elements have been predicted

(185) and a gene’s involvement in a particular cellular event has been measured (186).

The microarray approach is particularly useful because it facilitates the development of

“molecular expression fingerprinting” for each tumor or disease type; this can help

explain the profound differences in tumor progression and treatment response in two

otherwise histologically similar tumors due to considerably different genetic

compositions. The Principal Component Analysis (PCA) method is one such clustering

statistical technique that seeks to simplify complex data sets by reducing the

dimensionality of a spatial representation of a data set without significant loss of

information (187). In Chapters 3 and 4, we apply this PCA approach to our expression

data; this allows us to critically summarize the manner in which genes respond to these

imposed experimental conditions. However, it is also imperative to realize that the

meticulous handling and elucidation of microarray expression data has not yet been

completely defined or cannot be designated to be an exact science. For example, the

classification of these genes based on clustering algorithms are critically dependent upon

the manner in which we measure similarity, the method used to normalize the data within

and across experiments and various other parameters (reviewed in (188)). In this respect,

we might be able to gather more scientifically reliable gene information if we apply more

than one technique to evaluate the corresponding effect on individual gene expression.
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This highlights the import of the comparison performed in Chapter 3 where the effect of

stimulation of cap-dependent translation by overexpression of eIF4E was found to have a

significant negative co-relation with the repression of cap-dependent translation by

treatment with 4EGI-1 in terms of gene expression. Hence, the methods used to analyze

the microarray data profoundly influence the interpretation of the results and these

methods only give us the scope to explore the relationships in a dataset instead of giving

us any absolute answers; we will only be able to competently analyze and exploit the

potential significance of these data by successful application of our biological

understanding and the use of standard biochemical gene overexpression or gene

knockdown approaches to study the influence of gene regulation on important cellular

responses in in vitro and in vivo models. This also emphasizes the necessity of validating

these observed alterations in gene expression by real time PCR and immunoblot analysis

(as performed in Chapters 3 and 4) before exploring these genes any further.

The significance of genome-wide study of translational control of gene

expression

The activation of cap-dependent translation has been associated with the

preferential translation of a limited number of transcripts which influence cell

proliferation and survival (45, 163). In this respect, Chapters 3 and 4 highlight the

significance of our genome-wide analysis to provide mechanistic insights into the very

early effects (i.e., at the lowest effective drug concentrations) of disrupted cap-dependent

translation in MPM and NSCLC. This was done with the aim to avoid the complexity of

secondary effects and to identify a list of genes with known - or to be discovered -

functions in mediating the ability of an altered cap-dependent translation initiation

apparatus in determining cell fate. Cancer results from mutations in cancer susceptibility

genes such as oncogenes, tumor suppressor genes and genes regulating genetic stability

(189-190). Hence, as expected, the disruption in cap-dependent translation by the

treatment with 4EGI-1 (as discussed in Chapter 3) resulted in inactivation of several
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potential oncogenic transcripts (cell cycle proteins, signal transduction pathway proteins,

anti-apoptotic proteins) like CDK9 (cyclin-dependent kinase 9), GNA11(guanine

nucleotide binding protein alpha 11), MAP2K2 (mitogen-activated protein kinase kinase

2), NUPR1 (nuclear protein 1), RAB1B (member RAS oncogene family) and AVEN and

BCL2L12 (both caspase activation inhibitors). At the same time, we observed an up-

regulation in various genes with putative tumor suppressor activities or speculated cell-

growth inhibitory effects or genes required for genomic stability like AHR (aryl

hydrocarbon receptor), ATM (ataxia telangiectasia mutated), ATR (ataxia telangiectasia

and Rad3 related), BLM (Bloom syndrome) and EP300 (E1A binding protein p300).

Also, several components of the translational machinery were altered on treatment with

4EGI-1 such as EIF3A (eukaryotic translation initiation factor 3, subunit A), EIF4EBP3

(eukaryotic translation initiation factor 4E binding protein 3), EIF4G3 (eukaryotic

translation initiation factor 4 gamma 3), EIF5B (eukaryotic translation initiation factor

5B) and EIF5A (eukaryotic translation initiation factor 5A). However, our data provides

significant evidence that the cells also try to actively counteract the stress of translational

inhibition exerted by 4EGI-1 as can be seen in the upregulation of EIF3A (eukaryotic

initiation factor 3A known to facilitate cap-dependent translation initiation process (191))

and IRS2 (insulin receptor substrate 2 known to mediate the migratory properties of

cancer cells and also reported to protect cells from apoptosis (192-193)) and

downregulation of GPS2 (G protein pathway suppressor 2 which has potential tumor

suppressor properties (194)). It is a well-known fact that the synthesis of ribosomal

proteins is essential for promoting cell proliferation and survival (38, 195-197). The rate

of protein synthesis is invariably increased when there is an increase in ribosomal

proteins which promote the assembly of ribosomes. This increased rate of protein

synthesis is also found to correlate directly with the increase in cell growth and

proliferation (38). Thus, it is not surprising to find elevated levels of ribosomal proteins

in a wide variety of cancers (198-201). In compliance with these previous findings,

suppression of translation by treatment with 4EGI-1 resulted in a concomitant decrease in

numerous ribosomal proteins like mitochondrial ribosomal proteins L4, L28, L30, S12,
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S18A,S18B, S34 etc. Undeniably, significant debate will follow as to what degree, or

even whether, an abnormality in any individual component subserves critical functions in

mediating the physiological and pathological functions of the translational initiation

machinery and thus contributes to the overall disease process. It will be particularly

beneficial for future therapy if we can clearly decipher how the translational machinery

preferentially enhances or represses translation for some of these mRNAs; we can thus

have an improved understanding of the proteome’s regulation and its involvement in the

development of malignancy. We therefore believe that the information provided from our

microarray results in Chapters 3 & 4 will significantly impact the search for new

molecular targets for anti-cancer therapeutics.

Future possibilities for studying post-transcriptional control in cancer

According to the post-transcriptional operon theory posited by Keene and Lager

(202), by recognizing related combinations of 5’ and 3’UTR of transcripts, the genes are

co-regulated at the level of mRNA splicing, export, localization, translational efficiency

and stability. In other words, this theory states that higher eukaryotes can positively or

negatively co-regulate translation of mRNA subsets with a shared physiological function

resulting in a posttranscriptional control step for each individual transcript dependent

upon the sequence information in the RNA (202-203). Thus, mRNAs that encode

functionally related proteins are coordinately regulated as post-transcriptional RNA

operons or regulons by a ribonucleoprotein-driven process. Hence, post-transcriptional

control functions as a vital link between the transcriptome and the proteome. Critical life

cycle events such as apoptosis, differentiation and cell cycle transit are largely influenced

by post-transcriptional control (4, 6). Over the years, aberrations in post-transcriptional

control have been observed in a variety of pathological conditions like obesity (204),

cardiovascular diseases (205-206) and cancer (36, 123, 207). Yet even though the post-

transcriptional operon theory is theoretically plausible, there has been no substantial

experimental proof for a post-transcriptional oncogenic operon to date. This thesis
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convincingly demonstrates the power of the approach of microarray analysis of

polyribosome-stratified RNA (specifically discussed in Chapters 3 & 4), thus implicating

the potential future utility of this technique (along with other advanced bioinformatic

methods and available RNA databases) to quantify the translational efficiency of each

transcript. This technique should help us to efficiently search for these novel regulatory

elements (new putative mRNA sequence elements) by identifying genes that are

translationally co-regulated by a cell under a given condition. For example, Larsson et al.

(135) performed a systematic UTR search on the global profile of mRNA stratified on

basis of translational efficiency and were able to identify a consensus hairpin structure

that plays a significant role in translational activation specifically under pro-apoptotic

conditions. Hence, microarray analyses of polysome fractions have offered us an

unbiased and reproducible method to systematically study posttranscriptional control in a

wide variety of biological systems and human diseases.

Yet at the same time, it is imperative enough to acknowledge the fact that the

polyribosome approach in global translational profiling, although very resourceful, has its

fair share of shortcomings. A high level of technical precision is absolutely necessary

when applying this type of technology to biological systems resulting in generation of

large datasets. Furthermore, this method may sometimes give us an incorrect assessment

of translational activity since it may overestimate translational activity as a function of

increasing transcript size; may not be able to distinguish accurately between transcripts

activated due to translation and transcripts activated due to increased nuclear-cytoplasmic

transport; and may over- or under- represent transcripts translated in different subcellular

niches, loci or organelles (as discussed in (135)). It is also reasonable to suspect the

possibility that the strong alteration in cell physiology that we might unavoidably impose

in these studies might cause several indirect translational consequences; in that case,

differentiating between these indirect non-specific effects and the direct focused changes

can present a significant challenge.
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Future structure-activity studies to improve specificity of small molecule

inhibitors

With the availability of detailed crystal structural data (12), medicinal chemists

have been designing small molecule inhibitors (like 4EGI-1) with the explicit aim of

specifically interrupting protein-protein interactions. However, even though 4EGI-1, by

inhibiting the formation of eIF4E/eIF4G complex, beneficially shifts the equilibrium in

favor of eIF4E/4E-BP1, there are still certain unexplained “off-target” effects of this

compound like its effect on the phosphorylation of 4E-BP1 or its effect on eIF4E protein

levels in the cancer cells (discussed in Chapters 3 & 4). Hence, structure-activity studies

should be performed in high-throughput screens on 4EGI-1 analog compounds in order to

achieve a thorough characterization of the mode of action of these compounds, clearly

assess their extent of binding specificity and hopefully find ways to enhance their binding

potency.

Summary

In conclusion, it can be said that the work presented in this thesis strongly

demonstrate the importance of cap-dependent translation in the establishment of

malignancy. Chapter 2 of the thesis discusses the repression in cloning efficiency and

tumorigenicity by inhibiting the assembly of the cap-dependent complex in malignant

pleural mesothelioma cells using an activated 4E-BP1 translational repressor protein.

Chapters 3 and 4 aptly establish the use of the small molecule translational inhibitor

4EGI-1 to suppress cap-dependent translation and substantially influence gene expression

in MPM and NSCLC, thus providing us ample scope to evaluate novel targets for their

potential significance in the treatment of these cancers.
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