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Abstract 

This dissertation examines post-transcriptional mechanisms controlling the expression of the 

cellular inhibitor of apoptosis protein 1 (cIAPl) - a key negative regulator of programmed 

cell death. Activation of post-transcriptional control mechanisms is especially evident in the 

cellular response to stress and thus represent potential targets for therapeutic intervention. 

Post-transcriptional control is mediated by trans-acting proteins and/or non-coding RNAs 

that interact with a mRNA to form a messenger ribonucleoprotein particle (mRNP). 

Identifying components of mRNPs is therefore an important first step towards understanding 

how they regulate the fate of mRNAs during the response to cell stress. The cIAPl mRNA 

represents an ideal model of post-transcriptional control given its regulation at the level of 

stability and translation following various stress stimuli. Work presented herein identifies 

AU-rich elements within the 3' untranslated region (UTR) that negatively affect cIAPl 

mRNA stability following ultraviolet radiation (UVR) stress. Additionally, our laboratory has 

previously shown that the cIAPl 5'UTR contains an Internal Ribosome Entry Site (IRES) 

that governs translation of cIAPl mRNA in response to endoplasmic reticulum (ER) stress. 

These initial observations led to the hypothesis that trans-acting protein factors associated 

with cIAPl mRNA play an essential role in modulating its stability and translational 

efficiency. Chapters 2 and 3 address this hypothesis by identifying p86 and NF45 as cIAPl 

IRES trans-acting factors (ITAFs) required for IRES-mediated translation of cIAPl 

following ER stress. Work presented in chapter 4 indicates that 5'UTR AU content can be 

reliably used to predict other NF45-dependent IRES; IRES that may function in a post-

transcriptional RNA operon that maintains genomic stability, apoptotic threshold, and 
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appropriate NF-KB signalling. Finally, peer-reviewed work in chapter 5 identifies hnRNP Al 

as an AU-rich element binding protein that destabilizes cIAPl mRNA following exposure of 

the cell to ultraviolet radiation. The work embodied in this thesis contributes significantly to 

our understanding of how RNA binding proteins affect changes in RNA stability and 

translation and identifies novel targets for therapeutic strategies that modulate cIAPl 

expression and its associated cytoprotective effects. 
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CHAPTER 1 

General introduction 



1.1 
Preamble 

This introductory chapter consists of both unpublished (sections 1.2-3) and published 

(section 1.4) material. Section 1.2 introduces the reader to the various levels of post-

transcriptional regulation and touches on its emerging importance in the post-genomic era. 

Section 1.3 provides the rationale, objectives and hypothesis for the research that was 

conducted. This section also gives the reader a brief introduction to the role of AU-rich 

elements in regulating RNA stability - a theme that is visited in chapter 5. Section 1.4 is a 

manuscript entitled "Cap-independent regulation of gene expression in apoptosis" and was 

first published as a review article in the periodical Molecular Biosystems (volume 3, 

December 2007). The article gives a detailed introduction to the control of mRNA translation 

and highlights the importance of these mechanisms during times of cell stress (in particular 

the response to endoplasmic reticulum stress) and in selected human pathologies. This theme 

will be visited in chapters 2-4. 

Author list for section 1.4: Tyson E. Graber and Martin Holcik. 

Author contributions for section 1.4: T.E.G. wrote the article. M.H. contributed ideas and 

editorial support. 
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1.2 
The era of ribonomics 

By the end of the twentieth century, fifty years of earnest work in the field of molecular 

biology had given the biologist a comprehensive doctrine that put control of proteome 

expression squarely in the hands of our genome; if the gene is transcribed, it must be 

translated. Work by Jacob and Monod in the late 1950s encapsulated this idea in their DNA 

operon model that explains how a prokaryotic cell can rapidly respond to changes in its 

environment by evolving groups of functionally similar genes that are coordinately expressed 

by a single protein regulator.1 Little attention was paid at the time to the newly described 

"RNA messenger" whose appearance in the cytoplasm correlated perfectly with that of 

enzyme activity and thus was unlikely to be a point of control of gene expression. This 

viewpoint was espoused in the 1961 Cold Spring Harbor Symposium on Cellular Regulatory 

Mechanisms meeting report whose attendees included Jacques Monod, Francois Jacob as 

well as other notables such as Sydney Brenner and James Watson who were trying to 

understand what role RNA plays in peptide synthesis: 

"...regulation of protein synthesis appears to operate directly at the level of the 
genetic material. Since both the initiation and cessation of synthesis of 
an...enzyme follows almost immediately upon addition or removal of the specific 
effector, it appears that the information-carrying intermediate of protein synthesis 
must be both rapidly formed and rapidly destroyed." - Jacob and Monod 2 

Soon after however, eukaryotic cells (specifically invertebrate sea urchin eggs) were found to 

incorporate amino acids without de novo transcription immediately following fertilization.3 

Clearly, nuclear-enveloped eukaryotes had evolved mechanisms distinct from their 

prokaryotic cousins to regulate their proteome. Other examples of eukaryotic translational 

control would follow and the field of post-transcriptional regulation was born. Indeed, by the 
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time the human genome was deciphered at the start of this century it was realized that our 

genetic complexity arises, not from the number of genes in the nucleus, but from alternative 

splicing of gene transcripts. Thus, understanding the multiple levels of post-transcriptional 

regulation that includes splicing, export, stability, editing, localization and translation of 

cellular messenger RNA (mRNA) quickly became the next frontier in cell biology. 

A common element to the life cycle of any mRNA molecule is its association with 

trans-acting proteins and/or non-coding RNAs. Together, these messenger ribonucleoproteins 

(mRNP) constitute the cellular ribonome. An mRNP particle is highly dynamic and is 

thought to be defined by RNA binding proteins interacting with sequence and structural 

elements within the untranslated regions (UTRs) of the mRNA.4 Upstream signalling 

pathways that target the mRNP can alter the complement of trans-acting factors and therefore 

the overall fate of its mRNA cargo. As a modular unit of genetic information, mRNPs can act 

in a combinatorial fashion to regulate specific populations of transcripts in a manner 

analogous to the prokaryotic DNA operon (where gene expression is controlled in a time-

dependent manner). Unlike their prokaryotic ancestors, eukaryotes* have evolved these RNA 

operons as an efficient method to control gene expression in a time- and space-dependent 

manner. Modelling individual mRNP units and defining RNA operons are therefore 

important first steps in determining how genetic information is organized in eukaryota and 

ultimately how perturbations in cellular homeostasis can lead to changes in phenotype. 

* notable exceptions include nematodes; these organisms retain DNA operons as a method of gene regulation. 
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1.3 
cIAPl: A model of post-transcriptional control 

This dissertation focuses on identifying protein components that regulate stability and 

translational efficiency of the cellular inhibitor of apoptosis protein 1 (cIAPlt) mRNP. cIAPl 

is a member of the highly conserved and critically important family of IAP proteins. Other 

members of this protein family include XIAP and cIAP2, that together with cIAPl, were 

initially reported to function as competitive inhibitors of caspases. While XIAP is indeed a 

potent competitive inhibitor of caspases, cIAPl and cIAP2 have most recently been found to 

only weakly inhibit caspase activity in vivo.5 Along with caspase binding activity, all three 

proteins possess E3 ubiquitin ligase activities that target proteins for proteasomal degradation 

(mediated by K48 poly-ubiquitin linkages) or for participation in specific signalling 

pathways (mediated by K63 poly-ubiquitin linkages). Intense research by several laboratories 

over the past three years has uncovered a critical role for IAP ubiquitin ligase activities in 

modulating inflammatory signalosomes that serve to regulate the pro-survival NF-KB 

transcriptional programme. More specifically, cIAPl/2-mediated K63-ubiquitylation of 

receptor interacting protein (RIP) kinase at the Tumour Necrosis Factor Receptor complex I 

(TNFRI) signalosome is necessary for TNF-a-mediated NF-KB pro-survival signalling.6 

Paradoxically, removal of either cIAPl or cIAP2 in unstimulated cells enhances constitutive 

NF-KB signalling, possibly as the result of NF-KB-inducing kinase (NIK) stabilization that 

results in the induction of both the classical and alternative arms of the NF-KB response.7 

The broad range of NF-KB target genes that are involved in tumourogenesis and cancer 

tcIAPl is also known as "HIAP2". Note that published manuscripts presented in chapters 1 and 2 use the 
protein name "HIAP2", reflecting the accepted nomenclature at the time of publication. 
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progression coupled with frequent cancer-associated mutations in IAP alleles gives a strong 

rationale for studying the regulation of cIAPl and cIAP2 expression. 

Notwithstanding the apparent functional redundancy of cIAPl and cIAP2 in the 

context of NF-KB signalling, expression of each protein is distinctly regulated and suggests 

specialized roles depending on the cellular context. For example, cIAP2 expression is 

primarily controlled at the level of transcription in an NF-KB-dependent manner and is held 

in check by cIAPl which targets cIAP2 for proteasomal degradation. Previous work from our 

laboratory and others established that cIAPl protein synthesis is significantly repressed in 

several cell lines. This repression of expression is the result of both a long (1.2 kilobases) 

5'UTR that is postulated to hinder ribosomal scanning, and a small upstream open reading 

frame (uORF) that prevents initiation of translation at the authentic downstream AUG start 

codon (Figure 1.1 and Warnakulasuriyarachchi et al8). Our laboratory also previously 

identified a cis-regulatory element proximal to the authentic AUG that allows direct 

recruitment of the ribosome and initiation of protein synthesis.9 This Internal Ribosome 

Entry Site (IRES) is only active following induction of the endoplasmic reticulum (ER) 

stress response and results in increased expression of cIAPl protein. As discussed in section 

1.2, such post-transcriptional regulation is generally mediated by RNA binding proteins. 

Ergo, the explicit hypothesis stemming from these observations is that trans-acting 

protein factors associated with the cIAPl mRNA play an essential role in modulating its 

translational efficiency. Data presented in chapters 2 and 3 address this hypothesis by 

identifying components that modulate the activity of the cIAPl IRES and thus translational 

efficiency of 
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Figure 1.1 
Known cIAPl mRNA sequence features and post-transcriptional regulatory nodes 
circa 2004. A diagram of the capped (m7G) and polyadenylated cIAPl mRNA 
illustrating the size (in kilobases, Kb) and location of the 5' and 3' untranslated regions 
(UTR). Note that the drawing is not to scale. The IRES that enhances translation of this 
mRNA following ER stress is approximately 150 nucleotides long and is located 
proximal to the initiation codon (AUG) of the main open reading frame (ORF). An 
upstream ORF (uORF) whose CUG initiation codon bisects the IRES codes for a 
peptide of 21 amino acids. In addition, cIAPl mRNA stability is reduced following 
exposure to ultraviolet C radiation. These preliminary observations were the basis of 
the hypothesis that RNA binding proteins mediate these phenomena. 
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its mRNA. The data suggest the existence of an auxilliary translation initiation complex that 

is active during ER stress allowing for continued translation of this important regulator of 

apoptosis and NF-KB signalling during times when the cell has reduced general protein 

synthesis and proliferative potential in an effort to reduce the protein load in the ER and 

subvert apoptosis. Moreover, evidence is presented in chapter 4 that implicates a key 

component of this complex in the regulation of several other IRES. The data suggest that this 

component is not unique to the cIAPl mRNP and may participate in a post-transcriptional 

RNA operon targeting IRES-mediated translation of critical mRNAs that function to 

maintain genomic stability and appropriate NF-KB signalling. 

Besides regulation through its IRES, evidence is presented in chapter 5 that cIAPl is 

additionally regulated at the level of RNA stability. Specifically, cIAPl mRNA half-life is 

significantly reduced following exposure to ultraviolet radiation (UVR). The reduced 

stability of cIAPl mRNA is mediated by AU-rich elements (ARE) in its 3'UTR. The 

classical ARE is defined by an AUUUA pentamer that generally targets the mRNA for 

degradation through the exosome.10 Although the exact mechanism is unknown, it is clear 

that trans-acting protein factors are responsible for modulating ARE-dependent RNA 

stability. Thus, the hypothesis addressing translational efficiency of cIAPl mRNA in 

chapters 2-4 was extended in chapter 5 to propose that trans-acting protein factors play 

an essential role in modulating cIAPl mRNA stability. To this end, chapter 5 identifies a 

cIAPl ARE trans-acting factor that undergoes nucleo-cytoplasmic transport after UVR stress 

allowing increased association with, and targeted degradation of cIAPl mRNA. The work 

embodied in this thesis contributes significantly to our understanding of how RNA binding 
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proteins affect changes in RNA stability and translation and identifies novel targets for 

therapeutic strategies that modulate cIAPl expression and its associated cytoprotective 

effects. 
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1.4 
Cap-independent regulation of gene expression in apoptosis 

Abstract 

Expression of the proteome is tightly regulated at the level of protein synthesis. Translational 

control is a critical homeostatic mechanism that allows the cell to rapidly change its 

phenotype in the face of an intra- and extra-cellular environment in constant flux. It is 

becoming increasingly clear that when it comes to protein translation during cell stress, all 

mRNAs are not treated equally. The translation of the majority of mRNAs is compromised 

during cell stresses that induce programmed cell death such as hypoxia, or DNA damage. 

However, cellular messages harbouring Internal Ribosome Entry Site elements (IRES) 

within their 5' untranslated regions are insensitive to stress-induced repression of global 

translation. Instead, these IRES-containing mRNAs use a poorly understood alternative 

mechanism of translation that allows continued expression of proteins that are required for 

the cell to recover from a transient stress or to proceed down the path toward apoptotic death. 

This review will highlight recent literature that suggests why global translation rates are 

impaired during stress and apoptosis and how these conditions mediate a switch in the 

mechanism by which pertinent proteins are synthesized. In addition, recent advances towards 

our understanding of the physiological role and mechanism of IRES-mediated translation in 

the context of cell stress-induced apoptosis and human disease will be examined. 

Apoptosis 101 

Apoptosis, a form of programmed cell death, is constantly threatening the very existence of 

the cell. The specter of death arises at various checkpoints throughout the life of a cell. 
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Differentiation, development and growth are all subject to apoptotic signalling that will lead 

to the organized demolition of the cell should any of these processes go awry. 

Many cellular stresses such as hypoxia, DNA damage, osmotic shock, or viral 

infection can initiate the apoptotic programme. More subtle growth-related stressors such as 

amino acid availability and cell cycle arrest can also trigger apoptosis if not readily 

corrected. 

Apoptosis can begin from without via paracrine and/or autocrine death signals, or 

from within via perturbations in mitochondrial membrane integrity (Figure 1.2). Extrinsic 

signals can activate caspase-8 directly, which can in turn activate the effector caspases-3 and 

-7. Convergence of intrinsic pro-apoptotic signals at the mitochondria promotes release of 

cytochrome C into the cytosol resulting in the recruitment of the cysteine protease zymogen 

pro-caspase 9 and protease-activating factor 1 (APAF-1), that together form the apoptosome. 

The activation of caspase-9 within this protein complex results in the cleavage and activation 

of effector caspases-3 and -7. Alternatively, activation of caspases-2,4 (or caspase-12 in 

mouse) within the endoplasmic reticulum (ER) can directly activate pro-caspase-9.1 These 

three distinct but inter-connected apoptotic cascades effectively amplify levels of active 

caspase-3 and -7 in the cell and, if not properly controlled, will lead to cell death. 

Paradoxically, while global rates of protein translation are reduced during this 

process, several proteins that are required to mount an appropriate response to apoptosis (i.e. 

increase survival signals or increase death signals) are able to be synthesized via an 

alternative mechanism of protein translation. This review will highlight the progress of the 
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Figure 1.2 
IRES-Mediated translation initiation regulates the expression of key players in 
apoptosis. Distinct stressors can trigger a cellular response that attenuates global 
translation within the cytoplasm. Downstream signalling events can induce an 
endoplasmic reticulum-mediated and/or mitochondria-mediated caspase activation 
cascade that leads to amplification of the effector caspases-3 and -7 and cell death. 
Despite a reduction in global translation, IRES-mediated translation of many anti- and 
pro-apoptotic proteins persists during apoptosis and serves to increase or decrease the 
apoptotic threshold in response to changes in the cellular environment. 
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last few years in elucidating this poorly understood mechanism and how it may be favoured 

over canonical models of translation during cell stress and apoptosis. 

Translational control is a homeostatic response to cellular stress 

The cell has evolved exquisitely sensitive control points to regulate expression of its 

proteome. Regulation of protein translation, the penultimate control point of gene expression, 

plays a critical role in cellular homeostasis. Perturbations in the status quo upon exposure to 

physical or biochemical stressors occur during normal cell growth and differentiation, or as a 

result of disease. These cellular stresses lead to changes in protein levels and alter the 

efficiency of protein folding. The cellular response to stress is made up of numerous 

molecular signalling pathways that together determine whether the cell survives, and 

continues to proliferate, or undergoes programmed cell death. Translational control in 

eukaryotes has evolved to alter protein expression in specific cellular compartments at 

specific times. In contrast to the relatively slow process of de novo mRNA synthesis, 

processing, and transport, spatial and temporal control of protein translation allows for a 

rapid response to inter- and intra-cellular stress signals. 

Canonical eukaryotic translation initiation 

Although the elongation and termination steps in protein translation are themselves highly 

regulated, initiation - the rate-limiting step in protein translation - is arguably the most 

important and certainly the best studied component of the translation apparatus. However, 

the mechanism by which translation is initiated on some mRNAs can change drastically upon 
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perturbations in cellular homeostasis. To appreciate how this change occurs at the molecular 

level, it is necessary to have a general understanding of the current mechanistic dogma of 

eukaryotic translation initiation. 

The majority of mature (i.e. capped and polyadenylated) eukaryotic mRNAs initiate 

translation via a cap-dependent ribosomal scanning mechanism under normal physiological 

conditions (Figure 1.3). The 7-methyl-guanosine (m7G) cap structure located at the 5' end of 

an mRNA interacts with the cap-binding protein initiation factor elF4E together with a large 

adaptor protein (elF4G) and an RNA helicase (elF4A). This cap-binding complex (elF4F) 

provides an anchored scaffold for the ATP-dependent recruitment of the 43 S pre-initiation 

complex (consisting of the 40S small ribosomal subunit, "charged" methionyl-tRNA and 

several other initiation factors).2 The resulting 48S pre-initiation complex is then believed to 

"scan" along the 5' untranslated region (UTR) toward the 3' end until it reaches an initiation 

codon (usually AUG) in an optimal context (typically GCCRCCAUGG, where R is any 

purine), at which point the 60S ribosomal subunit joins to form the 80S ribosome and peptide 

synthesis begins.3 Notably, both the formation of the initiation complex and scanning of the 

message for an initiation codon require large amounts of ATP to drive the initiation phase of 

translation.2 

Although the mechanisms are less well-understood, it is important to realize that the 

3' end of the mRNA plays an important role in translation initiation whereby 3'UTR binding 

proteins (e.g. polyA binding protein, PABP) promote circularization of the mRNA through 

binding with eIF4G at the 5' cap. The result is a dramatic increase in the efficiency of 
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Figure 1.3 
Canonical eukaryotic translation initiation. Translation initiation is highly regulated 
in eukaryotes and requires the concerted participation of numerous eukaryotic initiation 
factors (elFs are depicted here as numbered shapes) at the 7-methyl-guanosine (m7G) 
structure located at the 5' end of a messenger RNA (mRNA). Note that interaction with 
the 3'UTR via polyA binding protein (PABP) enhances initiation rates. First, the cap-
binding complex, eIF4F, (consisting of eIF4E, 4G and 4A) binds to the m7G mRNA 
cap in an ATP-dependent reaction. eIF4G provides a scaffold for the binding of the 43 S 
pre-initiation complex that consists of the small 40S ribosomal subunit, the eIF2-bound 
charged initiator tRNA, the adaptor protein eIF3 and several other elFs. The resulting 
48S pre-initiation complex then scans in a 5' to 3' direction until an initiation codon 
(AUG) in the optimal context is encountered. The GTPase-activating protein eIF5 then 
catalyzes the activation of eIF2 resulting in the release of uncharged GDP-eIF2 which 
can be re-charged by eIF2B for use in a subsequent initiation event. eIF5B activity then 
facilitates the concurrent binding of the large 60S ribosomal subunit and dissociation of 
the remaining initiation factors. The assembled ribosome is now competent to proceed 
with the elongation step of protein translation. 
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translation that likely occurs due to the ability of terminating ribosomes to be recycled, 

allowing multiple rounds of translation on the same mRNA.2 

Distinct mechanisms impair cap-dependent translation initiation during cell stress 

eIF2 phosphorylation 

While the local abundance of functional eIF2 (which catalyzes transfer of methionyl-tRNA 

to the 43 S pre-initiation complex) and eIF4F complexes ensures efficient translation of 

mRNAs, the availability of these initiation factors during cell stress such as hypoxia4 or viral 

infection5 is restricted. Thus, during times of cellular stress, global rates of cap-dependent 

protein translation are reduced in an effort by the cell to conserve energy and precious 

resources. 

For instance, in the specific case of hypoxic stress, early global translational arrest 

(70% reduction) is mediated by the phosphorylation of eIF2 which acts as a competitive 

inhibitor of the GTP-exchange factor eIF2B. This leads to the inability of eIF2 to be recycled 

and therefore formation of the pre-initiation complex is severely inhibited (Figure 1.4). 

While eIF2 phosphorylation is a hallmark of early hypoxia, the effect is transient with its 

dephosphorylation and re-activation occurring within 4 hours of a hypoxic insult.4 

16 



Figure 1.4 
Changes in expression and/or function of translation initiation factors during 
cellular stress favours IRES-mediated translation initiation of some mRNAs. 
Detailed explanations are provided in the text. (A) Under normal physiological 
conditions eIF4EBP is phosphorylated, and eIF4F complex is available for cap-
dependent initiation of translation. Circularization of the mRNA via polyA binding 
protein (PABP) can increase the efficiency of translation, while miRNA:Ago2 
complexes can repress translation by competing with eIF4E for the m7G cap structure. 
(B) Cellular stress can impair cap-dependent translation by several mechanisms via: 
phosphorylation of eIF2 (1.), sequestration of eIF4E by eIF4E binding protein 1 
(eIF4E-BPl) (2.), Proteolysis of eIF4G (4G*) resulting in a fragment that retains 
eIF4A and eIF3 binding sites (3.), modulation of protein interactions that bridge the 5' 
and 3'UTRs (4.). (C) A hypothetical model of potential factors required for ribosomal 
recruitment by an IRES. It is possible that the minimum complex consists of eIF4G or 
p97 fragments and/or eIF3 and eIF4A. Additional ITAFs appear to be required for 
cellular IRES activity (examples are listed), and these could function either as RNA 
chaperones or as adaptor proteins mediating direct recruitment of ribosomes. Many 
ITAFs can interact with both the 5' and 3'UTRs, suggesting that mRNA circularization 
may be involved in IRES-mediated translation initiation. 
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Availability of the cap-binding complex eIF4F 

Sequestered eIF4E 

Under sustained hypoxic stress, the integrity of the eIF4F cap-binding complex becomes 

increasingly compromised through dephosphorylation and activation of eIF4E binding 

protein (eIF4E-BPl), sequestering eIF4E and preventing it's association with the 5' cap 

structure on mRNA (Figure 1.4B). The reduced availability of eIF4F accounts for the 

observed continued inhibition of global translation (50% reduction) under prolonged 

hypoxia.4 

Chronic hypoxia/anoxia triggers apoptosis and activation of caspases via the intrinsic 

mitochondrial pathway. One would therefore expect that eIF4E would be subject to 

proteolytic cleavage by active caspases. Indeed, while eIF4E does not appear to be modified 

by proteolysis during apoptosis, its regulator eIF4E-BPl is cleaved by caspases during 

etoposide-induced apoptosis.6 Importantly, the major cleavage fragment retains intact 

phosphorylation and eIF4E binding sites but exhibits a reduced phosphorylation status.6 The 

hypophosporylated caspase cleavage fragment readily sequesters eIF4E and therefore 

attenuates cap-dependent translation initiation. 

eIF4G proteolysis 

In addition to alterations in eIF4E activity, caspase-dependent proteolytic cleavage of the 

scaffold protein eIF4G renders the eIF4F complex unable to associate with the 5' cap 

structure (Figure 1.4B). Recent evidence points to the existence of at least three eIF4G 
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family members (eIF4GI, eIF4GII and p97/DAP5). These functional homologues appear to 

enhance global protein synthesis in a non-redundant manner. 

Specifically, they may selectively regulate translation of mRNA populations in the 

cell under different physiological conditions. This has been proven to be the case for 

eIF4GII, which preferentially regulates protein synthesis during cytokine-induced 

differentiation of hematopoietic cells.7 p97/DAP5 also appears to play a critical role as a 

translational enhancer in unstressed cells.8,9 

In the context of apoptosis, caspase-dependent cleavage of both eIF4G isoforms (I 

and II) in cells treated with the apoptosis-inducing agents cycloheximide and cisplatin has 

been observed, along with a concomitant reduction in cap-dependent protein translation.10-11 

p97/DAP5 is also processed during apoptosis to yield an 86 kilodalton fragment (p86).12 

Several reports implicate these caspase-cleaved fragments in the translational regulation of 

mRNAs harbouring IRES elements; providing evidence for an intriguing model in which 

cleavage of eIF4G proteins mediates a switch from cap-dependent to cap-independent 

mechanisms of translation during apoptosis.13"16 

microRNA at the cap 

microRNAs (miRNAs) are small RNAs that have garnered much attention of late due to their 

seemingly critical role in a variety of cellular processes including apoptosis.17 miRNAs 

mediate translation repression by binding to sites in the 3'UTR of an mRNA with partial 

complementarity. One possible mechanism of this repression has been recently elucidated by 

Kiriakidou et al., who showed that the miRNA-associated protein argonaute 2 (Ago2) 
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interacts directly with the 7-methyl-guanosine cap structure of its associated mRNA, 

competing with eIF4E binding and thus repressing cap-dependent translation (Figure 1.4A). 

18 Notably, both cap-dependent and cap-independent (IRES) translation would be predicted 

to be repressed if such a "miRNA-locked" coil structure exists due to: 1) the inability of 

ribosomes to efficiently elongate and terminate on such a structure, and/or 2) because of the 

inability of canonical initiation factors or IRES trans-acting protein factors (ITAFs) to 

effectively interact with the 5' and 3'UTRs under these circumstances. 

Consistent with this supposition, a recent study looked at internal translation in a 

capped, bicistronic reporter vector with two open reading frames (ORFs) and 3' miRNA 

binding sites.19 Hepatitis C virus (HCV) or cricket paralysis virus (CrPV) IRES sequence 

elements were inserted between the two ORFs such that the upstream ORF is translated 

through a cap-dependent mechanism, while the downstream ORF is translated via the viral 

IRES. When cap-dependent translation of the upstream ORF was repressed by introduction 

of exogenous miRNA, translation of the downstream ORF was also repressed. Importantly 

however, internal initiation of translation did occur, but elongation of the nascent peptide was 

not efficient resulting in premature termination. Although the authors interpreted this as 

evidence that miRNAs repress translation at a point downstream of initiation, their results are 

entirely consistent with the model of the 3'UTR:Ago2:miRNA complex interacting with the 

5' cap structure. Similarly, capped, HCV and CrPV IRES reporter vectors with let-7 miRNA 

binding sites showed a similar repression of both cap-dependent and IRES-dependent 

translation in transfected HeLa cells.20 
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That said, several groups have reported that IRES-mediated translation is insensitive 

to miRNA-mediated repression.18,21>22 It is critical to note that all of these studies used an 

uncapped (or a modified cap that doesn't bind Ago2:miRNA) vector containing the 

Encephalomyocarditis virus (EMCV) IRES. Therefore, it would be expected that these 

reporter RNAs cannot form a 3'UTR:Ago2:miRNA locked complex, thus accounting for the 

lack of miRNA-mediated repression observed. It is thus critical that capped RNA vectors 

harbouring IRES elements other than EMCV be used to address the question of whether 

IRES-mediated translation is indeed sensitive to miRNA-induced repression. 

Interestingly, cellular stress can relieve miRNA-mediated translational repression.23 

Whether or not argonaute proteins are subject to degradation during apoptosis is unknown. It 

is intriguing to speculate that the cellular stress response is required to unlock these 

miRNA:Ago2:cap complexes. The result would be a naked 5' cap in an environment of 

phosphorylated eIF2 and/or decreased eIF4F availability, thus precluding cap-dependent 

translation and allowing cap-independent mechanisms to spring into action. 

Alternative mechanisms of translation initiation persist during cellular stress 

As discussed in the introduction, cellular stress can trigger the apoptotic response and 

the principle of homeostasis dictates that the cell must respond by either attenuating or 

amplifying the apoptotic cascade. The end result will be a return to normal cellular 

homeostasis or the ordered destruction of the cell. How then can the cell carry out the 

decision to live or die if the proteins that mediate a response to the insult cannot be 

efficiently synthesized under these circumstances? 
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Under conditions of cellular stress, cap-dependent translation is impaired due to 

diminished levels of ATP, cap-binding complex, and functional eIF2.24 Paradoxically, de 

novo protein synthesis is required for the cell to respond and 1) produce anti-apoptotic 

proteins to allow possible recovery from an insult or 2) produce pro-apoptotic proteins that 

will sustain the path to cellular suicide.25 

The translation of several pro- and anti-apoptotic messages persists during cell stress 

because they employ alternative translation initiation mechanisms, such as ribosome 

shunting, re-initiation (bypass or leaky scanning), and internal ribosome entry.26 Unlike the 

former two, the latter is mediated by an internal ribosome entry site (IRES), occurs 

independently of the 5' cap-binding complex, and could be maintained under conditions 

where cap-dependent initiation is compromised.27 

IRES-mediated translation initiation was first described in picornaviruses almost 20 

years ago.28 IRES have since been identified in a number of naturally uncapped viral 

transcripts where they serve to usurp the host translational machinery in favour of viral 

protein production. In recent years, IRES have also been discovered in a number of cellular 

mRNAs. 

Key players in apoptosis are regulated by IRES-mediated translation 

The list of IRES within cellular mRNAs has been steadily growing since the identification of 

IRES activity within the 5'UTR of the protein chaperone BiP more than 15 years ago.29 

There are now more than 60 identified cellular IRES elements, and Translation State Array 
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analyses* (TSAA) by several research groups indicate that at least 10% of the human 

transcriptome could harbour IRES elements.30 Intriguingly, many proteins encoded by IRES-

containing mRNAs have pro- or anti-apoptotic functions in the cell (Figure 1.2). A more 

thorough list of the messages which harbour an IRES element can be found elsewhere.24,31 

Here, we will concentrate on recent advances in the discovery and mechanistic analysis of 

IRES elements whose function may be critical in apoptosis and oncogenesis. 

Controversy - Do cellular IRES exist? 

Unlike viral IRES however, the biological significance and even the existence of cellular 

IRES has been questioned in recent years with the realization that the classical "bicistronic 

assay" commonly used to test for IRES activity within 5'UTR sequences is prone to 

artefacts.32 Published claims of IRES activity within a handful of mRNAs have since proven 

to be the result of cryptic promoter activity within the putative IRES sequence and/or 

spurious splicing of the commonly used Renilla/Firefly luciferase bicistronic vector.30,33 

More rigourous controls have been a welcome addition to the field, and they have confirmed 

that the vast majority of previously identified cellular IRES are indeed real; although some 

IRES may not be as "potent" as previously thought.33 

Mechanism - Accessory proteins regulate IRES activity 

Recruitment of the ribosome to viral IRES is, with exception, dependent on secondary and 

tertiary RNA structure.31' 34 Conversely, mechanisms by which cellular IRES elements 

* The translational efficiency of the transcriptome between two populations of cells can be determined using TSAA. The technique probes 
two polyribosome-associated mRNA populations fractionated by density gradient centrifugation with DNA microarrays. 
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mediate ribosome recruitment are unclear. Indeed, their requirement for any of the canonical 

eukaryotic initiation factors (elFs) is unknown. Viral IRES do require some canonical 

initiation factors. For example, eIF3 interaction with the HCV IRES is required for internal 

initiation35. Also, EMCV IRES activity is enhanced in the presence of eIF4A.36 

Regarding cellular IRES, it appears that during apoptosis, eIF4G cleavage fragments 

retain eIF3 and eIF4A binding sites and are necessary for optimal activity of several IRES.37 

This suggests that eIF3 and eIF4A may be necessary for optimum activity of cellular IRES 

but do not appear to be essential. On the other hand, it is possible that elFs participate in 

maintaining both canonical and basal levels of IRES-mediated translation under normal 

physiological conditions but are dispensable during stress. In addition, the complex 

translational regulation of eIF4G isoforms suggests that some IRES could be regulated in a 

manner that is dependent on the interaction of eIF4E with the 5' cap structure - a so-called 

capped IRES.38 

Recent studies support the hypothesis that non-canonical translation initiation factors 

regulate cellular IRES activity (Figure 1.4). These IRES trans-acting factors (ITAFs) are 

proposed to function as RNA chaperones, allowing for direct binding of the 40S ribosomal 

subunit through modification of RNA secondary and/or tertiary structure. Alternatively, 

ITAFs could function in a similar fashion to canonical, cap-dependent initiation factors; 

namely as adaptor proteins that facilitate RNA-ribosome interaction. 

As yet, there appears to be no universal ITAF that modifies the activity of all IRES. 

However, the latest TSAA study performed in the context of TRAIL-induced apoptosis in 

MCF-7 cells revealed that pyrimidine-tract binding protein (PTB) positively regulates the 
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activity of several IRES.39 Importantly, expression of PTB is increased under these 

conditions, and IRES activity associated with the binding of PTB appears to be dependent on 

a (CCU)n sequence motif.40 Discovery of additional ITAF binding motifs within cellular 

IRES may facilitate the prediction of ITAF-IRES interactions. That said, binding of any 

ITAF to its cognate IRES does not predict function. In fact, ITAFs add an additional level of 

complexity to IRES-mediated translational control. Emerging evidence indicates that many 

ITAFs are nucleo-cytoplasmic shuttling proteins. For example, hnRNP Al was recently 

found to act as an ITAF by repressing XIAP IRES activity during osmotic shock.41 

Interestingly, this repression is not brought about by a change in hnRNP Al affinity for the 

IRES, rather the protein shuttles from the nucleus to the cytoplasm during osmotic shock, 

effectively increasing the repression of the XIAP IRES via a localized increase in ITAF 

concentration. 

Stress, IRES-mediated translation and human disease 

X-linked dyskeratosis congenita (X-DC) 

The physiological relevance of IRES-mediated translation has recently been confirmed in the 

genetic context of X-linked dyskeratosis congenita (X-DC), a rare disorder resulting from a 

defect in the gene (DKC1) encoding a pseudouridine synthetase. Surprisingly, the resulting 

deregulation of rRNA modification leads to a phenotype in which translation of IRES-

containing messages is exclusively impaired. Using a TSAA approach, Yoon and colleagues 

discovered that while global translation is unaffected in both DKC1 mutant mouse 
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embryonic cells and X-DC patient cells, cap-independent translation of the anti-apoptotic 

proteins XIAP and Bcl-xL, and the tumour suppressor protein p27kipl is severely impaired.42 

Notably, the deregulation of XIAP and Bcl-xL protein translation could explain the 

increased apoptosis of hemapoietic progenitors and subsequent bone marrow failure that is 

observed in X-DC patients.43 Further, while DKC1 mutant (DKClm) and p27 heterozygous 

mutant (p27+/") mouse thymocytes showed no differences in cellular proliferation, the 

number of cells in S phase of the cell cycle doubled in DKClm:p27+/" cells. Again, this 

observation parallels the susceptibility to cancer observed in human X-DC patients. The 

intriguing possibility that IRES-mediated translation could contribute to oncogenesis sets the 

stage for the next section that looks at the role of IRES under stress in the hypoxic 

environment of a tumour. 

Hypoxia, endoplasmic reticulum stress and the progression of cancer 

Low oxygen tension within the core of solid cancerous tumours can accelerate the 

progression of the disease to a more malignant phenotype.44 It is hypothesized that transient 

and chronic hypoxia triggers the ER stress response that in turn favours IRES-mediated 

translation initiation. 

Specifically, IRES-regulated transcripts such as HIF-la45, VEGF46, and VCIP47 are 

preferentially translated under these conditions. HIF-la is a transcription factor whose 

downstream targets include genes that promote cell survival. Similarly, VEGF and VCIP are 

pro-angiogenic factors. Notably, ER stress also induces the IRES-dependent up-regulation of 

the caspase inhibitor HIAP2 in a cell culture model.13 It is important to note that, coupled 
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with the deregulation of pro-apoptotic signalling pathways in cancer (e.g. as a result of p53 

mutations), IRES-dependent up-regulation of proteins such as HIF-la, VEGF, VCIP and 

others may, at least in part, be responsible for increased tumour invasiveness and metastatic 

potential. 

IRES-mediated translation of p53 family members 

p53, a classical harbinger of apoptosis, has recently been added to the list of genes capable of 

translation by an IRES-dependent mechanism. p53 biology has been intensely studied owing 

to its central role in the cell as a tumour suppressor. It has been reported to be mutated in 

50% of all human cancers and its inactivation is a major contributor to oncogenesis.48 

p53 is a central regulator of cell cycle progression and therefore its expression and 

activity must be able to quickly respond to changes in homeostasis. Indeed, p53 protein 

levels increase rapidly during etoposide-induced DNA damage.49 Consistent with this rapid 

response, p53 mRNA levels are largely unaffected under cell stress while p53 protein 

stability increases50 and its translation is enhanced.51 In addition, both the 5' and 3'UTRs 

have been implicated in post-transcriptional control of p53 in the context of ionizing 

radiation.52-54 

The existence of an alternative translation initiation site within the coding region of 

p53 mRNA adds an additional level of co-translational control of p53 function. This second 

AUG is located 40 amino acids downstream of the first initiation codon. Translation of this 

downstream ORF results in an N-terminal p53 isoform described in the literature as p53/47 

or ANp53.55,56 Interestingly, while p53/47 is able to form complexes with full-length p53, it 

27 



lacks a transactivation domain and therefore functions in a dominant negative manner, 

preventing p53-mediated cell cycle arrest.56 Based on these previous findings, it is perhaps 

not surprising that IRES activity was recently identified within the 5'UTR of p53 mRNA, 

and that this activity increases following treatment with etoposide, a DNA damage-inducing 

agent, in MCF-7 cells (a breast cancer cell line with normal p53 function).57 Consistent with 

an IRES-mediated mechanism of translation, induction of p53 protein after etoposide 

treatment was insensitive to rapamycin, a drug which inhibits cap-dependent translation 

though inhibition of eIF4E-BPl phosphorylation and subsequent reduction of eIF4E cap-

binding activity.57 The addition of a proteosome inhibitor resulted in only a 40% reduction in 

the increase in p53 protein levels following etoposide treatment, suggesting that protein 

stability cannot be solely responsible for the total increase in protein and that enhanced 

protein translation must account for the remainder. 

Another recent study offers independent verification of IRES activity within the p53 

5'UTR. Ray and colleagues also provide evidence for a second IRES within the coding 

sequence of the full-length p53 message that initiates translation of the N-terminally 

truncated p53/47 isoform (Figure 1.5).58 Both groups used a renilla/firefly luciferase 

bicistronic vector and failed to detect aberrant splicing or cryptic promoter activity within 

any of the constructs, thus confirming that p53mRNA likely harbours two bona fide IRES 

elements. 

Importantly, Ray and colleagues show that the p53 and p53/47 IRES are differentially 

regulated during cell cycle progression, with p53 IRES activity increasing at the G2/M 

checkpoint, and p53/47 IRES activity increasing at the Gl/S checkpoint.58 This implies that 
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IRES-mediated translation provides for precise control of p53 protein levels during times 

when cap-dependent translation is impaired (e.g. G2/M transition) by altering the 

stoichiometry of full-length p53 and p53/47. Further, it would be expected that the G2/M 

arrest seen following DNA damage would increase IRES-mediated translation of full-length 

p53, providing the push needed to initiate apoptosis. 
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Figure 1.5 
Translation of p53 mRNA uses alternate initiation codons and is regulated by cap-
dependent and IRES-dependent mechanisms. Cap-dependent translation from the 
1st AUG yields full-length p53 protein. During G2/M cell cycle transition, or possibly 
during G2 arrest as a result of DNA damage, cap-dependent translation is impaired and 
translation of p53 may be regulated by an IRES located within the first 70 nucleotides 
of the p53 5'UTR. p53 protein itself, in addition to rpL26 and nucleolin, may act as an 
ITAF, stimulating or repressing IRES-mediated translation of p53. Efficient cap-
dependent translation of full-length p53 during the Gl/S transition may favour the 
activation of a second IRES within the p53 coding region that controls translation 
initiation at the 2nd AUG and production of the N-terminally truncated p53/47 protein. 
p53/47 can act in a dominant negative manner with full length p53 protein, thus 
representing a negative feedback loop that suppresses apoptotic signals during cell 
proliferation. Alternatively, evidence indicates that the p53/47 IRES could control 
internal translation initiation from both the 1st and 2nd initiation codons. 
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The apparent complexity of p53 translational control was revealed in a study which 

investigated p53 and p53/47 expression in various cancer cell lines (BT474, BT549, 

MLS-1765) under different apoptotic stress conditions (DNA damage, ER stress and serum 

starvation).59 p53/47 protein levels were differentially induced, suggesting that its IRES may 

be regulated by cell and stress-specific p53/47 ITAFs. 

The study also highlights conflicting results that often arise in the IRES field. While 

Candeias et al. provide ample data to confirm the existence and physiological importance of 

the p53/47 IRES, the authors conclude that the p53 IRES is not involved in the translational 

induction of full-length p53 during the response to DNA damage.59 This conclusion appears 

to be based on data from HT1299 cells (a p53 null colorectal cell line) transfected with 

plasmids expressing full-length p53 mRNA without the UTRs. Exposure to the DNA 

damaging agent doxorubicin or the ER stress inducing drug tunicamycin, caused a modest 

(1.4 fold) increase in p53 protein levels in the absence of protease inhibitor. The authors 

interpret this UTR-independent increase in protein levels as evidence that the induction is 

due to a cap-dependent mechanism. However, it is likely that this increase of full-length p53 

is simply due to increased protein half-life as found in previous studies.50,57 Indeed, in the 

same figure it is clear that endogenous p53 protein levels in other cell lines are induced more 

than 2-fold, suggesting that the UTRs, and likely the IRES participate in this induction 

following DNA damage or ER stress (c.f. Figure 1A in reference 59). 

A more rigorous experiment was presented with p53 overexpressing cells (no UTRs) 

versus endogenous p5 3-expressing cells treated with doxorubicin or tunicamycin and 

labelled with 35S-methionine in the presence of a proteosome inhibitor. Newly synthesised 
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full-length p53 was immunoprecipitated and an increase in de novo protein synthesis was 

observed in both the p53 ORF-expressing and endogenous p53-expressing cell lines. The 

authors interpret these data as evidence that the UTRs are not required for induction of p53 

protein following DNA damage or ER stress. Close inspection of the data as presented (albeit 

without error bars) reveals that endogenous p53 levels are increased at least 25-fold after 

doxorubicin treatment and 8-fold after tunicamycin treatment (c.f. Figure 2B in reference 

59) . This is in contrast to the UTR-independent, overexpressing p53 cell line that showed a 

respective 6- and 2-fold increase after doxorubicin and tunicamycin treatment (relative to 

DMSO control). Although there does appear to be a significant increase in protein synthesis 

in cells expressing p53 RNA lacking UTRs, there is certainly a UTR-dependent increase in 

translation (at least 4-fold) as well. 

Even before the identification of a p53 IRES, previous reports have supported a 

5'UTR dependent regulation of p53 translation. Mosner and colleagues showed that the 

translation of p53 mRNA is negatively regulated via its 5'UTR by p53 protein itself.52 More 

recently it has been demonstrated that the ribosomal protein L26 specifically induces p53 in 

trans.54 The L26-mediated activity was mapped to a region within the first 70 nucleotides of 

the p53 5'UTR - the region which we now know contains an IRES. Further, the same study 

identified nucleolin as a 5'UTR-dependent repressor of p53 translation. Although ITAF 

function was not formally ascribed to these p53 5'UTR-interacting proteins, it is likely that 

their modulation of p53 translation is IRES-dependent. 

The induction of p53 translation in the absence of its UTRs could be explained if one 

considers the possibility that the IRES directing the translation of p53/47 (located within the 
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coding region of the p53 mRNA) could also modulate translation of the upstream initiation 

codon, namely that of full-length p53 (Figure 1.5). A similar bi-directional IRES has recently 

been reported downstream of the first translation initiation codon in the HIV-2 genome that 

regulates no less than three isoforms of Gag protein.57 

More work needs to be done in order to tease apart the role that these IRES play (if 

any) in regulating p53-dependent apoptotic pathways and tumourogenesis. Can the loss of 

IRES-dependent p53 translation increase tumourogenicity? Is IRES-dependent p53 

translation affected in tumours with a wildtype p53 genotype? Are other p53 family members 

(p63, p73) regulated via IRES? 

Perspectives and outlook 

In the last several years, translational control has emerged as a central player in cell growth, 

differentiation and apoptosis. During these normal cellular processes, or in many 

pathophysiological situations, the cell will mount a response to changing environmental 

conditions. As we have discussed in this review, the stress response is characterized by a 

reduction in cap-dependent translation of non-essential transcripts. We have reviewed several 

mechanisms by which this global decrease in translation may occur, however the relative 

contribution of these specific mechanisms toward translation arrest during apoptosis or 

within the complex framework of human disease is still not entirely clear. 

IRES-dependent translation initiation appears to provide the cell with the ability to 

synthesize specific proteins that can influence the decision to either recover from the stress 

or to proceed with apoptosis. The importance of this mechanism of translational control has 
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been recently demonstrated in the rare congenital disorder X-DC, which draws a direct link 

between the specific impairment of IRES-mediated translation and the complex, tissue-

specific disease phenotype (susceptibility to cancerous growth in thymocytes, but increased 

apoptosis in hematopoietic cells). The observed tissue-specificity of IRES activity in X-DC 

and in cell culture models points to a role for ITAFs in regulating the strength of an IRES. 

The role that IRES-mediated translation may play in tumourogenesis is only just being 

uncovered. IRES-mediated translation of p53 family members and evidence that tumour-

associated hypoxia and/or ER stress can activate anti-apoptotic IRES, suggest that changes in 

IRES function during tumourogenesis could push the cell towards a more malignant 

phenotype. 

Researchers continue to identify ITAFs and their respective IRES, however future 

work will most certainly shed light on how they are co-regulated in the context of specific 

stresses. The advent of systems approaches has allowed the identification of IRES elements 

on a genomic scale within specific cellular contexts (e.g. TSAA). Genome-level siRNA 

screens may hold promise for the identification of novel ITAFs and could allow for the 

classification of common ITAF-IRES relationships. In addition, this approach may also 

identify the role of canonical elFs in IRES-dependent translation. Many questions about the 

basic mechanism of IRES-mediated translation will be answered with these approaches. 

Does stress-induced modification of ribosomal proteins favour IRES-dependent translation 

initiation? Are there common sequence and/or structural elements that confer IRES activity 

or do IRES preferentially behave as individuals? Is there a minimum cohort of ITAFs that is 
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required for basal IRES activity? Are canonical elFs involved in IRES translation and, if yes, 

what is their role? 

IRES-mediated translation has been postulated to provide the cell with a high degree 

of spatial and temporal control that is often needed to mount an appropriate response to 

upstream stress signals. Recent work reviewed in this article has begun supporting this 

hypothesis in physiological relevant models of human disease. It is only a matter of time 

before we are able to exploit this knowledge with the design of novel therapeutics 

specifically targeting IRES-mediated translation of mRNAs that are involved in the control 

of apoptosis. 
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CHAPTER 2 

The eIF4G homolog DAP5/p97 supports the translation 

of select mRNAs during endoplasmic reticulum stress 



Preamble 

"The eIF4G homolog DAP5/p97 supports the translation of select mRNAs during 

endoplasmic reticulum stress" was first published as a research article in the periodical 

Nucleic Acids Research (volume 36, January 2008). The article identifies p97 as an ITAF 

targeting translation of its own mRNA. This positive feedback loop provides the cell with 

increased expression of full-length p97 during ER stress that causes its caspase-mediated 

cleavage into the p86 fragment. The article also highlights the specific requirement of p86 

for cIAPl IRES activity and provides evidence for the in vivo interaction of cIAPl mRNA 

with both p97 and p86. 

Author list: Stephen M. Lewis, Sonia Cerquozzi, Tyson E. Graber, Nicoleta Hosszu 

Ungureanu, Meghan Andrews, and Martin Holcik 

Author contributions: SML, TEG, MH wrote the article. TEG designed and performed 

experiments presented in Figures 2.1, 2.3B ("HIAP2" IRES assay). TEG provided technical 

support and advised on experimental design for experiments presented in Figures 2.2, 2.4A 
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Abstract 

DAP5/p97 is a member of the eIF4G family of translation initiation factors that has been 

suggested to play an important role in the translation of select messenger RNA molecules. 

We have shown previously that the caspase-cleaved form of DAP5/p97, termed p86, is 

required for the induction of the endoplasmic reticulum (ER)-stress responsive internal 

ribosome entry site (IRES) of the caspase inhibitor HIAP2. We show here that expression of 

DAP5/p97 is enhanced during ER stress by selective recruitment of DAP5/p97 mRNA into 

polysomes via the DAP5/p97 IRES. Importantly, enhanced translation mediated by the 

DAP5/p97 IRES is dependent on DAP5/p97 itself, thus providing a positive feedback loop. 

In addition, we show that activation of DAP5/p97 and HIAP2 IRES during ER stress 

requires DAP5/p97. Significantly, the induction of DAP5/p97 during ER stress is caspase-

independent whereas the induction of HIAP2 requires proteolytic processing of DAP5/p97. 

Thus, DAP5/p97 is a translational activator that selectively modulates translation of specific 

mRNAs during conditions of cellular stress in both a caspase-dependent and caspase-

independent manner. 

Introduction 

Selective translation of messenger RNAs (mRNAs) has emerged as an important mechanism 

that regulates gene expression, particularly in response to various physiological and 

pathophysiological conditions that require rapid changes in gene expression profiles. mRNAs 

that employ selective translation utilize various regulatory elements, most often located 

within their 5' untranslated regions (UTRs), which allow preferential translation. For 
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example, the 5'UTR of the transcription factor ATF4 contains two short upstream open 

reading frames that render translation of the ATF4 reading frame inefficient.1,2 However, 

translation of ATF4 is specifically increased under conditions of increased eIF2a 

phosphorylation, such as during endoplasmic reticulum stress (ER) and the unfolded protein 

response, although the rate of global protein synthesis is reduced.3 Another stress-induced 

mode of translation initiation takes advantage of internal ribosome entry site (IRES) 

elements located within 5'UTRs, that permit cap-independent translation.4 IRES were 

originally discovered in picornaviruses, where they initiate translation of naturally uncapped 

viral RNAs.5'6 Interestingly, cellular IRES are found largely in mRNAs that encode proteins 

with important roles in differentiation, cell growth and proliferation, and the regulation of 

apoptosis, suggesting that the selective modulation of IRES-mediated translation is critical 

for the regulation of cell death and survival.4-7 

The precise molecular mechanism of cellular IRES-mediated translation is not fully 

understood. Several studies have shown that most, if not all, cellular IRES require various 

auxilliary proteins termed ITAFs (IRES trans-acting factors) for efficient IRES-mediated 

translation.8'9 While the requirement for ITAFs is not the same for all cellular IRES, it is 

generally believed that these factors may function as RNA chaperones that aid in the 

remodelling of proper IRES conformation and therefore allow access of the ribosome.4 

Alternatively, ITAFs may also directly recruit the ribosome to an IRES through interaction 

with ribosomal subunits. The requirement for canonical initiation factors in IRES-mediated 

translation is even less understood. Several studies have suggested that members of the 

eIF4G family may be required for cellular IRES-mediated translation, in particular during 
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conditions of cellular stress and compromised global protein synthesis. It was shown that 

caspase-cleaved fragments of two family members, eIF4GI and DAP5/p97, can specifically 

enhance translation mediated by several cellular IRES, including those of Apaf-1, c-myc, 

HIAP2, XIAP, and DAP5/p97 mRNAs.1013 Furthermore, using a HeLa cell-free translation 

system, the full-length DAP5/p97 was shown to support translation mediated by the c-myc, 

HIAP2, and XIAP IRES elements in eIF4G-depleted extracts.14 More recently, DAP5/p97 

was suggested to control cell proliferation by regulating the translation of cell cycle proteins 

such as p27KiP1.15 

In this study we have investigated the role of DAP5/p97 in modulating selective 

translation of IRES-containing mRNAs during ER stress. We show that DAP5/p97 is 

necessary for specific activation of at least two cellular IRES elements during 

pharmacologically induced ER stress. We find that expression of DAP5/p97 and an inhibitor 

of apoptosis protein HIAP2 are enhanced during ER stress; their mRNAs are selectively 

recruited to the polysomes via IRES elements located in their respective 5'UTRs. We further 

find that this process is dependent on DAP5/p97, as reducing the levels of endogenous 

DAP5/p97 by RNA interference abrogated the IRES-mediated translation of both DAP5/p97 

and HIAP2 during ER stress. Moreover, we find that proteolytic cleavage of DAP5/p97 to 

the DAP5/p86 isoform is not required for the translational induction of DAP5/p97 during ER 

stress. Thus, a positive feedback loop exists in which ER stress results in elevated levels of 

DAP5/p97 that, in rum, activate translation of specific mRNAs such as HIAP2 and DAP5/ 

p97 itself under conditions of reduced cap-dependent translation. 
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Materials and Methods 

Cell culture and reagents. Human embryonic kidney (293T), or human cervical carcinoma 

(HeLa) cells were maintained in standard conditions in Dulbecco's modified Eagle's medium 

(DMEM; Wisent Inc.) supplemented with heat inactivated 10% fetal calf serum (FCS), 2 mM 

L-glutamine and 1% antibiotics (100 U/ml penicillin-streptomycin). Transient transfections 

were performed using LipofectAMINE 2000 reagent (Invitrogen, Carlsbad, CA) according to 

the manufacturer's protocol. Briefly, cells were seeded at a density of 6 x 105 cells/well in 6-

well plates and were transfected 24 h later in serum-free OPTI-MEM medium (Invitrogen, 

Carlsbad, CA) with 2 ug of DNA per well. siRNA transfections were performed using 

RNAifect according to the protocol provided by the manufacturer (Qiagen, Chatsworth, CA). 

Briefly, cells were seeded at a density of 5 x 105 cells/well in 6-well plates and were 

transfected 24 h later in serum-free DMEM with a 20 nM final concentration of DAP5/p97 

siRNA or a non-silencing control siRNA (Qiagen, Chatsworth, CA). The target sequences of 

the DAP5/p97 siRNA oligonucleotides are as follows: #1- aatgtgggtgtagagtctaaa ;#2-

aagcactagacgaaggaa ; #3- aaccagagtcagggactctta ; #4- aaggaccgcatgttggagatt. Cells were 

collected for analysis 24, 48, or 72 h post-transfection. For the ER stress experiments, cells 

were treated with tunicamycin at indicated doses or DMSO for 24 h and then collected for 

analysis as described below. Caspase inhibition during ER stress was achieved by pre-

incubating cells with 100 uM Z-VAD-FMK (Calbiochem, San Diego, CA) for 6 h, followed 

by co-incubation with 8.5 uM tunicamycin and 100 uM Z-VAD-FMK for an additional 24 h. 

The bicistronic vectors pPgal/(-162)/CAT (containing the XIAP IRES and hence referred to 
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as pPgal/XIAP/CAT in the manuscript), pPgal/p97/CAT (containing the eukaryotic initiation 

factor DAP5/p97 IRES), and pPgal/HIAP2/CAT (containing the HIAP2 IRES) were 

described previously.10>u'15'16 The expression vectors for FLAG-DAP5/p97 and FLAG-p86 

were described previously.11 

Cell viability. 293T cells were transiently transfected in 6-well plates with either DAP5/p97 

siRNA or non-targeting (scr) siRNA as described above. For rescue experiments, cells were 

additionally transfected with expression vectors encoding either GFP or DAP5/p97 cDNAs. 

24 h post-transfection the cells were harvested and cell viability was determined using a cell 

viability analyzer (Vi-Cell; Beckman Coulter, Fullerton, CA) for each treatment. All data are 

shown as an average ±SD of three independent experiments performed in triplicate. Western 

blots were performed on parallel samples to determine the levels of DAP5/p97 and GAPDH 

expression. 

P-galactosidase and CAT analysis. Transiently transfected cells were washed twice in 1 ml 

PBS and harvested in 300 ul CAT ELISA kit lysis buffer according to the protocol provided 

by the manufacturer (Roche Molecular Biochemicals, Indianapolis, IN). P-galactosidase (P~ 

gal) enzymatic activity was determined by spectrophotometric assay using o-nitrophenyl-P-

D-Galactopyranoside as previously described.17 CAT levels were determined using the CAT 

ELISA kit according to the protocol provided by the manufacturer (Roche Molecular 

Biochemicals, Indianapolis, IN). The relative IRES activity was determined as a ratio of 
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CAT/p-Gal. All data are shown as an average ±SD of three independent experiments 

performed in triplicate. 

Western blot analysis. Cells were harvested in ice-cold PBS and cell extracts were prepared 

in RIPA buffer (1 % Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 

mM sodium phosphate [pH 7.2], 2 mM EDTA, 0.1 mM phenylmethylsulphonyl fluoride) 

containing 10 ug /ml each of aprotinin, pepstatin A and leupeptin (all from Sigma). The 

lysates were then centrifuged at 14,000 x g for 10 min and supematants were collected. 

Protein concentration in the supematants was determined by protein assay kit (Bradford 

Assay, Bio-Rad, Richmond, CA). Equal amounts of protein samples were separated by 10% 

SDS-PAGE, transferred to PVDF membrane and analyzed by western blotting. The 

antibodies used were as follows: mouse monoclonal anti-GAPDH (Advanced 

Immunochemical Inc., Long Beach, CA), mouse monoclonal anti-HIAP2 (R&D), mouse 

monoclonal anti-GRP78/BiP (Transduction Laboratories, San Jose, CA), rabbit polyclonal 

anti-cleaved PARP (Cell Signaling Technologies, Danvers, MA). Rabbit polyclonal antibody 

to DAP5/p97 was raised against the synthetic peptide EFLGKTPGQNAQKWIPAR (amino 

acids 37-53) and purified (Open Biosystems, Huntsville, AL). All antibodies were used at the 

manufacturer's suggested dilutions and conditions followed by secondary antibody 

(horseradish peroxidase-conjugated sheep anti-mouse or anti-rabbit IgG; Amersham 

Biosciences, Picataway, NJ). Antibody complexes were detected using the ECL Plus and 

ECL western blotting detection systems (Amersham Biosciences, Picataway, NJ). For the 

purposes of quantification of protein expression, parallel western blots were performed as 
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described above but the secondary antibody used was Alexa Fluor 680 goat anti-mouse, anti-

rat, or anti-rabbit IgG (Ll-Cor Inc, Lincoln, NE). Antibody complexes were then detected 

and quantified using the Odyssey Infrared Imaging system (Ll-Cor Inc, Lincoln, NE). All 

quantification data are shown as an average ±SD of three independent experiments. 

Quantitative RT-PCR. Total RNA was isolated from tunicamycin-treated or control cells 

that were previously transfected with the pPgal/p97/CAT or pPgal/HIAP2/CAT reporter 

plasmids using the Absolutely RNA miniprep kit (Stratagene, la Jolla CA) as directed by the 

manufacturer's instructions. For quantitative RT-PCR, reverse transcription was carried out 

using the First-Strand cDNA Synthesis kit (Amersham Biosciences, Piscataway, NJ) with 

oligo d(T)i8 primers. The quantitative PCR was performed using the QuantiTect SYBR green 

PCR kit (Qiagen) and analyzed on an ABI Prism 7000 sequence detection system using the 

ABI Prism 7000 SDS Software. Quantitative PCRs were carried out to detect Pgal (5'-

ACTATCCCGACCGCCTTACT-3'; 5'-CTGTAGCGGCTGATGTTGAA-3') and CAT (5'-

GCGTGTTACGGTGAAAACCT-3'; 5'-GGGCGAAGAAGTTGTCCATA-3') as described 

previously.18 

Analysis of polysome-associated mRNAs. Polysomes from treated and untreated cells were 

collected using sucrose-gradient centrifugation as described previously.19 RNA was isolated 

from individual fractions using the Absolutely RNA miniprep kit (Stratagene, la Jolla, CA) 

according to the manufacturer's instructions. Indicated fractions (polysomes and 40S/60S/ 

80S) were pooled and cDNA was generated for each pool using an oligo d(T)is primer and 
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the Bulk 1st Strand Syntesis kit according to the protocol provided by the manufacturer 

(Amersham Biosciences). cDNA was then used as a template for quantitative PCR using the 

QuantiTect SYBR Green PCR kit (Qiagen) and analyzed on an ABI Prism 7000 detection 

system as described above. Quantitative PCR reaction were carried out to detect BiP 

(forward: TGC AGC AGG ACA TCA AGT TC; reverse: AGT TCC AGC GTC TTT GGT 

TG), DAP5/p97 (forward: CTC TTA TCC CAG CTG CAA GG; reverse: CCC AGA GGT 

GGT GTT TGA GT), NF90 (forward: CCG TGA TGT TCC CTG TTT CT; reverse: CGT 

GTG TTG GCA CAA ACT TC), HIAP2 (forward: TGG CCT TTC ATT CGT ATC AAG A; 

reverse: TCT GGA GAT GAT CCA TGG GTA GA), Actin (forward: CTG GAA CGG TGA 

AGG TGA CA; reverse: AAG GGA CTT CCT GTA ACA ATG CA), and ATF4 (forward: 

CCT ACG TTG CCA TGA TCC CT. reverse: CTT CTG GCG GTA CCT AGT GG). 

Analysis of global protein synthesis. HEK293T cells were seeded at 2.5 x 105 cells per well 

in a 6-well plate. Twenty-four hours later, cells were transfected with 0.5 jig/well siRNA 

(scrambled control or DAP5/p97 siRNA) as described above. Twenty-four hours post-

transfection the media was replaced with methionine/cysteine-free minimal essential medium 

(Invitrogen) in which L-cysteine was added to a final concentration of 63mg/L and the cells 

were incubated at 37°C for 15 minutes. Cells were metabolically labelled by incubating at 

37°C for 20 minutes in labelling media supplemented with 100 uCi/ml [35S]-Methionine (GE 

Healthsciences). Cells were then washed in ice-cold PBS and harvested for 20 min at 4°C in 

RIPA buffer containing 10 pg /ml each of aprotinin, pepstatin A and leupeptin. The lysates 

were then centrifuged at 14,000xg for 10 min and supematants were collected. Protein 
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concentration in the supernatant was determined by protein assay kit (Bradford Assay, Bio-

Rad), and equal amounts of protein samples (20 ug) were separated by 10% SDS-PAGE. The 

total proteins were visualized by Coomasie brilliant blue (R-250) staining and the 35S 

incorporation was visualized by autoradiography. 

Co-precipitation of mRNA:protein complexes. The co-precipitation of mRNA:protein 

complexes was performed essentially as described.20 Briefly, HEK293T cells were 

transfected with pCI, FLAG-DAP5/p97, or FLAG-DAP5/p86, and cytoplasmic lysates were 

harvested 24 h later by incubating 5 x 106 cells on ice for 5 minutes in 750 ul of cytoplasmic 

lysis buffer (20 mM Tris-Cl [pH 7.4], 100 mM KC1, 5 mM MgCh, 0.3% IGEPAL CA-630, 

RNasin [Promega], 1 mM PMSF, and protease inhibitors), then clarified by centrifugation at 

10,000 x g for 10 minutes. 375 ul of cytoplasmic extract was incubated with 50 ul of a 50 % 

(v/v) suspension of anti-FLAG-coated agarose beads (Sigma) for 1 h at 4°C, and then the 

beads were then washed 5 times in NT2 buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1 

mM MgCb, and 0.05% NP-40). Contaminating DNA was removed from the sample by 

incubating the beads in 100 ul of NT2 buffer supplemented with 2 ul DNase I (Invitrogen) 

for 40 minutes at 30°C. The beads were washed twice in NT2 buffer, and bound proteins 

were digested by incubating the beads in 100 ul NT2 buffer containing 0.1% SDS and 

supplemented with 0.5 mg/ml Proteinase K for 10 minutes at 55°C. RNA was then extracted 

using phenohchloroform and precipitated in the presence of Glycoblue (Ambion, Austin, 

TX). Precipitated mRNA was detected by RT-PCR and visualized on a 1.5% agarose gel by 

ethidium bromide staining. 
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Results 

Endoplasmic reticulum stress enhances translation ofDAP5/p97 

Induction of ER stress by various triggers results in enhanced translation of the inhibitor of 

apoptosis (IAP) protein HIAP2 in various cell types.11-21 In addition, induction of ER stress 

leads to caspase-dependent cleavage of the DAP5/p97 protein, a member of the eIF4G 

family of initiation factors, to generate a p86 isoform that specifically enhances translation of 

HIAP2 via an IRES element located within the 5'UTR of HIAP2 mRNA.11 While 

investigating the role of DAP5/p97 in ER stress, we have noticed that the levels of DAP5/ 

p97 are also elevated following induction of ER stress by tunicamycin (an inhibitor of 

protein glycosylation) or thapsigargin (an inhibitor of ER calcium pump) (Figure 2.1 and 

data not shown). The induction of DAP5/p97 expression by tunicamycin was dose-dependent 

and paralleled the expression pattern of known ER stress-inducible genes GRP78/Bip and 

HIAP2 (Figure 1 A). Examination of DAP5/p97 and HIAP2 mRNA levels from treated and 

untreated samples by quantitative RT-PCR revealed that the levels of mRNA did not change 

following drug treatment (Figure 2C and Wamakulasuriyarachchi et al11). These data indicate 

that the observed changes in DAP5/p97 protein levels are likely due to translational up-

regulation. 

To confirm that DAP5/p97 translation is indeed enhanced during ER stress, we 

examined the association of DAP5/p97 mRNA with polysomes in DMSO and tunicamycin-

treated cells. Enhancement of DAP5/p97 expression at the translational level should result in 

50 



Figure 2.1 
ER stress causes induction of eukaryotic initiation factor DAP5/p97 expression. 
(A) Western blot analysis of endogenous DAP5/p97 and HIAP2 proteins in 293T cell 
lysates treated with DMSO (Ctrl) or indicated doses of tunicamycin (Tm). The 
induction of ER stress that was confirmed by western blot analysis for the ER 
chaperone BiP, and the membrane was probed with anti-GAPDH as a loading control. 
(B) The densitometric analysis of DAP5/p97 and HIAP2 protein expression (relative to 
GAPDH) from three independent experiments (average ±SD). 
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Figure 2.2 
DAP5/p97 and HIAP2 mRNAs remain associated with polysomes during ER 
stress. (A) Polysome profiles from tunicamycin (Tm; 8.5 uM) or DMSO-treated cells 
were generated as described in Materials and Methods. (B) The polysomal distribution 
of actin and BiP mRNAs (shown as percentage of total RNA) was used to confirm the 
induction of ER stress and validate the qRT-PCR approach. Mean ±SEM of two 
independent experiments performed in triplicates is shown. The images of agarose gels 
on the right are representative of results from RT-PCR reactions that were run in 
parallel. (C) The levels of DAP5/p97 and HIAP2 mRNAs that remain associated with 
polysomes in Tm-treated cells (relative to actin) were determined as in (B). The 
polysomal association of ATF4, which is known to be translated during ER stress, was 
used as positive control; NF90, which is not known to be translated during ER stress, 
was used as negative control. Average ±SD of two independent experiments performed 
in triplicate. DMSO treated samples were set as 100. 
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recruitment of DAP5/p97 mRNA into the polysomal fraction. Polysomal mRNA was isolated 

from total cellular mRNA by sucrose gradient centrifugation. The typical optical density 

profile of the sucrose gradient recorded at 254 nm is shown in Figure 2.2A. The top fractions 

(fractions 2-5) represent free mRNAs and ribosomal complexes (40S, 60S and 80S) and 

were pooled together for future mRNA analysis. Conversely, the bottom fractions (fraction 

6-10) represent mRNA molecules associated with polysomes. We observed that treatment of 

cells with tunicamycin resulted in a significant inhibition of proteins synthesis as 

demonstrated by a considerable decrease in the polysome peak and concomitant 

accumulation of free mRNAs and an increase in the monosome peak (Figure 2.2A). We 

performed control experiments to verify that tunicamycin-induced ER stress results in an 

inhibition of general protein synthesis (as evidenced by the distribution of actin mRNA) 

while supporting selective translation of ER stress-inducible genes (as evidenced by the 

distribution of BiP mRNA).22 Indeed, examination of the distribution of actin mRNA showed 

that 70% of total actin mRNA is associated with polysomes in DMSO-treated cells, whereas 

only 10% of total actin mRNA remains in polysomes during tunicamycin-induced ER stress 

(Figure 2.2B). In contrast, the mRNA of BiP, a known ER stress-inducible gene, remains 

associated with polysomes in tunicamycin-treated cells (Figure 2.2B). 

Next, we analyzed the polysomal association of DAP5/p97 mRNA in DMSO and 

tunicamycin-treated cells. We observed that there was a significant increase in the amount of 

DAP5/p97 mRNA associated with polysomes in tunicamycin-treated cells (relative to actin 

mRNA) (Figure 2.2C). We did not observed any increase in the amount of total DAP5/p97 

mRNA, indicating that enhanced transcription does not contribute to the observed increase in 
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polysome-associated DAP5/p97 mRNA. As a control, we analyzed the expression of ATF4, 

which is known to increase in response to ER stress by both increased transcription and 

translation.23 As expected, we observed an increase in total ATF4 mRNA as well as 

polysomal-associated ATF4 mRNA (Figure 2.2C). Similar to DAP5/p97 mRNA, HIAP2 

mRNA was also found to be mobilized into polysomes in ER-stressed cells without a 

concomitant increase in total HIAP2 mRNA levels (Figure 2.2C). In contrast, mRNA levels 

of NF90 24, a transcription factor that is not known to be induced during ER stress and was 

chosen randomly as a control, decreased in both total and polysome fractions. 

These observations are consistent with the notion that pharmacologically induced ER 

stress results in a significant increase in the translation of DAP5/p97 and HIAP2 due to the 

selective recruitment of their mRNAs into polysomes. 

Translational induction ofDAP5/p97 during ER stress is mediated by its IRES 

The data described above confirm that the translation of DAP5/p97 and HIAP2 is selectively 

enhanced during ER stress. We have previously established the regulatory mechanism for the 

translational control of HIAP2 in response to ER stress.11 The 5'UTR of HIAP2 encodes a 

short upstream open reading frame (uORF) that mediates repression of HIAP2 expression.25 

Adjacent and overlapping with the uORF is an inducible IRES element that allows for 

selective translational induction of HIAP2 during pharmacologically induced ER stress n 

and also in cells treated with etoposide or sodium arsenite.26 The key step in the translational 

up-regulation of HIAP2 during ER stress is caspase-dependent cleavage of DAP5/p97, which 

generates the p86 fragment that specifically enhances IRES-mediated translation of HIAP2 . 
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11 In addition, DAP5/p86 was shown to be involved in translation of other IRES elements 

such as those found in the Apaf-1 and DAP5/p97 mRNAs.10'12 We therefore wished to 

examine if translational induction of DAP5/p97 during ER stress is mediated by its IRES 

element. To assess DAP5/p97 IRES activity, we used the previously described bicistronic 

reporter plasmids containing the IRES elements ofDAP5/p97, HIAP2 (positive control) and 

XIAP (negative control).10,11,16 HEK293T cells were transiently transfected with bicistronic 

reporter constructs and the IRES activity was determined in control (DMSO treated) or 

tunicamycin-treated cells 24 h later. We observed dose-dependent induction of DAP5/p97 

and HIAP2 IRES activity by tunicamycin treatment (Figure 2.3B). In contrast, the activity of 

the XIAP IRES remained unchanged in tunicamycin-treated cells, as reported previously.11 

To eliminate the possibility that the observed IRES activity in tunicamycin-treated cells is 

due to the presence of cryptic promoters or spurious splicing events, we assessed the levels 

and integrity of the reporter mRNA by quantitative RT-PCR analysis as described.18 Total 

RNA was isolated from cells treated with either DMSO or tunicamycin that were previously 

transfected with the bicistronic plasmids. cDNA was produced by reverse transcription and 

was used as a template for quantitative PCR analysis using primers that amplify a portion of 

the P-Gal coding region and a portion of the CAT coding region. As shown in Figure 2.3C, 

the ratio of the CAT and P-Gal cistrons remained unchanged in cells treated with 

tunicamycin as compared to cells treated with DMSO. These data confirm that the integrity 

of the bicistronic RNA transcript produced from the reporter plasmids is not affected by 

tunicamycin. We therefore conclude that translational induction of p97 during tunicamycin-

induced ER stress is mediated by the IRES elements in their respective mRNAs. 

55 



Figure 2.3 
The activity of the DAP5/p97 IRES element is enhanced during ER stress. (A) 
Schematic diagram depicting the bicistronic reporter constructs harbouring the IRES 
elements of DAP5/p97, HIAP2, and XIAP used in this study. (B) HEK293T cells were 
transiently transfected with the indicated bicistronic constmcts and the effect of 
tunicamycin (Tm) treatment or DMSO treatment on IRES-mediated translation was 
determined by measuring the p-Gal and CAT levels as described in Materials and 
Methods. Relative IRES activity (CAT/p-Gal) was determined for three independent 
experiments performed in triplicate. Average ±SD. The activity of each construct in 
DMSO-treated cells was set as 1. (C) Quantitative RT-PCR analysis of p-Gal and CAT 
cistron RNA was used to test for cryptic promoter activity and spurious splicing of the 
DAP5/p97 IRES and HIAP2 IRES-containing bicistronic RNAs. Values are expressed 
as CAT relative to p-Gal (2-[ct<CAT) - Ct(PGal)l). Average ±SD of three independent 
experiments performed in triplicate. 
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IRES-mediated translation ofDAP5/p97 andHIAP2 is dependent on DAP5/p97 

We have shown that the enhanced translation of DAP5/p97 and HIAP2 during tunicamycin-

induced ER stress (as evidenced by the selective recruitment of DAP5/p97 and HIAP2 

mRNAs to polysomes) is mediated by their respective IRES elements. DAP5/p97 is a 

translation initiation factor belonging to the eIF4G family that has been shown previously to 

stimulate the translation of several IRES elements.10-12,14 We therefore wished to examine the 

activity of the DAP5/p97 IRES and HIAP2 IRES in cells depleted of DAP5/p97 to determine 

if the activities of the DAP5/p97 IRES and HIAP2 IRES are dependent on the presence of 

DAP5/p97 in tunicamycin-treated cells. Cells were transfected with DAP5/p97 siRNA or 

non-silencing control siRNAs and the extent of DAP5/p97 knockdown was determined in 

DMSO and tunicamycin-treated cells. We observed that all four DAP5/p97 siRNAs, 

individually or in combination, significantly reduced expression of DAP5/p97 (Figure 2.4A 

and data not shown). 

First, we investigated the effect of DAP5/97 downregulation on global protein 

synthesis by metabolic labelling and by examining polysome profiles from DAP5/p97 

siRNA and control siRNA-treated cells. We found that reduced expression of DAP5/p97 had 

no significant effect on global protein synthesis (Figure 2.4A). In contrast, the activities of 

the DAP5/p97 IRES and HIAP2 IRES were severely impaired in control as well as 

tunicamycin 

57 



Figure 2.4 
DAP5/p97 knockdown impairs IRES translation and reduces cell viability. (A) 
HEK293T cells were transiently transfected with the indicated siRNA molecules and 
the levels of DAP5/p97 protein were determined by western blot analysis 24 h later. 
Polysome profiles were generated from control (scr) or DAP5/p97 siRNA-transfected 
cells as described in Materials and Methods section. Metabolic labelling of control and 
DAP5/p97 siRNA-transfected cells was performed using 35S-Met as described in 
Materials and Methods section and is shown on the right. (B) IRES activity of the 
DAP5/p97 and HIAP2 5'UTRs was determined in control or DAP5/p97 siRNA-
transfected cells treated with DMSO or 8.5 uM Tm using the bicistronic reporter 
plasmids described in Figure 2.3A. Average ±SD of three independent experiments 
performed in triplicate. Samples from DMSO-treated cells transfected with scrambled 
siRNA were set as 1. The levels of BiP, HIAP2, and GAPDH proteins were determined 
by western blot analysis and are shown on the right. (C) Cell viability of control (scr) 
or DAP5/p97 siRNA-transfected cells was determined 24 h post-transfection by 
counting viable cells using the Vi-Cell cell viability analyzer (Beckman Coulter). 
Average ±SD of three independent experiments performed in triplicate. For rescue 
experiments, the indicated plasmids were transfected into the cells at the time of 
siRNA transfection. The extent of DAP5/97 expression and/or knockdown was 
assessed by western blot analysis of parallel samples. 
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treated cells transfected with p97 siRNA (Figure 2.4B). Furthermore, transfection of cells 

with DAP5/ p97 siRNA, but not the control non-silencing siRNA, significantly reduced the 

levels of endogenous HIAP2 protein in response to ER stress (Figure 2.4B). Therefore, 

DAP5/p97 is necessary for IRES-mediated translational induction of HIAP2 and p97 in 

response to ER stress. 

We have shown previously that DAP5/p97-mediated induction of HIAP2 expression 

increases the resistance of cells to ER stress.11 We therefore wished to determine if 

downregulation of DAP5/p97 levels sensitizes cells to tunicamycin treatment. Surprisingly, 

we noted that transfection of cells with DAP5/p97 siRNA resulted in a significant loss of cell 

viability (Figure 2.4C), precluding us from assessing the tunicamycin sensitivity of the cells. 

The loss of viability was specific to DAP5/p97 downregulation, as non-silencing siRNA did 

not affect cell survival. Furthermore, we were able to rescue cell viability of DAP5/p97 

siRNA-transfected cells by elevating the levels of DAP5/p97 using an overexpression 

plasmid (Figure 2.4C). Taken together, our data suggest that loss of p97 is not compatible 

with cell survival, likely by impinging on the translation of specific cellular mRNAs. 

Translational induction ofDAP5/p97 during ER stress is caspase-independent 

Caspase cleavage of DAP5/p97 to the p86 isoform has been shown to be important for the 

activation of several IRES elements.10-12 Moreover, the DAP5/p86 isoform potently induces 

HIAP2 IRES activity, and caspase activity is required for the induction of HIAP2 IRES 

activity during ER stress.11 A recent report has shown that DAP5/p97 can affect IRES 

activity independent of caspase cleavage, suggesting that DAP5/p97 may be able to affect 
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IRES activity independently of proteolytic cleavage to the DAP5/p86 isoform.27 As we have 

found that DAP5/p97 is absolutely required for the induction of DAP5/p97 IRES activity 

during ER stress, we therefore wished to determine if caspase activity is required for the 

translational induction of DAP5/p97 during ER stress. Cells were pre-treated with the pan-

caspase inhibitor Z-VAD-FMK or DMSO for 6 h and then incubated with 8.5 uM 

tunicamycin in the presence or absence of 100 uM Z-VAD-FMK for an additional 24 h. 

Protein extracts were harvested and the levels of BiP, p97, GAPDH and cleaved PARP were 

assayed by western blot analysis. Surprisingly, we found that translational induction of 

DAP5/p97 during ER stress occurs in both the presence and absence of caspase activity 

(Figure 2.5A, lanes 2 and 4). These results indicate that translational induction of DAP5/p97 

during ER stress occurs in a caspase-independent manner. 

To further confirm the function of full-length DAP5/p97 in DAP5/p97 IRES 

activation, we cotransfected HEK293T cells with a DAP5/p97-overexpressing plasmid and 

either the DAP5/p97 IRES or the HIAP2 IRES-containing bicistronic reporter plasmids. We 

found that while overexpression of DAP5/p97 had no effect on the activity of the HIAP2 

IRES (Figure 2.5B and Wamakulasuriyarachchi et al11) it resulted in significantly enhanced 

activity of the DAP5/p97 IRES (Figure 2.5B). Thus, full-length DAP5/p97 is sufficient to 

drive the translation mediated by its own IRES element. 

We next sought to determine how full-length DAP5/p97 is able to modulate the 

activity of the DAP5/p97 IRES but not the HIAP2 IRES. We hypothesized that full-length 

DAP5/p97 may be able to bind to DAP5/p97 IRES-containing mRNA but not to HIAP2 

IRES-containing mRNA, whereas DAP5/p86 may bind to both p97 and HIAP2 mRNAs. 
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Figure 2.5 
Translational induction of DAP5/p97 during ER stress is caspase independent. (A) 
HEK293T cells were pre-treated with 100 uM Z-VAD-FMK or DMSO for 6 h and 
were then incubated with 8.5 uM tunicamycin or DMSO in the presence or absence of 
100 uM Z-VAD-FMK for an additional 24 h. Protein extracts were harvested, 
separated by 10% SDS-PAGE, transferred to PVDF membrane, and the levels of BiP, 
p97, GAPDH, and cleaved PARP were determined by western blot analysis. (B) IRES 
activity of the DAP5/p97 and HIAP2 5'UTRs was determined in DAP5/p97-
overexpressing or control plasmid transfected cells using the bicistronic reporter 
plasmids described in Figure 2.3A. Average ±SD of three independent experiments 
performed in triplicate. Samples from the control plasmid transfected cells were set as 
1. (C) Both DAP5/p97 and HIAP2 mRNA associate with full-length DAP5/p97. 
HEK293T cells were transfected with pCI, FLAG-DAP5/p97, or FLAG-DAP5/p86, 
and mRNA:protein complexes were co-precipitated using anti-FLAG coated agarose 
beads as described in Materials and Methods section. cDNA was produced from 
precipitated mRNA by reverse transcription (RT) using an oligo d(T)is primer, which 
was subsequently amplified by PCR using gene-specific oligonucleotide primers for 
DAP5/p97, HIAP2, and GAPDH. The resulting products were separated on a 1.5% 
agarose gel and visualized by ethidium bromide staining. 
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To test this hypothesis, we co-precipitated mRNAs associated with either full-length DAP5/ 

p97 or the DAP5/p86 caspase-cleavage product of p97. HEK293T cells were transfected 

with plasmids expressing FLAG-DAP5/p97, FLAG-DAP5/p86 or the empty pCI vector. 

Cytoplasmic extracts were harvested 24 h later, mRNA:protein complexes were co-

precipitated using anti-FLAG-coated agarose beads and the co-precipitated mRNA was 

isolated by phenolxhloroform extraction and amplified by RT-PCR. As expected we were 

able to co-precipitate both DAP5/p97 and HIAP2 mRNA with DAP5/p86 (Figure 2.5C, lane 

12). Surprisingly, we found that both DAP5/p97 and HIAP2 mRNA were co-precipitated 

with full-length DAP5/p97 (Figure 2.5C, lane 8). We could only weakly co-precipitate 

GAPDH mRNA with full-length DAP5/97 and not at all with DAP5/p86 (Figure 2.5C, lanes 

8 and 12), indicating some degree of specificity of DAP5/p97 and DAP5/p86 for mRNA 

ligands. These data indicate that both full-length DAP5/p97 and the DAP5/p86 isoform can 

bind to IRES-containing mRNAs and therefore suggest that factors other than the ability of 

these proteins to associate with their mRNA ligands (such as protein-protein interactions) 

control the effect of full-length DAP5/p97, as well as the DAP5/p86 isoform, on IRES 

activity. 

Discussion 

In this work, we demonstrate that a member of the eIF4G translation initiation factor family, 

DAP5/p97, is necessary for the specific activation of at least two cellular IRES elements 

during pharmacologically induced ER stress. We find that DAP5/p97 and HIAP2 protein 

levels are enhanced during ER stress; their mRNAs are selectively recruited to the polysomes 
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via IRES elements located within their respective 5'UTRs. We further find that this process 

is dependent on DAP5/p97, as reducing the levels of endogenous DAP5/p97 by RNA 

interference abrogated both the translation and IRES activity of DAP5/p97 and HIAP2 

during ER stress. Thus, in a positive feedback loop the triggering of ER stress results in 

elevated levels of DAP5/p97 that, in turn, activate translation of specific mRNAs such as 

HIAP2 and DAP5/p97 itself under conditions of reduced cap-dependent translation. 

Moreover, while cleavage of p97 to the DAP5/p86 isoform is required for the induction of 

HIAP2 IRES activity during ER stress n , the translational induction of DAP5/p97 during ER 

stress is mediated by DAP5/p97 itself in a caspase-independent manner. The pivotal role of 

DAP5/p97 is further strengthened by our observation that siRNA-mediated reduction of 

DAP5/p97 results in cell death. 

DAP5/p97 was identified by several groups by virtue of its homology to eIF4G 28, as 

a target of the APOBEC-1 editing enzyme that is heavily edited in the liver 29 and in a 

functional screening assay to identify modulators of interferon-induced apoptosis.30 DAP5/ 

p97 shares significant homology to eIF4G; however, this homology is restricted to the central 

and C-terminal portions of eIF4G.31 Like eIF4G, DAP5/p97 can interact with eIF3, eIF4A 

and Mnk-1.29'32'33 Unlike eIF4G, however, DAP5/p97 lacks the amino-terminal portion that 

includes the eIF4E and PABP-binding domains. Therefore, it is believed that DAP5/p97 

cannot support cap-dependent translation initiation. Consistent with this idea, overexpression 

of DAP5/p97 was found to repress both cap-dependent and EMCV IRES-dependent 

translation, presumably by sequestering eIF3 and eIF4A in inactive complexes.28-29 In 

contrast, however, DAP5/p97-null ES cells have normal levels of global protein synthesis 

63 



and show no differences in the activities of several IRES.34 Furthermore, many studies have 

shown that the caspase-cleaved fragment of DAP5/p97 (termed DAP5/p86), but not the full-

length DAP5/p97, is capable of specifically enhancing the translation mediated by the 

Apaf-1, c-myc, XIAP, and HIAP2 IRES elements.10-13 Thus a model has emerged in which 

DAP5/p97 is activated by caspase cleavage and the resulting DAP5/p86 fragment functions 

as a specific translation initiation factor for cellular IRES, in particular during conditions of 

pathophysiological stress.4,7- n-M 

However, several recent publications have challenged this model. It was shown that 

the addition of exogenous DAP5/p97 can stimulate the activity of the XIAP, c-myc, DAP5/ 

p97 and HIAP2 IRES elements in a HeLa-based cell-free translation system depleted of 

eIF4G.14 More recently, it was shown that DAP5/p97 can function as an activator of 

translation in vivo and this function of DAP5/p97 does not necessarily require proteolytic 

processing.27-35 In these experiments, DAP5/p97 was found to be associated with polysomes, 

overexpression of DAP5/p97 resulted in the activation of cap-dependent reporter mRNA 

translation and global protein synthesis and siRNA-mediated knockdown of DAP5/p97 led to 

a reduction of global protein synthesis. These observations are all consistent with the role of 

DAP5/p97 as an activator of translation. In addition, reduced DAP5/p97 levels result in a 

reduction in cell viability and embryonic lethality in both zebrafish and mouse.27'34,35 Our 

data confirm the observation that DAP5/p97 knockdown is not compatible with cell survival. 

However, in contrast to the data of Lee and McCormick15 we find that a reduction in DAP5/ 

p97 levels does not affect global protein synthesis (Figure 2.4A). The likely explanation for 

this discrepancy is that, while Lee and McCormick assessed protein synthesis 48 h post-
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DAP5/p97 knockdown, in our experiments polysome profiling was performed 24 h after 

siRNA treatment because we observed a significant loss of cell viability after this timepoint. 

It should also be noted that DAP5/p97-null ES cells do not display a defect in global protein 

synthesis 15,34 suggesting that the role of DAP5/97 in the regulation of global translation may 

be cell-type specific. 

We and others have shown previously that overexpression of the p86 fragment of 

DAP5/p97 is sufficient to activate the DAP5/p97 and HIAP2 IRES elements.10-12 Here we 

have extended these observations by demonstrating that both DAP5/p97 and HIAP2 IRES-

mediated translation are dependent on DAP5/p97, since the knockdown of p97 significantly 

reduces translation of DAP5/p97 itself and HIAP2 during ER stress by precluding activation 

of their respective IRES elements. However, in contrast to the requirement of caspase-

mediated cleavage of DAP5/p97 to the p86 isoform for induction of HIAP2 IRES activity n , 

we find that the translational induction of DAP5/p97 following ER stress does not require 

caspase activity. Since DAP5/p97 is absolutely required for the translational induction of 

DAP5/p97 during ER stress, we conclude that DAP5/p97 enhances the activity of its IRES in 

a caspase-independent manner. These data support the hypothesis that DAP5/p97 can 

function as a translational activator in the absence of proteolytic processing. It is possible 

that other post-translational modifications of DAP5/p97 during ER stress control its ability to 

modulate IRES activity. Indeed, phosphorylation of DAP5/p97 at threonine 508 was 

identified by a large-scale proteomics study36 and it has been suggested that phosphorylation 

of DAP5/p97 controls its activity in response to growth factor signalling.27 Further 
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investigations of the signalling pathways that modulate DAP5/p97 activity during cellular 

stress or following growth factor stimulation should prove to be enlightening. 

We sought to mechanistically determine how full-length DAP5/p97 differentiates 

between distinct mRNA molecules such as DAP5/p97 and HIAP2. Our data indicate that 

both full-length DAP5/p97 and the truncated p86 fragment are capable of binding DAP5/p97 

and HIAP2 endogenous mRNAs equally well. Thus, the simple model whereby DAP5/p97 

associates with a particular pool of cellular mRNAs while its DAP5/p86 truncated isoform 

associates with a different cohort of mRNAs is unlikely. Our observations raise the 

possibility that full-length DAP5/p97 preassembles with several mRNAs, but is only able to 

enhance IRES-dependent translation following a particular post-translational modification, 

which may be different depending on the target mRNA molecule. For example, caspase 

cleavage of DAP5/p97 to generate the DAP5/p86 isoform enhances both DAP5/p97 and 

HIAP2 IRES activity, whereas other post-translational modifications (such as 

phosphorylation) may be sufficient to allow full-length DAP5/p97 to enhance the activity of 

its own IRES. 

In summary, our data provide direct evidence that DAP5/p97 can function as a 

translational activator of at least two IRES-containing cellular mRNAs during conditions of 

pathophysiological stress. Together with previously published observations35, these findings 

support the hypothesis that DAP5/p97 controls translation of select, rather than all, mRNAs. 

Importantly, the fact that the DAP5/p97 IRES itself is activated by DAP5/p97 during ER 

stress suggests the existence of a positive feedback loop that ensures elevated levels of 
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DAP5/p97 to support IRES-dependent translation of select mRNAs during conditions of 

reduced global protein synthesis. 
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CHAPTER 3 

NF45 functions as an IRES trans-acting factor that is required for 

translation of cIAPl during the unfolded protein response 



Preamble 

"NF45 functions as an IRES trans-acting factor that is required for translation of cIAPl 

during the unfolded protein response" was first published as a research article in the 

periodical Cell Death and Differentiation (volume 17, April 2010). The article identifies 

additional cIAPl ITAFs. One of these proteins, NF45, is identified as a novel RNA binding 

protein that is required for IRES-mediated translation of cIAPl following endoplasmic 

reticulum stress. 

Author list: Tyson E. Graber, Stephen D. Baird, Peter N. Kao, Michael B. Mathews and 

Martin Holcik 

Author contributions: TEG wrote the article. TEG, SDB, MH designed experiments. TEG 

performed experiments presented in Figures 3.2-8. PNK, MBM provided reagents and 

contributed to discussions. 
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Abstract 

Expression of the cellular inhibitor of apoptosis protein 1 (cIAPl) is unexpectedly repressed 

at the level of translation under normal physiological conditions in many cell lines. We have 

previously shown that the 5' untranslated region of cIAPl mRNA contains a stress-inducible 

internal ribosome entry site (IRES) that governs expression of cIAPl protein. Although 

inactive in unstressed cells, the IRES supports cap-independent translation of cIAPl in 

response to endoplasmic reticulum stress. To gain an insight into the mechanism of cIAPl 

IRES function, we empirically derived the minimal free energy secondary structure of the 

cIAPl IRES using enzymatic cleavage mapping. We subsequently used RNA affinity 

chromatography to identify several cellular proteins, including nuclear factor 45 (NF45) as 

cIAPl IRES binding proteins. In this report we show that NF45 is a novel RNA binding 

protein that enhances IRES-dependent translation of endogenous cIAPl. Further, we show 

that NF45 is required for IRES-mediated induction of cIAPl protein during the unfolded 

protein response. The data presented are consistent with a model in which translation of 

cIAPl is governed, at least in part, by NF45, a novel cellular IRES trans-acting factor. 

Introduction 

Eukaryotes have evolved distinct mechanisms that allow them to control the expression of 

their proteome independent of the transcriptional apparatus. The ability to regulate 

translation ensures rapid and measured expression of specific proteins in time and space. 

Translational control allows for efficient reprogramming of gene expression during cell 

growth and differentiation1,2 and provides a level of homeostatic control following exposure 
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to stresses such as viral infection,3 endoplasmic reticulum (ER) stress,4,5 hypoxia6 or DNA 

damage.7 Regulation of translation occurs primarily at the initiation step and targets several 

eukaryotic initiation factors that mediate recruitment of the ribosome to the mRNA before 

polypeptide synthesis.8 

The 7-methyl-guanosine cap located at the 5' end of mature mRNAs catalyzes the 

formation of a protein complex consisting of a cap binding protein (eIF4E), a scaffold 

protein (eIF4G) and an RNA helicase (eIF4A). Together, these proteins comprise the cap 

binding complex (eIF4F), which allows for the recruitment of the small ribosomal subunit 

(along with accessory factors) forming a preinitiation complex that is believed to proceed in 

a 5-3 ' direction along the 5' untranslated region (UTR) until an optimal initiation codon is 

reached. It is at this point that the large ribosomal subunit joins to form the 80S ribosome and 

peptide synthesis commences.8 This cap-dependent, ribosomal scanning mechanism of 

translation initiation works efficiently under normal physiological conditions; however, 

during times of cellular stress, decreased availability of ATP and the preinitiation complex 

significantly reduces overall protein synthesis rates. 

To respond properly to various physiological stimuli, cells must be able to ensure 

expression of specific genes despite repressed global translation rates. One such mechanism 

uses an RNA sequence element located in the 5' UTR that facilitates recruitment of the 

ribosome. First discovered in picornaviruses, the internal ribosome entry site (IRES) element 

is present in a number of eukaryotic mRNAs where it mediates cap-independent translation 

initiation under stress conditions.9 The exact mechanism used by eukaryotic IRES elements 

to recruit the ribosome is the subject of intense investigation. Unlike some viral IRES, which 
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can function by direct recruitment of the ribosome, eukaryotic IRES appears to require 

accessory protein factors in addition to canonical initiation factors. Several of these IRES 

trans-acting factors (ITAFs) have been identified, including PTB,10 hnRNP Al,11 La12 and 

hnRNPCl/C2.13 Exactly how ITAFs function in modulating cellular IRES activity is not 

clear. ITAFs were suggested to function as adapter proteins acting as a bridge between the 

ribosome and RNA.14 Alternatively, they may exert their effect as RNA chaperones, 

remodelling RNA into a conformation that is permissive to ribosome recruitment.15 

Cellular inhibitor of apoptosis protein 1 (cIAPl) is a critical regulator of cell survival and 

nuclear factor-KB (NF-KB) signalling.16,17 We and others have shown that the expression of 

cIAPl is regulated at the level of translation through an IRES located within its 5' UTR that 

supports cap-independent translation.5, 18, 19 Although this IRES is inactive in unstressed 

cells, drug-induced ER stress that leads to the unfolded protein response (UPR), DNA 

damage by etoposide treatment or cell-cycle arrest by sodium arsenite treatment causes an 

increase in cIAPl IRES activity. Importantly, the concomitant increase in cIAPl protein 

levels during the UPR delays the onset of apoptosis, consistent with the antiapoptotic role of 

cIAPl. 

To better understand the regulation and function of cIAPl IRES, we derived the 

minimum free energy secondary structure of the cIAPl IRES using in vitro enzymatic 

cleavage mapping. Furthermore, we identified a specific cohort of cIAPl IRES binding 

proteins including nuclear factor 45 (NF45). NF45 was first identified as an NFAT-related 

transcription factor that together with its binding partner NF90 regulates interleukin-2 

transcription.20 Here we ascribe a novel, post-transcriptional role for NF45. Specifically, we 
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found that NF45 enhances IRES-mediated translation of cIAPl mRNA. Surprisingly, we 

found that NF45 alone possesses RNA binding activity, interacts specifically with the cIAPl 

IRES in vitro and modulates cIAPl IRES activity in vivo. More importantly, cells lacking 

NF45 failed to upregulate IRES-mediated translation of cIAPl during the UPR. Our data 

show that NF45 is a novel RNA binding protein that interacts with the cIAPl 5' UTR in a 

sequence and structure dependent manner and regulates expression of cIAPl in response to 

stress. 

Results 

Minimum free energy secondary structure model of the cIAPl IRES 

We have mapped the cIAPl IRES activity to nucleotides -150 to -80 (relative to AUG start 

codon) of the 1.2-kb-long cIAPl 5' UTR.18 In addition to the primary sequence, secondary 

and tertiary structures are important determinants of cellular IRES activity.21 To determine 

whether the cIAPl IRES shares common structural features with other cellular IRES and to 

better understand the role that RNA structure may have in the regulation of the cIAPl IRES 

activity, we empirically determined the secondary stmcture of the cIAPl IRES by primer 

extension analysis of nuclease-digested RNA fragments. The cIAPl IRES was in vitro 

transcribed and subjected to digestion with RNase Tl, T2 or VI. cDNA was then generated 

from the resulting RNA fragments by reverse transcription and resolved on a denaturing 

polyacrylamide gel (Figure 3.1). Using the digest pattern as folding constraints for the mfold 

structure prediction algorithm,22 we obtained a minimum free energy model of the cIAPl 

IRES structure (Figure 3.2a; Table 3.1). 
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Figure 3.1 
RNase sensitive cut sites from nucleotides -150 to -1 of the cIAPl 5'UTR. Lanes 
1-4 represent a DNA sequencing reaction of the UTR. Using the same labelled primer 
as the sequencing reaction, RNase digested in vitro transcribed RNA was reverse 
transcribed and run on the gel as described in Baird et al.30 The following lanes show 
the results with decreasing amount of RNase used in the reactions for RNase Tl (lanes 
6-9), RNase VI (lanes 10-13) and RNase T2 (lanes 14-17). RNase cleavage will have 
occurred 3' of the upstream nucleotide relative to the band in the gel. 
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Table 3.1 
List of RNase sensitive cut sites for nucleotides -150 to -1 of the cIAPl 5'UTR. 
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Figure 3.2 
cIAPl IRES structure model and identification of binding proteins, (a) The cIAPl 
IRES RNA secondary structure model (nucleotides -150 to -1) with sites sensitive to 
RNase Tl, T2 and VI shown as shaded circles, (b) SYPRO Ruby-stained RNA affinity 
chromatography gel of proteins pulled down with a biotin-tagged cIAPl IRES RNA 
probe (probe 1) from an HEK293T cytoplasmic lysate. (c) Peptides identified from 
excised bands by mass spectrometry were mapped to four unique proteins, (d) To 
confirm protein binding specificity, RNA affinity chromatography was repeated with a 
cIAPl IRES (probe 1) or non-IRES (probe 2) RNA, followed by immunoblotting with 
antibodies specific for RHA, NF90, IGF2BP1 andNF45. 
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A specific set of proteins interacts with the cIAPl IRES 

A cursory examination of the highly structured cIAPl IRES reveals a partial likeness to the 

IRES of cricket paralysis virus (CrPV). Stem-loops I, II and III of the cIAPl IRES (Figure 

3.2a) bear a striking similarity to pseudoknots II and III of the CrPV IRES - motifs that 

mediate direct interaction with the 40S ribosomal subunit.23 We therefore wished to 

determine if cIAPl IRES RNA is capable of a direct interaction with the 40S ribosomal 

subunit. Although CrPV IRES was able to bind directly to the purified 40S in an 

electromobility shift assay we did not observe any binding with the cIAPl IRES (data not 

shown). This suggests that additional cellular proteins are required for the recruitment of the 

cIAPl IRES to the ribosome. To identify these proteins, we carried out RNA electromobility 

shift and UV cross-linking assays using a cytoplasmic extract from HEK293T cells and in 

vitro transcribed and radiolabelled RNA corresponding to the cIAPl IRES. We observed 

specific protein-RNA complexes forming under both native (Figure 3.3a) and denaturing 

(Figure 3.3b) conditions, supporting the notion that specific proteins may regulate cIAPl 

IRES activity. 

To resolve and identify these proteins we used an RNA affinity chromatography 

strategy followed by identification of RNA-bound proteins by MALDI-TOF mass 

spectrometry. RNA encoding the cIAPl IRES (nucleotides -150 to -1) or the non-IRES 

portion of the cIAPl 5' UTR (nucleotides -80 to -1) was in vitro transcribed, 5' end-labelled 

with biotin and conjugated to streptavidin-coated agarose beads. The labelled RNA was then 

incubated with a cytoplasmic HEK293T cell lysate and bound proteins were resolved by 

SDS-PAGE and visualized with SYPRO Ruby stain. A specific set of proteins was observed 
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binding to the cIAPl IRES but not in a control reaction lacking an RNA matrix (Figure 

3.2b). Proteins resolved by affinity chromatography were excised from the gel and submitted 

for analysis by MALDI-TOF mass spectrometry. Peptides were mapped with high 

confidence to four distinct proteins using the MASCOT database (Figure 3.2c). Specifically, 

we found that RNA Helicase A (RHA; UniProt accession: Q08211), insulin-like growth 

factor 2 mRNA binding protein 1 (IGF2BP1; UniProt accession: Q9NZI8), NF90 (UniProt 

accession: Q12906) and NF45 (UniProt accession: Q12905) interacted with the cIAPl IRES. 

To confirm that these proteins interact specifically with the cIAPl IRES, we repeated 

the affinity chromatography experiment and transferred the bound proteins to a membrane 

followed by immunoblotting with antibodies specific for RHA, NF90, IGF2BP1 and NF45. 

Importantly, these four proteins were confirmed to interact with the cIAPl IRES but not to 

the portion of the cIAPl 5' UTR that does not exhibit IRES activity (probe 2), indicating that 

these interactions are specific to the cIAPl IRES sequence and/or structure (Figure 3.2d). 

Furthermore, probing the affinity preparations with antibodies specific for the canonical 

RNA binding proteins hnRNP Al, HuR and TIA1 did not yield a positive signal, showing 

that only a subset of RNA binding proteins interact with the cIAPl IRES (Lewis et al.11; data 

not shown). 

NF45 enhances translation of endogenous cIAPl 

We chose to focus our investigation of cIAPl IRES binding proteins on NF45, as relatively 

little is known about this protein's function in translation. NF45 was initially implicated, 

along with its binding partner NF90, as an interleukin-2 transcription factor in Jurkat T cells. 

82 



20 Complicating the study of NF45 function is its apparent co-regulation with NF90. A recent 

study by Guan et al.24 and our own unpublished observations showed that removing NF45 

triggers proteasomal degradation of NF90 and vice versa. The intimate relationship between 

NF45 and NF90 also extends to their apparent function in modulating protein translation, as 

the NF45-NF90 complex has been shown by Merrill et al.25 to bind and inhibit human 

rhinovirus 2 (HRV2) IRES activity. Consistent with their finding, we found that U373MG 

glioblastoma cells express approximately 50% less NF45 and NF90 protein relative to 

HEK293T cells (Figure 3.4a). Curiously, we found that U373MG and HEK293T cells 

express similar levels of cIAPl protein as determined by western blot (Figure 3.4a). 

However, when we assessed levels of newly synthesized cIAPl protein by metabolic 

labelling and immunoprecipitation of cIAPl, we observed that translation of cIAPl was 

reduced in U373MG cells relative to HEK293T cells (Figure 3.4b). We observed a similar 

reduction in cIAPl translation after transiently knocking down NF45 in HEK293T cells 

using siRNA (Figure 3.5). Of note, although the inhibitory NF45/NF90 heterodimers are 

present in high abundance in HEK293T cells, both the abundance and the activity of this 

heterodimer are significantly lower in cell lines of glial origin.26 Therefore, we chose 

U373MG glioblastoma cells as a model to address the function of NF45 in an NF90-

independent manner. 

We transiently transfected U373MG glioblastoma cells with a FLAG-tagged NF45 

overexpression plasmid. Western blot analysis indicated a 1.5- to 2-fold enhancement of 

NF45 expression in transfected cells (Figure 3.4c, lower panels). To determine the effect of 

NF45 on de novo cIAPl protein translation, U373MG cells overexpressing NF45 or GFP as 
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Figure 3.4 
NF45 regulates cIAPl mRNA translation, (a) Western blots illustrating differential 
expression of endogenous NF45 and NF90 in HEK293T and U373MG cells, (b) 
Metabolic labeling and immunoprecipitation of cIAPl shows impaired translation of 
cIAPl in U373MG relative to HEK293T cells, (c) NF45 increases de novo cIAPl 
protein synthesis. Top panel: U373MG cells transiently expressing NF45 or GFP were 
pulse-labeled 24 h following transfection and newly synthesized cIAPl and P-actin 
proteins were co-immunoprecipitated, resolved on SDS-PAGE and detected by 
autoradiography. Bottom panel: western blot of U373MG cells transiently transfected 
with a FLAG-tagged NF45 overexpression plasmid illustrating efficient expression of 
the transgene. (d) NF45 enhances cIAPl protein translation but not transcription. Top 
panel: densitometric analysis of cIAPl protein expression from experiments performed 
in panel c (*n=2, P<0.001; mean ±SD). Bottom Panel: quantitative RT-PCR of total 
cIAPl mRNA levels in cells expressing GFP or NF45 (**n=3, P=0.33; mean ±SD). (e) 
NF45 enhances translation efficiency of cIAPl mRNA as measured by polysome 
profiling of U373MG cells transiently expressing GFP or NF45. The efficiency of the 
separation was assessed by resolving ethidium-bromide-stained 28S and 18S rRNA 
from each fraction. Individual fractions were probed for cIAPl or P-actin (control) 
mRNA expression by RT-PCR. PCR products were resolved by gel electrophoresis and 
densitometry was performed to determine the percent distribution of specific mRNAs 
across the gradient (n=3; mean ±SD). The amount of specific mRNA present in higher-
order polysomes (P) relative to the translationally quiescent pool (M) produces the 
metric P/M, and quantifies the change in translational efficiency. 
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Figure 3.5 
Transient knockdown of NF45 in HEK293T cells impairs cIAPl translation. 
HEK293T cells were transfected with a non-targeting siRNA (Q or siRNA targeted 
against NF45 (D5)24 using Lipofectamine 2000 (Invitrogen). After 48 hours, cells were 
pulse-labelled with S35-Methionine and newly synthesized cIAPl and P-actin proteins 
were co-immunoprecipitated and resolved by SDS-PAGE. Lower panel shows a 
western blot from the lysates illustrating efficient knockdown of NF45. 
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a control were pulse-labelled with 35S-methionine for 25 min, followed by 

immunoprecipitation of cIAPl and P-actin. Although the global translation rate did not 

appear to be significantly affected by NF45 overexpression, cIAPl translation was enhanced 

approximately 2.5-fold relative to P-actin translation (Figure 3.4c and densitometric analysis 

in upper panel of d). NF45 was originally described in the literature as a transcription factor. 

Therefore, it was plausible that our observations could be the result of NF45 targeting cIAPl 

at the transcriptional level. We therefore assessed the steady-state levels of cIAPl mRNA in 

U373MG cells transiently transfected with NF45 overexpression plasmid by quantitative RT-

PCR. Despite efficient expression of the NF45 relative to GFP-transfected cells (Figure 

3.4c), no significant change was observed in cIAPl mRNA levels (Figure 3.4d, lower panel). 

To confirm that NF45 indeed affects the efficiency of cIAPl mRNA translation, we 

assessed the polysomal distribution of cIAPl mRNA in cells overexpressing GFP or NF45. A 

quantitative shift (1.5-fold increase in the polysome/monosome ratio of cIAPl versus P-

actin) into the higher-order polysome fractions was observed in NF45 overexpressing cells 

whereas no significant shift was observed in the P-actin mRNA pools, confirming that NF45 

specifically enhances translation of cIAPl mRNA (Figure 3.4e). Together, these data support 

a model in which NF45 enhances translation of endogenous cIAPl mRNA. 

NF45-dependent translation ofcIAPl is mediated by its IRES 

We next sought to determine the mechanism by which NF45 alters the translational 

efficiency of cIAPl mRNA. We initially identified NF45 interacting with the portion of the 

cIAPl 5' UTR that confers IRES activity; therefore we hypothesized that NF45 modulates 
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cIAPl IRES activity. We have previously established a bicistronic reporter system to test the 

IRES activity in which the cIAPl 5' UTR is inserted downstream of a P-galactosidase (P-

GAL) cistron and upstream of a chloramphenicol transferase (CAT) cistron.27 The ratio of 

CAT expression to P-GAL activity yields a relative measure of IRES activity. The bicistronic 

vector was transiently co-transfected with a plasmid expressing full-length NF45 or GFP into 

U373MG cells. Cells transiently expressing NF45 exhibited a 240% increase in cIAPl IRES 

activity relative to cells co-transfected with GFP (Figure 3.6a). Notably, this increase in 

cIAPl IRES activity closely correlated with the increase in endogenous cIAPl protein 

translation that we observed in our metabolic labelling/immunoprecipitation experiment 

(~230%relative to GFP-expressing cells; Figure 3.4d, upper panel). 

To confirm that NF45 acts in a UTR-specific manner, we compared a monocistronic 

expression vector in which the 5' UTR of cIAPl (nucleotides -1222 to -1) or the portion of 

the 5' UTR to which NF45 does not bind (nucleotides -80 to -1) is inserted upstream of the 

CAT cistron. DNA transfection was normalized by co-transfection with a P-GAL expression 

plasmid. We observed a significant increase in translation of the downstream CAT reporter in 

NF45-overexpressing cells with the full-length 5' UTR (Figure 3.6b, construct 1) but not the 

IRES-deleted 5' UTR (Figure 3.6b, construct 2). 

We next asked whether the ITAF activity of NF45 is specific to the cIAPl IRES or 

whether it could modulate other cellular IRES. To address this question, we assessed the 

IRES activity of cIAPl, APAF1,28 BclxL,29 DAP530 and VCIP31 in HeLa cell lines (HeLa 

cells express high levels of NF45 comparable to HEK293T) that stably express shRNA 

directed against NF45 (d5 cells) or shRNA with no specific target (c cells). This NF45 
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Figure 3.6 
NF45 regulates IRES-dependent cIAPl translation, (a) U373MG cells were assayed 
24 h following transient transfection of a bicistronic DNA reporter construct 
(schematic) containing the cIAPl 5' UTR. IRES activity is expressed as the ratio of 
CAT expression over P-GAL activity, (b) U373MG cells were transiently transfected 
with GFP or NF45 together with a monocistronic CAT reporter plasmid with either the 
cIAPl 5' UTR (1.) or a truncated UTR that does not bind NF45 (2.) inserted upstream 
of the CAT reporter. A p-GAL reporter was co-transfected to normalize CAT 
expression across samples. (*P<0.05,**P<0.005, n=3 mean ±SD). 
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knockdown cell line has been previously characterized.24 As expected, we found that cIAPl 

IRES activity was significantly reduced in cells expressing low amounts of NF45 (d5 versus 

c cells) (Figure 3.7a). Further, these data suggest that the mechanism of NF45-mediated 

regulation of cIAPl IRES activity is conserved in glioblastoma and HeLa cells lineages. 

Importantly, we also found that there was no significant effect on either BclxL or APAF1 

IRES activity, whereas we observed a small but consistent increase in DAP5 and VCIP IRES 

activity in the absence of NF45 (Figure 3.7a). These data confirm that NF45 functions to 

enhance translation in a UTR-dependent manner, specifically using the cIAPl IRES element. 

Translation ofcIAPI during the unfolded protein response requires NF45 

Induction of cIAPl following ER stress has been observed in our laboratory and others. We 

have previously shown that IRES-mediated translation of cIAPl is enhanced following ER 

stress and that p86, the ER stress-induced cleavage product of p97/DAP5, can enhance 

cIAPl IRES activity.18 However, we were unable to observe direct binding of p86 to the 

cIAPl IRES. This could be due to the transient interaction of p86 with the IRES, or an 

indirect interaction requiring an intermediary protein. Therefore, we asked whether NF45 

could mediate ER stress induction of cIAPl downstream of p86. To answer this question we 

again used the d5 cell line that expresses low levels of NF45. We have previously shown that 

induction of ER stress with the calcium ATPase inhibitor thapsigargin leads to increased 

cIAPl protein through enhanced IRES activity in HeLa cells.18 We treated HeLa cell lines 

stably expressing control shRNA (c) or shRNA targeting NF45 (d5) with DMSO (D) vehicle 

or thapsigargin (T), for 24 h and assessed steady-state levels of cIAPl by western blot 
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Figure 3.7 
NF45 is required for IRES-mediated translation of cIAPl during ER stress, (a) 
Knockdown of NF45 specifically impairs cIAPl IRES activity. IRES activity in d5 
(NF45 shRNA) cells relative to c (nontargeting shRNA) cells was measured using a 
bicistronic assay for cIAPl, APAFl, BclxL, DAP5 and VCIP as detailed in Material 
and methods (n=3, mean ±SD). (b) NF45 is required for ER stress-mediated induction 
of cIAPl. c or d5 cells were treated with DMSO (D) as a vehicle or 5 uM thapsigargin 
(T) to induce ER stress for 24 h. Western blots were performed with antibodies against 
the indicated proteins, (c) Rescue of d5 cells with transient overexpression of NF45 but 
not NF90 enhances cIAPl expression. d5 cells were transiently transfected with an 
OMNI-tagged NF90 construct (O.NF90c) or a FLAG-tagged NF45 construct 
harbouring a silent mutation that renders it resistant to NF45 shRNA (F.NF45r). Cells 
were then treated with DMSO (D) or 5 uM thapsigargin (T) for 24 h. Western blots 
were performed with antibodies against the indicated proteins. Blots shown are 
representative of at least three experiments. 
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(Figure 3.7b). As expected, we observed an increase in cIAPl protein levels relative to 

GAPDH in control cells. However, no such increase was observed in the cell line lacking 

NF45 (d5) despite the fact that these cells show no impairment in the UPR pathway as shown 

by the induction of the protein chaperone BiP. 

The lack of NF45 in d5 cells also results in decreased stability of its in vivo binding 

partner, NF90.24 To determine whether NF45 by itself is sufficient to mediate an increase in 

cIAPl translation or whether the phenomenon also requires NF90, we performed a rescue 

experiment by transiently transfecting d5 cells before treatment with thapsigargin with either 

1) an overexpression plasmid coding for an epitope-tagged NF90 (O.NF90c) or 2) an 

epitope-tagged version of NF45 that is resistant to NF45 shRNA (F.NF45r). We observed that 

despite increased levels of exogenous NF90 in transfected d5 cells (Figure 3.7c) there was 

still no induction of cIAPl after ER stress. In contrast, cells expressing shRNA-resistant 

NF45 exhibited an increase in endogenous cIAPl expression, whereas there was no 

observable additive effect of both thapsigargin treatment and NF45 overexpression on cIAPl 

expression. These data show that NF45 is physiologically relevant and that it is sufficient to 

regulate cIAPl levels during the UPR. 

NF45 is a novel RNA binding protein 

NF45 possesses no experimentally verified RNA binding activity and circumstantial 

evidence points to NF45 interacting with RNA indirectly through NF90. Recent data suggest 

that NF45 is able to bind directly to dsDNA, specifically to purine-rich boxes within the 

SP-10 and interleukin-2 promoters.32 As the affinity chromatography experiment may not 
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distinguish between direct and indirect protein-RNA interactions, we attempted to photo-

crosslink Escherichia coli expressed and purified, full-length NF45 (Figure 3.8a) to the 

cIAPl 5' UTR in vitro. Recombinant GST-NF45, but not GST alone directly interacted with 

the portion of the cIAPl 5' UTR that exhibits IRES activity (Figure 3.8b, probe 3). 

Moreover, the NF45-RNA complex was not efficiently formed on an RNA probe 

corresponding to the non-IRES portion of the 5' UTR (Figure 3.8b, probe 2), an observation 

that is consistent with the results of the affinity chromatography experiments (Figure 3.2d). 

As a portion of probes 2 and 3 overlap (nucleotides -80 to -63, comprising SLII), we can 

conclude that sequence and/or structure common to this region participate in the formation of 

the NF45-RNA complex. 

To further delineate the NF45 binding site within the cIAPl 5' UTR, we designed 

competitive DNA oligonucleotides spanning nucleotides -150 to -63 and hybridized them to 

a heat-denatured RNA probe before renaturation and incubation with recombinant NF45 to 

compete with the potential binding sites.Figure 3.8c shows that oligos 1, 2 and 3 successfully 

compete out NF45 binding whereas smaller oligos 2a/b and 3b fail to compete with binding. 

We observed partial competition with oligos 3a and 4. On the basis of these observations and 

analysis of the primary structure, we hypothesized that the base of stem-loop I is essential for 

direct interaction with NF45 (refer to SLI in Figure 3.2a). Specifically, the structure of stem-

loop I is likely disrupted by oligos 1, 2, 3 and 3a but not by oligos 2a, 2b and 3b. Oligo 4, 

which targets the second stem-loop (SLII) in the cIAPl IRES, also masks NF45 binding 

partially. We predict that this stem-loop may be required for optimal NF45-RNA complex 

formation. 
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Figure 3.8 
NF45 interacts directly with the cIAPl IRES, (a) Recombinant GST-NF45 used for 
in vitro binding studies was expressed in E. coli using IPTG, affinity purified and 
assessed by SDS-PAGE as shown, (b) Recombinant NF45 (300 ng) was UV cross-
linked to a 32P-labeled cIAPl IRES RNA probe (nucleotides -150 to -63, probe 3) or a 
portion of the 5' UTR with no IRES activity (nucleotides -80 to - 1 , probe 2). The 
RNA-protein complex was resolved by SDS-PAGE and detected by autoradiography, 
(c) Determination of NF45 binding sites on the cIAPl IRES using masking DNA 
oligonucleotides. Experiments were performed as in (b) using RNA probe 3, except 
that the probe was first hybridized with each of eight competition DNA 
oligonucleotides (100-fold molar excess). The top panel shows a primary structure of 
the probe with the location of the masking oligos and the bottom panel illustrates oligo 
locations on the cIAPl IRES secondary structure, (d) Confirmation of NF45 binding 
sites on the cIAPl IRES by mutational analysis. Experiments were performed as in (b) 
with probe 3 (3wildtvPe) or a mutant probe 3 with the bulge of SLI removed (3ACUUA). 
Alternatively, a probe corresponding to SLI of the cIAPl IRES (SLIwildtype) was used 
together with a sequence mutant that preserves the stem-loop structure (SLP), or a 
sequence mutant that also disrupts base pairing at the base of SLI (SLISS). 
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In examining published nucleic acid motifs that interact with NF45 and/or NF90, we 

noted that the structure encapsidation signal RNA of hepatitis B virus (HBVe) resembles 

stem-loop I of the cIAPl IRES including a prominent bulge. Shin et al.33 showed that NF45/ 

NF90 interaction with HBVe RNA is dependent on the bulge of its stem-loop. We performed 

a similar experiment by deleting the CUUA nucleotide sequence that comprises the bulge 

within the cIAPl IRES using site-directed mutagenesis to create Probe 3ACUAA Equivalent 

amounts of labelled RNA probe corresponding to the wildtype or CUUA mutant IRES were 

incubated with recombinant GST-NF45 or GST alone, followed by UV cross-linking and 

resolving the complex by SDS-PAGE. We found that the bulge in stem-loop I was not 

required for NF45 binding to the cIAPl IRES (Figure 3.8d). 

The results from our oligo competition experiment suggested that the AU-rich base of 

stem-loop I was important for binding to NF45. To directly confirm this hypothesis, we 

synthesized a new RNA probe corresponding to stem-loop I of the cIAPl IRES (probe 

SLIwildt>Te) as well as two mutant probes that could distinguish between sequence (SLP) and 

sequence+structure-dependent (SLISS) interactions. We found that NF45 interacts with the 

wildtype SLI RNA but not SLP or SLSS mutants (Figure 3.8d). Together with the oligo 

masking data (specifically the lack of binding observed with oligo 2 that disrupts SLI 

structure), we conclude that NF45 binds in a sequence and structure-specific manner to the 

AU stem-loop present in the cIAPl IRES. 
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Discussion 

Unlike cellular IRES, viral IRES exhibit conserved secondary structures that, with some 

exceptions, require minimal accessory factors to mediate recruitment of the ribosome.21 This 

is in contrast to the limited homology shared by the published set of cellular IRES secondary 

structures.34'35 Indeed, the primary sequence and our empirically derived secondary structure 

of the cIAPl IRES share no obvious similarity with the XIAP IRES and other published 

cellular IRES structures. Although cellular IRES comprise an evolutionarily divergent group, 

specific cellular RNA structure motifs have likely been co-opted by viruses at an early stage 

in evolution that allows them to compete for host ribosomes successfully. Meanwhile, the 

emerging need for eukaryotes to control protein synthesis in time and space may have lead to 

a greater dependence on ITAFs, which can modulate IRES activity of a diverse set of 

mRNAs in different physiological contexts. Indeed we found that cIAPl IRES is unable to 

interact with the purified 40S ribosome in the absence of other protein factors. 

In a search for protein factors that modulate translation of cIAPl mRNA, we 

identified a cohort of RNA binding proteins, using the cIAPl IRES as an RNA affinity probe. 

This complement of cIAPl IRES binding proteins includes RNA helicase A, IGF2BP1, 

NF90 and NF45. The cIAPl IRES is induced during ER stress, therefore we had initially 

attempted to compare protein-IRES interactions between cells treated with and without 

tunicamycin - a pharmacological inducer of ER stress. However, one-dimensional RNA 

affinity chromatography failed to reveal any differences in protein affinities and/or profiles 

following induction of ER stress (data not shown). This points to the possibility that the 

regulatory event that induces IRES activity during ER stress involves either post-
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translational modifications or subcellular relocalization of cIAPl ITAFs. Nevertheless, the 

protein complex that interacts with the cIAPl IRES merits further investigation as all four of 

these proteins have been previously identified to interact with viral IRES elements, including 

those encoded by HRV2, hepatitis C vims (HCV) and bovine viral diarrhea vims (BVDV) 

genomes.25,36'37 Importantly, no role for NF45 in translation of cellular mRNAs has been 

described. Interestingly, NF45/NF90 heterodimers were found to bind to the HRV2 IRES and 

inhibit translation of downstream cistrons.26 It appears that inhibition of IRES activity by this 

binary complex is highly dependent on cell type. Merrill et al.25 found that neuronal cells 

(including HEK293T) highly express both NF45 and NF90 that readily form heterodimers, 

and interact with the HRV2 IRES, leading to inhibition of downstream ORF expression. In 

contrast, cells from glial lineages were poor expressors of both NF45 and NF90 and showed 

impaired formation of functional inhibitory complexes. Complicating the study of NF45 or 

NF90 in isolation is the finding by Guan et al.24 that targeting NF45 expression by RNA 

interference significantly decreases the stability of NF90 and vice versa. Therefore, we first 

looked at the function of NF45 in a glial cell line in which expression levels of NF45 and 

NF90 are limited. 

In dissecting the individual function of NF45 in U373 glioblastoma cells, we have 

generated data in support of the hypothesis that NF45 is involved in the regulation of cellular 

IRES activity and by extension, cIAPl protein levels. We have shown that NF45 is able to 

enhance translation of endogenous cIAPl mRNA when transiently expressed in U373 

glioblastoma cells. Importantly, NF45 overexpression did not significantly affect steady-state 

cIAPl mRNA levels, suggesting that increased translation rates are not the result of 
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enhanced transcription or stability of cIAPl mRNA. Indeed, we found that the cIAPl mRNA 

pool was present in higher-order polysomes in cells expressing NF45, indicating that NF45 

functions at the level of translation initiation. This report is the first to ascribe a direct role 

for NF45 in modulating the translation of a cellular mRNA, although circumstantial evidence 

of NF45 interacting with components of the canonical translational machinery (e.g., eIF2a/p/ 

y) exists in the literature.38 

We identified NF45 interacting with the portion of the cIAPl 5' UTR that confers 

IRES activity, therefore we surmised that the NF45-mediated changes in endogenous cIAPl 

mRNA translation may be the result of NF45's ability to modulate cIAPl IRES activity. To 

test this hypothesis we used a bicistronic expression vector previously used by our laboratory 

to assess cIAPl IRES activity. Relative to cells expressing GFP, NF45-expressing cells 

exhibited a 240% increase in IRES activity indicating that NF45 modulates the translational 

efficiency of cIAPl mRNA through its IRES. NF45 can therefore be categorized as a bona 

fide ITAF by virtue of its ability to modulate IRES activity. 

To further delineate the specificity of NF45 ITAF activity we looked at the activity of 

several cellular IRES in HeLa cell lines that constitutively express shRNA targeting NF45 

(d5) relative to cells that express a nontargeting shRNA (c). In these cells that have 

significantly reduced levels of NF45 expression, the activity of cIAPl was significantly 

reduced, whereas other IRES (APAF-1, BclxL, DAP5, VCIP) exhibited no change or modest 

increase in activity (Figure 3.7a). These data point to the specificity of NF45 in modulating 

cIAPl translation through its IRES. 
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We and others have shown that the cIAPl IRES is induced as part of the UPR 

following ER stress. Therefore, the observed decrease in cIAPl IRES activity in d5 cells lead 

us to the hypothesis that these cells should be refractory to cIAPl induction following ER 

stress. Indeed, after the treatment of cells with thapsigargin we observed an induction of 

cIAPl in wildtype HeLa cells but not in cells stably expressing NF45 shRNA (Figure 3.7b). 

Interestingly, thapsigargin also failed to induce cIAPl in our U373 glioblastoma cells 

(expressing low levels of NF45) despite robust induction of the ER stress marker BiP (data 

not shown). Furthermore, we were unable to rescue the phenotype of increased cIAPl 

translation during the UPR with the introduction of ectopic NF90 in d5 cells (Figure 3.7c). In 

contrast, reintroduction of RNAi-resistant NF45 into these cells induced endogenous levels 

of cIAPl as expected (Figure 3.7c). These data suggest that the interaction of NF45 with its 

in vivo binding partner NF90 is not required for NF45 ITAF activity, although the data do 

not preclude the possibility that NF90 could act as a sink for NF45, thus reducing the 

effective ITAF activity of NF45 in the cell. The observation that overexpression of NF45 in 

the absence of ER stress can increase cIAPl translation (in both d5 and U373 cells) would 

argue for the 'sink' hypothesis, whereby NF45 ITAF activity is masked within a stable NF45/ 

NF90 heterodimer until a trigger (e.g. ER stress) releases it. 

We next looked at physical interactions of NF45 with the cIAPl IRES in vitro to shed 

light on the mechanism by which NF45 may be affecting cIAPl IRES activity. Although 

there is no evidence in the current literature that NF45 interacts with RNA directly, the 

protein does contain two potential RNA binding domains, namely a DNA zinc-finger motif 

and an N-terminal RGG box motif. Importantly, we were able to resolve an NF45-IRES 
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complex following photo cross-linking of recombinant full-length NF45 and in vitro 

transcribed and labelled RNA corresponding to the cIAPl IRES sequence. This shows that 

NF45 alone is sufficient to bind to the cIAPl IRES in a sequence-dependent manner. 

To determine the minimal NF45 binding site on the cIAPl IRES, we used DNA 

oligonucleotide competitors to block potential binding sites within the IRES. From this data, 

we concluded that NF45 binding likely requires both sequence and structural motifs present 

in the base of the first stem-loop of the cIAPl IRES. We confirmed this hypothesis by 

mutational analysis of stem-loop I. By mutating the AU-rich stem to a GC-rich stem, we 

were able to retain its structure but abrogate NF45 binding, suggesting that either the 

unstructured AAAA/UUUU stretch or the structured AU stem-loop was necessary (Figure 

3.8d, mutant SLP). The efficient masking of binding with oligo 2 (that prevents formation of 

the AU stem-loop but preserves access to the single-stranded AAAA/UUUU sequence) from 

our oligo competition experiment allows us to conclude that primary sequence (i.e. AAAA/ 

UUUU) alone is not sufficient for binding of NF45, rather it is the base of the stem-loop 

formed by AU base pairs that are required. The lack of binding that we observed with a 

mutant that disrupts both sequence and structure in this region (SLISS) supports this 

conclusion. Further, stem-loop II of the IRES contains asymmetrical AU base pairs that may 

explain the partial binding with NF45 that we observed when using probes 2 and 3 that have 

stem-loop II in common (Figure 3.8b) and when masking with oligo 4 (Figure 3.8c). 

Intriguingly, the AU content of the UTRs that exhibited no change or increased IRES activity 

in NF45-deficient cells (Figure 3.7a) was significantly lower than that for cIAPl (cIAPl, 
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70%; APAFl, 32%; BclxL, 46%; DAP5, 43%; VCIP, 34%). These observations suggest that 

the AU stem-loop motif is necessary forNF45 ITAF activity in the context of cIAPl. 

Our interpretations agree with data from other groups who have investigated NF45 

interactions with RNA. For example, using mutational analysis, Isken et al.36 determined that 

the interaction of the NF45/NF90 proteins with HCV and BVDV 5' and 3' UTRs was 

dependent on both sequence and stem-loop structures. In another study NF45 and NF90 were 

found to interact with the HBVe RNA.33 The authors showed that NF45/NF90 interaction 

with HBVe RNA is dependent on the bulge of its stem-loop.33 We noticed that the HBVe 

structure resembles the first stem-loop of the cIAPl IRES including a prominent bulge. On 

the basis of this, we hypothesized that this bulge would also be important for the NF45-

cIAPl IRES interaction. Surprisingly, we found that the bulge mutant (Figure 3.8d, mutant 

3ACUUA) showed no impairment in binding to NF45. This data imply that the NF45/NF90 

heterodimer and NF45 alone have different sequence requirements for binding to RNA. 

The specific domain(s) that is responsible for interaction of NF45 with the cIAPl 

IRES remains unknown. A likely candidate is the conserved RGG box motif at the N 

terminus of the protein. RGG box motifs can serve as RNA binding domains and are present 

in many RNA binding proteins; therefore the potential importance of the RGG box motif in 

the context of NF45 and cIAPl IRES interactions merits further investigation. The RGG box 

motifs in nucleolin and hnRNPU have been shown to disrupt RNA secondary structure in a 

nonspecific manner.39- 40 For other proteins such as FMRP, the RGG box imparts a more 

specific RNA binding activity. Specifically, the RGG box within FMRP confers binding to 

planar RNA conformations referred to as G-quartet structures within mRNAs.41,42 The idea 
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that the cIAPl IRES can adopt an inter- or intramolecular G-quartet structure that can have a 

role in translational regulation is an intriguing possibility. Whether the NF45 RGG box could 

participate in a manner analogous to FMRP is an open question that is currently under 

investigation. 

The mechanism that the cIAPl-ITAF complex may use to modulate translation 

remains to be elucidated; however we have shown that NF45, a component of this complex, 

is able to interact directly with the cIAPl IRES and positively affect its activity, resulting in 

increased translation of cIAPl mRNA. Thus, NF45 is a novel RNA binding protein and ITAF 

that functions to upregulate cIAPl translation during ER stress. 

Materials and Methods 

Cell culture, expression constructs and transfection. Human embryonic kidney 

(HEK293T) and human glioblastoma (U373MG) cells were maintained in standard 

conditions in serum- and antibiotic-supplemented Dulbecco's modified Eagle's medium 

(DMEM). c and d5 HeLa cell lines were previously characterized24.HeLa cells expressing 

shRNA were maintained under selective pressure with 400 pg/ml of G418 (Invitrogen, 

Burlington, ON, Canada). For transient knockdown of NF45, we transfected 293T cells with 

two rounds of 50 nM d5 siRNA and Lipofectamine 2000 (Invitrogen) over a period of 96 h. 

The full-length NF45 ORF from an NF45 expression plasmid (pEF.NF45.HA; Kao et al.20) 

was re-cloned into a pcDNA3 backbone as an N-terminal FLAG-tagged vector 

(pcDNA3.F.NF45) and verified by sequencing. Transient transfections of U373MG cells 
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were performed using Amaxa nucleofector technology (Lonza, Germany; solution T, 

programme T-020). Transfection efficiency was verified by light microscopy, western 

blotting and RT-PCR. For d5 rescue experiments, 2 pg O.NF90c24 or F.NF45r (an RNAi-

resistant version of F.NF45 in which a silent mutation was introduced by SDM) DNA was 

transfected using Lipofectamine 2000 (Invitrogen). Unless otherwise stated, all assays were 

performed 24 h after transfection. 

RNA secondary structure determination. The cIAPl IRES secondary structure was 

determined using enzymatic probing with RNases as described previously.34 RNase cut sites 

were used as constraints in either mfold22 or RNAStructure43 to predict secondary structure 

models. The RNA secondary stmcture graphic was generated using jViz.Rna (Available at: 

http://jviz.cs.sfu.ca). 

In vitro transcription. DNA templates for the synthesis of the cIAPl RNA probes were 

generated from a cIAPl 5' UTR-containing plasmid (probes 1-3) or synthesized 

oligonucleotides (for SLI probes) by PCR. The 5' primers incorporated the T7 promoter 

sequence. For UV cross-linking experiments, we synthesized labeled RNA probes by in vitro 

transcription with T7 polymerase (MAXIscript kit; Applied Biosystems, Streetsville, ON, 

Canada) in the presence of [a-32P]UTP (PerkinElmer, Woodbridge, ON, Canada) followed by 

gel purification of full-length transcripts. For RNA affinity chromatography, unlabeled RNA 

was synthesized using T7 polymerase (MEGAshortscript; Applied Biosystems). 

102 

http://jviz.cs.sfu.ca


RNA affinity chromatography. For preparation of cytoplasmic lysates, confluent HEK293T 

cells were resuspended in lysis buffer (10 mM Tris-HCl (pH 7.4), 1.5 mM MgC12, 10 mM 

KC1, 0.5 mM DTT, 0.1 mM PMSF, 10 pg/ml leupeptin) and dounce-homogenized. Lysates 

were centrifuged at 10 000 x g for 10 min at 4°C, and the supernatant was retained. Protein 

concentration was determined using a modified Lowry Assay (DC Protein Assay; Bio-Rad, 

Mississauga, ON, Canada). In vitro synthesized cIAPl RNA was 5' end-labeled with biotin 

(5' End Tag; Vector Laboratories, Burlington, ON, Canada), and conjugated to avidin-coated 

agarose beads (Sigma-Aldrich, Oakville, ON, Canada) for 2 h at 4°C in the presence of RNA 

binding buffer (10 mM Tris-HCl (pH 7.4), 150 mM KC1, 1.5 mM MgC12, 0.5 mM DTT, 0.5 

mM PMSF, 0.05% NP-40, 10 pg/ml leupeptin and 1 U/ml RNase inhibitor). The beads were 

then washed twice with RNA binding buffer and incubated with 200 pg of precleared 

HEK293T S10 extract and 30 pg of wheat germ tRNA (Sigma-Aldrich) for 30 min at room 

temperature followed by an additional 2 h at 4°C. The beads were then washed five times 

with RNA binding buffer and bound proteins were released by boiling in Laemmli buffer. 

Captured proteins were resolved on 10%SDS-PAGE and stained overnight with SYPRO 

Ruby (Invitrogen). Specific bands were excised and analyzed by MALDI-TOF mass 

spectrometry and peptide mass fingerprinting (Queen's University Protein Function 

Discovery Facility, Kingston, Canada). 

Western blot analysis. Cells were lysed in RIPA buffer for 30 min at 4°C, followed by 

centrifugation at 10 000 x g to remove debris. Equal amounts of protein were resolved by 

10% SDS-PAGE, transferred to PVDF membranes using a semidry transfer protocol and 
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probed with antibodies to RNA Helicase A (Center for Biomedical Inventions, University of 

Texas Southwestern at Dallas), NF90 (anti-DRBP76; BD Laboratories or anti-NF9044), 

IGF2BP1 (anti-IMPl; a gift from Dr. F Nielsen), NF45,44 HuR (clone 3A2; Santa Cruz 

Biotechnology), TIA-1/TIAR (clone 3E6; a gift from Dr. P Anderson), hnRNP Al (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), P-actin (Sigma-Aldrich) and GAPDH (BD 

Laboratories, Mississauga, ON, Canada). Membranes were then incubated with species-

specific horseradish-peroxidase-conjugated secondary antibody (GE Biosciences, Baie 

d'Urfe, QC, Canada) followed by detection with ECL+ substrate (GE Biosciences). 

Alternatively, membranes were incubated with Alexa 680-conjugated (Invitrogen) or IR 800-

conjugated (LI-COR Biotechnology, Lincoln, NE, USA) secondary antibody followed by 

detection using the Licor Odyssey Infrared scanner. 

Metabolic labelling/immunopreripitation. A total of 1.5 x 106 U373MG cells were 

nucleofected with 10 ug of GFP or NF45 DNA plasmid and seeded in 10 cm plates 24 h 

before assay. Cells were incubated with DMEM lacking methionine and cysteine and 

supplemented with 10% FCS (Invitrogen) for 15 min at 37°C. Cells were pulse-labeled with 

0.1 mCi/ml 35S-methionine and cysteine mix (EasyTag EXPRE35S35S Protein Labelling Mix; 

PerkinElmer) for 25 min at 37°C. Cells were washed, harvested in cold PBS and boiled in 50 

pi of denaturing lysis buffer (50 mM Tris (pH 7.4), 5 mM EDTA, 1%SDS, 10 mM DTT, 1 

mM PMSF, 2 pg/ml leupeptin, 15 U/ml DNasel) for 5 min. Cold nondenaturing buffer (450 

pi; 50 mM Tris (pH 7.4), 5 mM EDTA, 300 mM NaCl, l%Triton X-100, 10 mM 

iodoacetamide, 1 mM PMSF, 2 pg/ml leupeptin) was then added and the lysate was passed 
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through a 25-gauge syringe needle 10 times. Following centrifugation to remove debris, we 

precleared the lysate before immunoprecipitation with Pansorbin cells for 2 h at 4°C (EMD 

Chemicals, Gibbstown, NJ, USA). Co-immunoprecipitation of cIAPl and P-actin from the 

precleared lysates was performed at 4°C for 16 h using Protein G/Protein A-Agarose beads 

(EMD Chemicals) coated with antibodies specific for P-actin (Sigma-Aldrich) and cIAP145 

at a titer of 1:500 and 1:150, respectively. The beads were then washed extensively with cold 

wash buffer (50 mM Tris (pH 7.4), 300 mM NaCl, 0.1% Triton X-100), resuspended in 

Laemmli buffer and boiled to elute bound proteins. Immunoprecipitated proteins or total 

proteins were then resolved on 10% SDS-PAGE. The gel was incubated with Amplify 

fluorogenic reagent (GE Biosciences) for 30 min before drying and exposure to film. 

Densitometric analysis was performed using Licor Odyssey software (LI-COR 

Biotechnology). 

Quantitative RT-PCR. To measure relative mRNA expression, total RNA was isolated from 

U373MG cells 24 h after transient expression of GFP or NF45 (Absolutely RNA miniprep; 

Agilent Technologies, La Jolla, CA, USA) and cDNA generated (First-Strand cDNA 

synthesis kit; GE Biosciences). Quantitative PCR was performed on an ABI Prism 7000 real­

time thermocycler using 1 pg total RNA together with SYBRGreen (Qiagen, Mississauga, 

ON, Canada) and gene-specific primers (cIAPl: TCTGGAGATGATCCATGGGTAGA, 

TGGCCTTTCATTCGTATCAAGA; p-actin: CTGGAACGGTGAAGGTGACA, 

AAGGGACTTCCTGTAACAATGCA; NF45: GACACAATGTGGCTGACCTG, 

GAAGATTGGGTGGCACTGTT). Relative expression levels were determined using the 
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standard curve method. Controls lacking RT showed no significant genomic DNA 

amplification (>10 cycle difference). 

Polysome profiling. A total of 5 x 106 U373MG cells were nucleofected with 10 pg of GFP 

or NF45 plasmid DNA 72 h before polysome profiling. Cells were incubated with 0.1 mg/ml 

cycloheximide for 3 min, washed with cold PBS+cycloheximide and lysed in cold polysome 

lysis buffer (15 mM Tris-HCl (pH 7.4), 15 mM MgC12, 300 mM NaCl, l%(v/v) Triton 

X-100, 0.1 mg/ml cycloheximide, 100 U/ml RNasin). Equal OD254 units were loaded onto 

10-50% linear sucrose gradients and centrifuged at 39 000 r.p.m. for 90 min at 4°C. 

Gradients were fractionated from the top (Densi-Flow; Labconco, Kansas City, MO, USA) 

and RNA/protein was monitored at 254 nm using a HPLC system (Akta Explorer; GE 

Biosciences). Fractions (1 ml) were collected and flash-frozen in liquid nitrogen. RNA was 

isolated from individual fractions by proteinase K digestion followed by phenol/chloroform 

extraction. Equal volumes of RNA from each fraction were used to generate cDNA using 

oligo-dT primers and a reverse transcription kit (First-Strand cDNA synthesis kit; GE 

Biosciences). PCR primers specific for cIAPl or P-actin (c.f. last section for specific 

sequences) were used to amplify messages using a limited-cycle PCR. Amplified cDNA was 

resolved on agarose gel, and visualized with ethidium bromide. Genomic DNA 

contamination in controls lacking RT was undetectable. 

IRES activity assay. A total of 1 x 106 U373MG cells were nucleofected with 6 pg PGAL/ 

cIAPl/CAT bicistronic vector containing the full-length cIAPl 5' UTR (nucleotides -1222 to 

106 



-1) and 2 pg GFP or NF45 expression vector. For monocistronic experiments, CAT 

expression constructs with the 1.2 kb 5' UTR or a mutant containing nucleotides -80 to -1 of 

the 5' UTR were used together with a P-GAL expression construct. For c and d5 HeLa cell 

experiments, we seeded 6 x 10s cells 24 h before Lipofectamine 2000 (Invitrogen) 

transfection with 2 pg bicistronic vectors harbouring cIAPl, APAF-1, BclxL, DAP5 and 

VCIP IRES. Protein lysates were harvested after 24 h using CAT lysis buffer (Roche 

Diagnostics, Laval, QC, Canada). P-GAL activity was assessed using an ONPG colorimetric 

assay. CAT expression was quantified by ELISA according to the manufacturer's protocol 

(Roche Diagnostics). Spurious splicing and potential cryptic promoter activity that could 

arise with the pBGAL/cIAPl/CAT bicistronic vector has been previously addressed.27 

Recombinant NF45 expression and purification. The full-length ORF of human NF45 was 

amplified from pEF.NF45.HA by PCR and cloned into a bacterial GST expression plasmid 

(pGEX-KG). Expression of GST-NF45 (72 kDa) was induced with 100 nM IPTG for 4 h at 

37°C. Cells were lysed on ice with lysozyme, 1.5% Sarkosyl, DNase I and protease 

inhibitors. Triton X-100 (4%) was added to solubilize proteins before clarification by 

centrifugation. Lysates were incubated with Glutathione Sepharose 4B beads (GE 

Biosciences) for 16 h and GST moieties were eluted with reduced glutathione (20 mM 

glutathione, 30 mM Na2HP04, 0.1% (w/v) CHAPS, pH 9.5) for 2 h at 4°C. Purity was 

assessed by SDS-PAGE and Coomassie staining. 
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RNA UV cross-linking. [a-32P]UTP-labeled, in vitro transcribed cIAPl RNA (40 000 c.p.m.) 

was incubated with 300-500 ng of GST-NF45 for 25 min at room temperature in an RNA 

binding buffer (10 mM Tris-HCl (pH 7.4), 1.5 mM MgC12, 150 mM KC1, 0.5 mM DTT, 0.1 

mM PMSF, 10 mg/ml leupeptin). Samples were UV-irradiated (250 mJ/cm2) on ice using a 

Stratagene Stratalinker, followed by treatment with 2 U of RNase A/Tl and 100 pg of 

heparin. Complexes were resolved by SDS-PAGE and visualized by autoradiography. 
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CHAPTER 4 

Nucleotide composition of cellular IRES predicts a post-transcriptional operon 



Preamble 

"Nucleotide composition of cellular IRES predicts a post-transcriptional operon" is an 

unpublished manuscript. The article identifies XIAP as an additional target of NF45 ITAF 

activity. Further, the article provides evidence that other NF45-dependent IRES can be 

predicted based only on the nucleotide composition of their 5'UTRs. The identified NF45-

dependent mRNAs are involved in common cellular pathways that serve to maintain 

genomic integrity and are hypothesized to represent an IRES-based RNA operon. 

Author list: Tyson E. Graber and Martin Holcik 

Author contributions: TEG wrote the article. TEG designed and performed experiments 

presented in Figures 4.1-5. 

I would also like to thank Dr. Stephen Baird for spending a good chunk of his time helping 

me with the Perl script that allowed for the calculation of AU content within a sequence 

database (which completes the task in a few seconds rather than a few hours) and for 

allowing me to play with use the Cellomics HCS automated imaging system. 
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Introduction 

The vast majority of cellular mRNAs initiate their translation through a well-defined 

mechanism of ribosome recmitment that occurs at the 5' terminal 7-methyl-GDP with the 

help of several canonical protein factors. A subset of cellular and viral mRNAs contain 

regulatory motifs in their 5' untranslated regions (UTR) termed Internal Ribosome Entry 

Sites (IRES) that usurp the canonical mode of initiation. In eukaryotes, this mechanism 

requires IRES trans-acting protein factors (ITAFs) that facilitate ribosome recmitment 

downstream of the 5' terminus. While several ITAFs and their target mRNAs have been 

empirically identified, in silico prediction of ITAF targets has proved difficult due to poor 

definition of consensus binding motifs within their target IRES. Here, we report that high AU 

content (>60%) of 5' untranslated regions harbouring IRES serves as an excellent predictor 

of dependence on the recently identified and evolutionarily conserved ITAF, NF45. 

Moreover, we provide evidence that cells deficient in NF45 ITAF activity exhibit 

dysregulated IRES-mediated translation of mRNAs that function in DNA damage repair, 

apoptosis and NF-KB signalling. This specific defect in IRES translation may explain the 

cytokinesis impairment observed in HeLa cells expressing NF45 RNAi that leads to 

aneuploidy and a senescent-like phenotype. Together, these data indicate that NF45 is 

required for appropriate cell growth and functions by controlling a post-transcriptional RNA 

operon that is necessary for the maintenance of genomic integrity, apoptotic threshold and 

appropriate NF-KB signalling within the cell. 
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Results and Discussion 

NF45 regulates XIAP IRES and interacts outside of the polypyrimidine tract 

We initially identified NF45 as an ITAF that regulates the cellular Inhibitor of Apoptosis 

Protein 1 (cIAPl) IRES during the unfolded protein response.1 To address the question of 

whether NF45 ITAF activity was specific to the cIAPl IRES or whether it could regulate 

other IRES, we screened several IRES-containing mRNAs for their dependence on NF45 

expression. Our experimental system consists of HeLa cells that stably express shRNA 

targeting NF45 {d5 cells) and cells expressing non-targeting shRNA (c cells). These cells 

have been previously characterized and exhibit significantly reduced expression of NF45, 

while the expression of its binding partner, NF90 remains largely unaffected.2 We then 

transiently transfected these cell lines with bicistronic constmcts harbouring various cellular 

or viral IRES to measure IRES activity in cells deficient in NF45 relative to cells expressing 

normal levels of NF45. Using this system we have previously shown in our initial screen of 

six cellular IRES that decreased expression of NF45 drastically affects the activity of cIAPl 

(>2-fold decrease in activity) but spares the activity of other IRES such as APAF-1, BclxL, 

DAP5, and VCIP.1 These results indicated that NF45 ITAF activity does not target all IRES. 

Because cIAPl is a member of the inhibitor of apoptosis family of proteins we extended 

our screen to determine whether another IRES-containing family member, the X-linked 

Inhibitor of Apoptosis Protein (XIAP) is regulated by NF45. We assessed XIAP IRES 

activity in d5 versus c cells and found a significant (75%) decrease in activity (Figure 4. IB). 

To ensure that this assay accurately reflected NF45 ITAF function we also tested the activity 

of the encephalomyocarditis vims (EMCV) IRES in d5 versus c cells. Unlike cellular IRES, 
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Figure 4.1 
NF45 regulates IRES-mediated translation of XIAP and interacts outside of the 
polypyrimidine tract. (A) Schematic of bicistronic DNA constmcts used to assess 
IRES activity. The XIAP IRES is inserted between the upstream (P-GAL ORF, 
reporting cap-dependent translation) and downstream (CAT ORF, reporting IRES-
mediated translation). Cells were transiently transfected and the ratio of CAT/p-GAL 
was reported as relative IRES activity. (B) IRES activity of XIAP and EMCV IRES in 
d5 versus c cells. Note that a ratio of 1.0 is indicative of no change in IRES activity 
between the two cell lines. (C) NF45 interacts specifically with the XIAP IRES. 
Western blot of an RNA affinity chromatography preparation with no RNA or XIAP 
IRES RNA used as bait. (D) Western blot showing that endogenous XIAP protein 
expression is impaired in d5 cells relative to c cells. (E) Although the predicted 
secondary structures of the cIAPl and XIAP IRES are dissimilar, a putative NF45 
binding site defined by an AU-rich stem motif lies within the first stemloop (SLI) of 
the XIAP IRES. (F) NF45 interacts outside of the XIAP poypyrimidine tract (PPT). 
Western blot of an RNA affinity chromatography preparation with wildtype (wt) XIAP 
IRES RNA or SLII-deleted XIAP IRES (ASLII) used as bait. Blots were probed with 
antibodies detecting NF45 or polypyrimidine tract binding protein (PTB). 
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the EMCV IRES does not require ITAFs for its activity and should therefore be unaffected 

by the lack of NF45 in d5 cells. Indeed, we found that EMCV IRES activity remained 

unchanged in cells expressing low amounts of NF45 (Figure 4.IB). To determine if NF45 is 

a bona fide XIAP ITAF we used an RNA affinity chromatography approach to pull down 

XIAP binding proteins from a HEK293T cytoplasmic lysate using in vitro transcribed XIAP 

IRES as bait. A western blot of this affinity preparation revealed that NF45 does specifically 

interact with the XIAP IRES but not with a matrix lacking RNA (Figure 4.1C). Importantly, 

we also found that decreased XIAP IRES activity in d5 cells results in a concomitant 

decrease (-30%) in endogenous XIAP protein levels (Figure 4. ID). 

Previously published data from our laboratory indicates that NF45 interacts with an AU-

rich stem structure present within the cIAPl IRES.1 We therefore hypothesized that a NF45-

dependent IRES sequence would contain an AU-rich stem. We compared the known RNA 

secondary structures of the cIAPll and XIAP3 IRES and noted an AU-rich stem motif present 

in the first stem-loop of the XIAP IRES that could conceivably participate in binding NF45 

(Figure 4.IE). Supporting this assertion, we found that NF45 associated with either the 

wildtype (wt) XIAP IRES or a mutant IRES lacking stemloop II (ASLII) in our RNA affinity 

chromatography preparations, while polypyrimidine tract binding protein (PTB) failed to 

bind the stemloop II mutant (Figure 4.IF). Importantly, previous XIAP IRES mutants 

generated in our laboratory that lack this first stemloop were found to have significantly 

decreased IRES activity.4 Together, these data indicate that NF45 interacts with the first 

stemloop of the XIAP IRES and positively affects its activity, leading to increased XIAP 

protein expression. 
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A U content of 5 'UTRs correlates with NF45-dependent IRES activity 

We next surveyed the nucleotide composition of the seven IRES tested in our NF45 ITAF 

activity assay along with the composition of their respective 5'UTRs to determine whether 

AU content correlates with NF45-dependent IRES activity. A diagonal plot of the %AU 

content of these 5'UTRs (APAFl, BclxL, cIAPl, DAP5, EMCV, VCIP, XIAP) against that of 

their IRES is shown in Figure 4.2. The nucleotide composition of known IRES does not 

significantly deviate from that of their 5'UTRs.5 Therefore, this constraint alone cannot be 

used to predict novel IRES. However, the diagonal plot of our known NF45-dependent IRES 

(cIAPl and XIAP) revealed a strong correlation between the AU content of these two IRES 

and their requirement for NF45. Specifically, cIAPl and XIAP IRES are both AU-rich and 

NF45-dependent, while APAFl, BclxL, DAP5, VCIP and EMCV IRES are GC-rich and 

NF45-independent. These initial observations led us to the intriguing hypothesis that AU 

content of a 5'UTR could predict IRES that are dependent on NF45 for their activity. 

To address this hypothesis, we surveyed the entire set of known IRES-containing RNAs5 

and calculated the AU content of their 5'UTR and minimal IRES (if known). We ranked a 

list of 90 known eukaryotic IRES based on AU content and further considered only human 

IRES in our experiments. This resulted in a list of 9 IRES with an AU content greater than 

50% in their respective 5'UTRs to be carried forward for testing in the wet laboratory 

(Figure 4.2B). 
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Figure 4.2 
AU content of 5'UTRs correlates with NF45-dependent IRES activity. (A) 
Diagonal plot showing relationship of NF45 ITAF activity and the AU content of 
5'UTRs and IRES. We have previously shown that NF45 expression does not affect 
BclxL, DAP5, APAF-1, and VCIP IRES activities (closed-circle=NF45-independent 
IRES) but does impact cIAPl and, as we have shown in Figure 4.1, XIAP IRES 
activities (open-circle=NF45-dependent).1 (B) Table of IRES-containing human 
mRNAs that have >50% AU content within their 5'UTRs. The percent AU content of 
the minimal IRES (if unknown, content is equivalent to that of 5'UTR) is indicated in 
brackets. 
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AU-rich 5 'UTRs harbouring IRES are regulated by NF45 

To determine whether NF45 acts as an ITAF for AU-rich IRES we measured IRES 

activity using a bicistronic P-GAL/CAT vector transfected into d5 versus c cells. We have 

previously confirmed and validated IRES activity of cIAPl, XIAP, ELGl and AQP4 IRES in 

the P-GAL/CAT vector expressed in HEK293 cells.3 In addition to these IRES, we cloned the 

previously characterized NRF, SNMl, MYT2, UNR, and TEK IRES into the p-GAL/CAT 

bicistronic vector. Using these constructs, we observed that the ratio of IRES activity in d5 

versus c cells was significantly less (<50% of that in d5 cells) for cIAPl, XIAP, NRF, and 

ELGl IRES; strongly arguing that NF45 positively regulates these AU-rich IRES (Figure 

4.3). Surprisingly, SNMl IRES activity was significantly increased in NF45-deficient cells 

illustrating that NF45 ITAF activity can be pleiotropic, as has been previously demonstrated 

with other ITAF-IRES interactions.5 Importantly, we found that IRES with an AU content of 

less than 60% (MYT2, UNR, AQP4, TEK, EMCV, BclxL, DAP5, VCIP, and APAFl) were 

largely unaffected by decreased expression of NF45 in d5 cells. 

Prediction ofNF45-dependent IRES across Eukarya 

We wished to use our results from the above IRES screen to establish specific 

constraints that could be used to confidently predict NF45-dependent IRES in silico. From a 

plot of log2-transformed mean IRES activity versus the AU content of the IRES-containing 

5'UTRs, we can see that those IRES whose activity is affected by more than 2-fold up or 

down in NF45-deficient cells all lie within 5'UTRs with an AU content greater than or equal 

to 60% (Figure 4.4A). From this data, we propose that IRES-containing 5'UTRs with an AU 
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Figure 4.3 
AU-rich 5'UTRs harbouring IRES are regulated by NF45. IRES activity was tested 
in d5 (NF45 shRNA) cells relative to c (non-targeting shRNA) cells using a bicistronic 
assay for the IRES listed in Figure 4.2B in addition to GC-rich IRES (EMCV, BclxL, 
DAP5, VCIP, APAFl) as described in Materials and Methods (n=3, mean ±SD). IRES 
are ranked in order of decreasing 5'UTR AU content (from left to right, indicated at the 
bottom) 
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Figure 4.4 
A 5'UTR AU content of greater than 60% predicts cross-species dependence on 
NF45. (A) Determination of threshold AU content for NF45-dependent IRES. IRES 
activity data from Figure 4.3 was transformed into log2-space and plotted against the 
AU content of the 5'UTRs tested. A constraint of >60% AU content was chosen based 
on the clustered activities of IRES that changed by more than 2-fold up or down in d5 
versus c cells (shaded quadrants). (B) Conservation of NF45-IRES interactions allows 
prediction of an NF45-dependent IRES in Canis familiaris. The SCAMPER IRES 
(63% AU content) was cloned into a bicistronic vector as described in Materials and 
Methods and was tested for IRES activity as in Figure 4.3 (n=3, mean ±SD). 
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content greater than 60% can be predicted to be affected by NF45. To confirm that this 

prediction holds across species, we screened for activity of the Canis familiaris IRES 

SCAMPER in d5 cells. The AU content of the SCAMPER 5'UTR and its respective IRES is 

63% and therefore fits our constraint. As predicted, we found that SCAMPER IRES activity 

was decreased by 50% in d5 relative to c cells, confirming that SCAMPER expression is 

regulated by human NF45 and suggesting that AU-rich IRES from other species likely 

require NF45 for their activity (Figure 4.4A). It is important to note that C. familiaris NF45 

is 99.7% identical to that of the H. sapiens orthologue, implying functional NF45-IRES 

interactions in C. familiaris. Further, the high degree of NF45 protein homology and target 

IRES sequence conservation between mammals suggest that NF45-IRES interactions are 

evolutionarily conserved and therefore functionally important. Outside of class Mammalia, 

the CG5641 protein in D. melanogastor is also homologous to mammalian NF45 and may 

regulate IRES in this species. Of the few D. melanogastor IRES insofar identified, 

antennapedia, hsp70, hsp90, reaper, and ultrabithorax possess more than 60% AU content in 

their respective 5'UTRs, and would therefore be predicted to be regulated at the level of 

translation by CG5641. Interestingly, no NF45 orthologue exists in S. cerevisiae, perhaps 

reflecting the apparent distinct mechanism of IRES regulation in this species that requires 

short stretches of adenosine nucleotides to recruit ribosomes through interaction with D. 

melanogastor poly-A binding protein (PAPB).6 
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NF45-dependent IRES define an RNA operon 

We observed that the NF45-dependent mRNAs harbouring IRES identified herein appear to 

encode proteins involved in two intimately linked functional pathways; namely DNA damage 

repair (SNMl) and NF-KB signalling (NRF, cIAPl, XIAP). The ELGl IRES regulates an 

uncharacterized protein (known as ELG and not to be confused with the DNA repair protein 

ELGl). NF-KB can be activated upon DNA damage induced by several chemotherapeutic 

drugs including camptothecin, etoposide and doxorubicin.7 Does NF45 preserve genomic 

stability by maintaining IRES-mediated translation of critical DNA repair genes? Does NF45 

keep the brake on NF-KB signalling through IRES-mediated translation of the NF-KB-

repressing factor (NRF), cIAPl, and XIAP? Our laboratory is currently trying to answer 

these critical questions by continuing to look at the effect of RNAi-mediated NF45 

knockdown in d5 cells. This HeLa cell line exhibits a striking senescent-like morphology 

typified by an overall flat, non-elliptical shape, and increased F-actin expression (Figure 4.5). 

These cells also display multi-lobed nuclei, suggesting either a cell fusion event or a defect 

in cytokinesis. Recent time-lapse microscopy of nuclear division in NF45 siRNA-transfected 

HeLa cells that faithfully recapitulates the phenotype observed in d5 cells clearly indicates a 

block in cytokinesis during mitosis.8 Although d5 cells exhibit a normal cell cycle profile 

(except for an increased polyploid population), there is a 50% decrease in 3H-thymidine 

uptake that suggests severely impaired DNA synthesis and correlates with the slow growth 

kinetics of these cells.2 Surprisingly, although aneuploidy is increased in d5 cells, apoptotic 

threshold is unaffected.2-8 The absence of p53 protein in this HeLa cell line derivative may 

explain the lack of cell death in the face of dysregulated mitosis. 
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Figure 4.5 
d5 cells exhibit defects in cytokinesis and a senescent-like morphology. 
Micrographs of fixed c (HeLa cells expressing non-specific shRNA) and d5 
(expressing NF45 shRNA) cells. Nuclei were stained with Hoechst dye and F-actin 
filament expression was assessed using the actin depolymerization inhibitor phalloidin 
conjugated to a fluorescent dye as described in Materials and Methods section. Arrow 
denotes a typical d5 cell, exhibiting irregular shape, large cytoplasm, increased 
expression of F-actin filaments, and multi-lobed nuclei. 
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A direct link between IRES-mediated translation and the d5 phenotype has yet to be 

proven, but we have shown for the first time that NF45 expression affects translation of 

mRNAs encoding proteins involved in DNA repair, apoptosis, and NF-KB signalling, thus 

representing an IRES-based RNA operon. We were able to predict these NF45-dependent 

IRES based solely on the unusually high AU content (>60%) of their respective 5'UTRs, 

giving researchers a new in silico method to determine if newly discovered IRES are 

dependent on NF45 ITAF activity. 

Materials and Methods 

Cell culture, expression constructs and transfection. HeLa cells expressing shRNA (c and 

d5) were previously characterized2 and were maintained under selective pressure with 400 

pg/ml of G418 (Invitrogen, Burlington, ON, Canada) in serum- and antibiotic-supplemented 

Dulbecco's modified Eagle's medium (DMEM). Transient DNA transfections were 

performed using Lipofectamine 2000 (Invitrogen, Burlington, ON, Canada) as per the 

manufacturer's protocol. Unless otherwise stated, all assays were performed 24 hours 

following transfection. 

RNA affinity chromatography. Affinity chromatography was performed with HEK293T 

cells and in vitro transcribed RNA corresponding to the full-length XIAP IRES or a mutant 

lacking stemloop II (containing the PPT) as previously described.3 Briefly, RNA was end-

labelled with biotin and conjugated to avidin-coated beads. A HEK293T cytoplasmic lysate 
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was incubated with the RNA beads or with beads alone, followed by extensive washing. 

Captured proteins were resolved by SDS-PAGE and transferred to a PVDF membrane. 

Membranes were probed with anti-NF451 or anti-PTB (Zymed Laboratories, San Francisco, 

CA, USA). 

Western blot analysis. Cells were lysed in RIPA buffer for 30 minutes at 4°C, followed by 

centrifugation at 10,000xg to remove debris. Equal amounts of protein were resolved by 10% 

SDS-PAGE, transferred to PVDF membranes using a wet transfer protocol and probed with 

antibodies to Nuclear Factor 451, XIAP (anti-RIAP33), or GAPDH (BD Biosciences, 

Mississauga, ON, Canada). Membranes were incubated with Alexa 680-conjugated 

(Invitrogen, Burlington, ON, Canada) or IR800-conjugated (LI-COR Biotechnology, 

Lincoln, NE, USA) secondary antibody followed by detection using the LICOR Odyssey 

infrared scanner. 

Calculation of UTR nucleotide composition. A non-redundant human 5'UTR sequence 

database and a database containing known IRES sequences were used to calculate AU 

content.5 

Cloning of IRES and bicistronic assays. The AQP4, cIAPl, ELGl, NRF, and XIAP IRES 

have been previously cloned into our p-GAL/CAT bicistronic vector and characterized as 

previously described.1-3 The SCAMPER9 and MYT210 IRES were synthesized with flanking 

Nhel/Xhol sites and cloned into a pUC57 vector (Bio Basic, Inc., Toronto, ON, Canada) 
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followed by sub-cloning into the P-GAL/CAT bicistronic vector. A portion of the SNMl 

5'UTR containing IRES activity described in Zhang et al11 (nucleotides -669 to -1, forward 

primer: CTC TTC CT GCT AGC GGG ATT GTT CAT TGC TGC, reverse primer: CTC TTC 

CT CTC GAG GGC AAA ATG ATT TTA TCA), the UNR 5'UTR containing IRES activity 

described in Comelis et al12 (nucleotides -462 to -1, forward primer: CTC TTC CT GCT 

AGC TGC TGC TTA TGG CGG CGC, reverse primer: CTC TTC CT CTC GAG CGC AGT 

GAT ACT CAA ATA), and the TEK 5'UTR containing IRES activity described in Park et al13 

(nucleotides -354 to -1, forward primer: CTC TTC CT GCT AGC GCA GCA GCA AAA 

GCA GCA, reverse primer: CTC TTC CT CTC GAG GCT TCC CCA AAT CTC TCC), were 

amplified by PCR from mammalian gene collection clones (SNMl, Genbank 

Accession:BI770136; UNR, GB:BI546285; TEK; GB:BI546285, all purchased from 

Thermo Fisher Scientific, Inc., Ottawa, ON, Canada) using primers with Nhel/Xhol sites. 

The NRF 5'UTR (nucleotides -653 to -1, forward primer: CTC GAG CAG AGT AAT GAC 

ATG GTT CC, reverse primer: CTC TTC CAA GCG TGG GCT GTA CC) was PCR-

amplified from a liver cDNA library using primers with Nhel/Xhol sites. The amplified 

UTRs were then sub-cloned into the P-GAL/CAT bicistronic vector. All constructs were 

verified by sequencing and basal IRES activity in c cells (relative to cells transfected with 

empty bicistronic vector) was confirmed. 

Fluorescence microscopy. l.OxlO5 d5 and c cells were seeded in 12-well flat-bottom plates. 

24 hours later, cells were fixed and simultaneously stained for nuclei and F-actin filaments 

by incubating them with 5pg/ml of Hoechst 3342 and 0.2U/ml Alexa 564-conjugated 
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Phalloidin (both from Invitrogen, Burlington, ON, Canada) in 3.7% formaldehyde in PBS for 

30 minutes at room temperature. Nuclei and F-actin staining was captured with a Cellomics 

ArrayScan VTI automated fluorescence imaging system (Thermo Fisher Scientific, Inc., 

Ottawa, ON, Canada) using appropriate filters. 
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CHAPTER 5 

hnRNP Al regulates UV-induced NF-KB signalling 

through destabilization of cIAPl mRNA 



Preamble 

"hnRNP Al regulates UV-induced NF-KB signalling through destabilization of cIAPl 

mRNA" is a research article published in Cell Death and Differentiation (volume 16, 

February 2009). The article identifies classical AU-rich elements (ARE) within the cIAPl 

3'UTR. These ARE were found to reduce cIAPl mRNA stability following UV irradiation 

by interacting with the RNA binding protein hnRNP Al. hnRNP Al translocation from the 

nucleus to the cytoplasm, rather than a change in its level of expression, following this stress 

was found to mediate cIAPl mRNA instability. Together, these data ascribe an additional 

level of post-transcriptional control to cIAPl mRNA. 
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Abstract 

cIAPl is an important member of the inhibitor of apoptosis family of proteins and is 

involved in the regulation of the NF-KB signalling pathway downstream of the TNF receptor. 

We report here that UV irradiation leads to downregulation of cIAPl expression because of 

enhanced cIAPl mRNA destabilization. An AU-rich element located within the 3' 

untranslated region of cIAPl mRNA is sufficient to mediate cIAPl mRNA instability. 

Furthermore, we have identified hnRNP A1 as a cIAPl 3'UTR-binding protein. hnRNP A1 is 

a primarily nuclear protein, but accumulates in the cytoplasm after exposure of cells to UV 

irradiation. Indeed, we find that hnRNP Al enhances the destabilization of cIAPl mRNA 

during UV irradiation. Moreover, siRNA-mediated knockdown of hnRNP A1 restores cIAPl 

levels and prevents UV irradiation-induced activation of the NF-KB signal transduction 

pathway, suggesting that hnRNP Al is an essential post-transcriptional modulator of cIAPl 

expression, and thus cIAPl activity. 

Introduction 

The inhibitor of apoptosis (IAP) family of proteins are key regulators of programmed cell 

death.1 The IAP family comprises eight distinct members that participate in diverse cellular 

processes including cell cycle, signal transduction, ubiquitylation, and caspase inhibition.2 

Although it was initially believed that all IAPs are capable of inhibiting distinct caspases, the 

recent data suggest that only XIAP is a bona fide caspase inhibitor.3 cIAPl and cIAP2 were 

identified through an interaction with the TNF-receptor complex proteins TRAF1 and 

TRAF2, which regulate NF-KB signalling through the TNF receptor.4 The C-terminal RING 
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finger domain of cIAPl possesses an ubiquitin E3 ligase activity and may sensitize cells to 

apoptosis by direct ubiquitylation and removal of TRAF2 following activation of the TNF 

receptor, resulting in the inhibition of NF-KB pathways.5 Indeed, cIAPl degradation induced 

by Smac mimetics leads to activation of both the canonical and non-canonical NF-KB 

pathways, strengthening the importance of IAPs in the regulation of NF-KB signalling.6-* 

Although cIAPl and cIAP2 perform similar functions within the cell, their expression 

is regulated differently. The expression of cIAP2 is controlled primarily at the level of 

transcription in an NF-icB-dependent manner.9 Also, the protein turnover of cIAP2 is 

regulated by the ubiquitin ligase activity of cIAPl.10 In contrast, cIAPl levels are controlled 

at the level of protein synthesis. The 5' untranslated region (UTR) of cIAPl contains an 

upstream open reading frame that reduces the basal translation of cIAPl.11 The 5'UTR of 

cIAPl also harbours an internal ribosome entry site (IRES) element that mediates 

translational induction of cIAPl in response to stress.12,13 This complex regulatory network 

reflects the distinct spatial and temporal requirement for cIAPl and cIAP2 proteins in 

response to various physiological conditions. 

Here, we describe an additional regulatory mechanism that governs the expression of 

cIAPl. We find that following UV irradiation the levels of cIAPl decrease dramatically. This 

reduction of cIAPl protein is achieved by destabilization of cIAPl mRNA. We have 

identified an AU-rich (ARE) sequence in the 3'UTR of cIAPl that is sufficient and necessary 

to confer instability on a reporter mRNA. Furthermore, we find that the heterogeneous 

ribonucleoprotein Al (hnRNP Al) interacts with the cIAPl 3'UTR and regulates cIAPl 

mRNA stability. Importantly, UV irradiation mediates accumulation of hnRNP Al in the 
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cytoplasm and subsequent destabilization of cIAPl mRNA, which results in reduced cIAPl 

protein levels and consequently increased NF-KB signalling. 

Results 

UV irradiation destabilizes cIAPl mRNA and reduces cIAPl protein levels 

UV irradiation (UVR) causes cells to mount a response to deal with the potentially harmful 

effects of UV-induced damage. We have earlier reported that UVR results in an inhibition of 

global protein synthesis, whereas simultaneously enhancing translation of the proapoptotic 

protein Apaf-1 through an IRES-dependent mode of translation.14 In the course of these 

experiments we observed that the levels of the anti-apoptotic gene cIAPl were significantly 

reduced following UVR (Figure 5.1a). We wished to determine if this reduction in cIAPl 

levels is because of changes in protein or mRNA stability. UV-irradiated cells were pulse-

chased with 35S-Met/Cys and cIAPl was immunoprecipitated over the course of 24 h. We 

observed that UVR did not alter the stability of cIAPl protein (Figure 5.1b). We next 

examined the steady-state levels of cIAPl mRNA following UVR. When compared with the 

levels in non-irradiated HEK293 cells, the steady-state levels of endogenous cIAPl mRNA 

decreased significantly in UV-irradiated cells (Figure 5.1c). This suggests that the decrease in 

cIAPl protein levels following UVR could be because of changes in the stability of cIAPl 

mRNA. We examined the stability of endogenous cIAPl mRNA following UVR by 

quantitative RT-PCR (Figure 5.Id). Indeed, this experiment revealed that the half-life of 

cIAPl mRNA (ti/2=5.9 h) is significantly reduced by UVR (ti/2=3.3 h). These results 
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demonstrate that UVR causes a significant decrease in cIAPl protein levels by destabilizing 

cIAPl mRNA. 



Figure 5.1 
UV irradiation destabilizes cIAPl mRNA. (a) UV irradiation reduces cIAPl protein 
levels. 293 cells were treated with UV radiation (UVR (150 mW/cm2)) or not (CTRL) 
and the expression of cIAPl protein was determined 24 h later by western blot, (b) UV 
irradiation does not affect cIAPl protein stability. Cells were pulsed with 35S-Met/Cys 
for 25 min following UV irradiation and chased in the presence of cold Met/Cys for an 
additional 24 h. cIAPl and P-actin were immunoprecipitated using specific antibodies 
at indicated time points and resolved on SDS-PAGE (left). The levels of remaining 
cIAPl are shown relative to P-actin, and the cIAPl/p-actin ratio at the beginning of 
cold Met chase (0 h) was set as 1 for both control and UVR samples (right), (c) UV 
irradiation reduces steady-state levels of cIAPl mRNA. 293 cells were treated with UV 
irradiation as in (a) and 5 h later the total RNA was extracted. The levels of cIAPl and 
GAPDH mRNA were determined by quantitative RT-PCR analysis as described in the 
Material and Methods section; values are expressed as cIAPl relative to GAPDH (2-tQ 

(ciAPi)-ct(GAPDH)]̂  an(j m e r a t j 0 for non-irradiated cells was set as 1. Mean ±SD of three 
experiments, (d) UV irradiation destabilizes cIAPl mRNA. The cells were treated as in 
(c) and Actinomycin D (ActD, 10 pg/pl) was added immediately following UV 
exposure. Total RNA was extracted from parallel samples at 0, 4, 8, 12, and 16 h time 
points and the levels of cIAPl and GAPDH mRNA were determined as in (c). Values 
are expressed as cIAPl relative to GADPH (2-[ct(ciAPi)-ct(GAPDH)] normalized to the 0 h 
time point, which was set as 1. The mean ±SD of three independent experiments is 
shown. 
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The 3 'UTR ofcIAPl contains an AU-rich element that destabilizes cIAPl mRNA following 

UVR 

The stability of an mRNA is usually determined by sequence elements located within its 

3'UTR. We therefore investigated whether the 3'UTR of cIAPl can confer instability on a 

reporter mRNA. In the reporter vector pMC the expression of chloramphenicol acetyl 

transferase (CAT) reporter mRNA is driven by a CMV promoter and is post-transcriptionally 

regulated by the sequence elements inserted downstream of the CAT gene. This plasmid also 

expresses the neomycin phosphotransferase gene (NEO) from an independent promoter 

(SV40), which serves as an internal control. Insertion of the full-length 3'UTR of TNFa, 

known to confer mRNA instability, downstream of the CAT reporter gene resulted in an 

approximately 10-fold reduction in CAT mRNA levels (Figure 5.2a). Insertion of the full-

length cIAPl 3'UTR resulted in an approximately 3-fold reduction in CAT mRNA levels. 

The levels of cIAPl 3'UTR-CAT mRNA decreased even further following UVR, confirming 

that the 3'UTR of cIAPl harbours the necessary elements to destabilize reporter mRNA. To 

further delineate the sequences that are required for cIAPl mRNA instability we constructed 

a series of deletion mutants of the cIAPl 3'UTR (Figure 5.2b). We observed that a 120 

nucleotide fragment (120-240) is necessary and sufficient to confer instability on CAT 

mRNA (Figure 5.2c). 

Inspection of the (120-240) fragment of the cIAPl 3'UTR revealed that it contains 

four ARE (Figure 5.2b). To determine if these sequences are involved in destabilization of 

cIAPl mRNA, the individual ARE segments were mutated and tested for their ability to 
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Figure 5.2 
A fragment of cIAPl 3'UTR that contains AREs is sufficient to destabilize a 
heterologous reporter mRNA. (a) 3'UTR of cIAPl is sufficient to destabilize reporter 
mRNA. 293 cells were transiently transfected with the indicated plasmids and the total 
RNA was extracted 24 h later. The levels of CAT and NEO mRNA were determined by 
quantitative RT-PCR analysis. Values are expressed as CAT relative to NEO (2-[Ct(CAT)-ct 
(NEO]-) an(j m e r a t j 0 j n non-irradiated cells transfected with the control plasmid pMC 
was set as 100. The mean ±SD of three independent experiments is shown, (b) The 
complete sequence of the 3'UTR of cIAPl. The stop codon is shown in bold italics. 
The putative AU-rich elements (AREs) are made bold and underlined. The numbers in 
square brackets denote nucleotide position relative to the stop codon. A schematic 
diagram of reporter plasmids is shown below; AREs are indicated as black rectangles, 
(c) A 120 nt fragment harbouring the cIAPl AREs is sufficient to destabilize the 
mRNA. 293 cells were transfected with the indicated plasmids and total RNA was 
extracted as in (a). The levels of CAT and NEO mRNA were determined 24 h later by 
quantitative RT-PCR analysis as in (a). The mean ±SD of three independent 
experiments is shown, (d) cIAPl AREs no. 3 and no. 4 are necessary to confer mRNA 
instability. Mutations of individual ARE modules (shown above the graph) were 
introduced into the reporter plasmid pMC-cIAPl (120-240) by site-directed 
mutagenesis. Indicated reporter plasmids were then transiently transfected into 293 
cells and the levels of CAT and NEO mRNA were determined 24 h later by 
quantitative RT-PCR analysis as in (a). The mean ±SD of three independent 
experiments is shown. 
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destabilize CAT mRNA (Figure 5.2d). We found that although mutation of the ARE no. 2 had 

no effect on the stability of the reporter mRNA (when compared with the wildtype 

sequence), mutations in either ARE no. 3 or ARE no. 4 completely abolished mRNA 

instability conferred by the cIAPl 3'UTR. In contrast, mutation of the ARE no. 1 produced 

an intermediate phenotype with partial restoration of CAT mRNA stability. 

The results presented above confirm that the 3'UTR of cIAPl contains an mRNA 

instability element, and that AU-rich elements no. 3 and no. 4 within the 3'UTR are the 

major elements contributing to destabilization of the mRNA. 

hnRNP Al binds the cIAPl 3 'UTR ARE 

To identify proteins that interact with the cIAPl 3'UTR we used an RNA affinity 

chromatography approach15 followed by western blot with antibodies against candidate RNA 

binding proteins, which identified hnRNP Al as a cIAPl 3'UTR-interacting protein (Figure 

5.3a). In contrast, TIA-1, TIAR, and hnRNP C1/C2 (known RNA binding proteins) were not 

detected in the protein eluate from the cIAPl 3'UTR RNA affinity matrix, demonstrating the 

specificity of the hnRNP A1 interaction with the cIAPl 3'UTR in vitro. 

We next investigated if hnRNP Al binds directly to cIAPl 3'UTR RNA, and 

performed a UV-crosslinking experiment using a radiolabelled cIAPl 3'UTR RNA probe 

and purified recombinant GST-hnRNP Al protein. In addition, we used the cIAPl 3'UTR 

ARE mutants, described in a previous experiment (Figure 5.2d). We find that cIAPl 3'UTR 

RNA is cross-linked to GST-hnRNP Al (Figure 5.3b), indicating that hnRNP Al does indeed 

bind directly to cIAPl RNA. Importantly, GST-hnRNP A1 failed to bind to the ARE mutants 
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Figure 5.3 
hnRNP Al binds directly to the ARE-containing sequence of the cIAPl 3'UTR. (a) 
RNA affinity chromatography isolation of cIAPl 3'UTR binding proteins. Pre-cleared 
protein extracts from 293 cells were incubated with either agarose beads coated with 
cIAPl 3'UTR 120-240 RNA or agarose beads alone. After protein binding, beads were 
washed extensively, pelleted, and proteins were eluted by boiling. Following separation 
by SDS-PAGE the proteins were detected by western blot using the indicated 
antibodies, (b) Recombinant hnRNP A1 binds directly to the cIAPl 3'UTR. GST (lane 
1) or GST-hnRNP A1 (lanes 2, 3) were incubated with [32P]-labelled wildtype (wt) or 
mutated cIAPl 3'UTR RNA probes, UV-crosslinked, and then separated by SDS-
PAGE and visualized by autoradiography, (c) hnRNP Al binding curves for cIAPl 
3'UTR wildtype and ARE mutant RNAs. Nitrocellulose filter-binding assays were 
performed and analyzed as described in Materials and Methods. Filter-bound RNA is 
plotted as a function of protein concentration. The data presented represent the mean 
±SD of three independent experiments. 
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no 1, no. 3 and no. 4, whereas it bound ARE mutant no. 2, implicating these ARE sites as 

hnRNP Al binding sites within the cIAPl 3'UTR. 

We further assessed the interaction between hnRNP Al and the cIAPl 3'UTR by 

measuring the apparent equilibrium dissociation constant (Kd) of the recombinant GST-

hnRNP Al protein with both the wildtype cIAPl 3'UTR and ARE-mutant sequences by a 

nitrocellulose filter-binding assay. We find that the Kd for the interaction between GST-

hnRNP Al and cIAPl 3'UTR RNA is 122 nM (Figure 5.3c). Importantly, this Kd value is 

similar to the Kd values reported earlier for the interactions between hnRNP Al and other 

target mRNAs,16-18 suggesting a bona fide and specific interaction. An almost identical 

binding curve was observed for the ARE no. 2 mutant RNA (mut2), whereas the Kd for an 

interaction between GST-hnRNP Al and ARE no. 1, no. 3, and no. 4 mutant RNAs (mutl, 

mut3, and mut4) is greater than 600 nM (we could not determine the actual value as we were 

unable to saturate binding). Interestingly, the binding affinity of GST-hnRNP Al for the 

various cIAPl 3'UTR ARE mutants correlates with the ability of these mutants to destabilize 

CAT reporter mRNA (compare Figure 5.3c and Figure 5.2d), suggesting that hnRNP Al is a 

major factor in the instability of cIAPl mRNA. 

hnRNP A1 regulates levels ofcIAPl in response to UVR 

hnRNP Al accumulates in the cytoplasm of cells exposed to UVR (Figure 5.4a and Van der 

Houven van Oordt et al19); therefore, UVR may cause a decrease in cIAPl mRNA stability 

(and thus cIAPl protein levels) because of this increase in cytoplasmic hnRNP Al. To test 

this hypothesis we used a mutant variant of hnRNP A1 that is defective in its interaction with 
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Figure 5.4 
Cytoplasmic levels of hnRNP Al regulate cIAPl mRNA stability and NFK-B 

signalling following UV irradiation, (a) hnRNP Al accumulates in the cytoplasm of 
UV-irradiated cells. 293 cells were exposed to UVR as described in Materials and 
Methods and the nuclear (NE) and cytoplasmic (CE) protein fractions were harvested 
at 1 h intervals post-UVR, separated by SDS-PAGE, transferred to PVDF, and 
subjected to western blot analysis with antibodies against hnRNP Al and actin. (b) 
Cytoplasmic hnRNP A1 reduces cIAPl protein levels. 293 cells were transfected with a 
plasmid-expressing GFP, FLAG-hnRNP Al, or FLAG-hnRNP Al Fl mutant. 
Expression levels of FLAG-hnRNP Al, FLAG-hnRNP Al Fl, cIAPl and GAPDH 
were determined by western blot analysis using anti-hnRNP Al, anti-cIAPl, and anti-
GAPDH antibodies. The asterisk (*) indicates the FLAG-tagged protein species. 
Relative cIAPl levels are expressed as a ratio of cIAPl/GAPDH. The ratio in GFP-
transfected cells was set as 1. (c) Reduced levels of hnRNP A1 stabilize cIAPl 3'UTR 
reporter mRNA following UVR. 293 cells were cotransfected with control non-
silencing or hnRNP Al siRNA and the indicated reporter plasmids. After 48 h the cells 
were UV-irradiated and the levels of CAT and NEO mRNA were determined by 
quantitative RT-PCR 5 h post-UVR. Values are expressed as CAT relative to NEO (2-1° 
(CAT)-ct(NEO)]) an(j m e r a t j 0 j n non-irradiated cells transfected with control siRNA and 
the plasmid pMC was set as 100. The mean ±SD of three independent experiments is 
shown. The levels of hnRNP A1 in cells transfected with control or hnRNP A1 siRNA 
were determined by western blot, (d) Reduced levels of hnRNP Al increase 
endogenous cIAPl protein levels following UVR. 293 cells were transfected with 
control or hnRNP Al siRNA as in (a) and the cells were irradiated 48 h later. Cell 
lysates were prepared 24 h post-UVR and the levels of cIAPl and GAPDH were 
determined by western blot. Relative cIAPl levels are expressed as a ratio of cIAPl/ 
GAPDH. The ratio in mock-transfected non-irradiated cells was set as 1. Displayed 
data are representative of three independent experiments, (e) Reduced levels of hnRNP 
Al stabilize cIAPl mRNA following UVR. 293 cells were treated as in (d) and the 
total RNA was extracted 5 h post-UVR. The levels of cIAPl and GAPDH mRNA were 
determined by quantitative RT-PCR analysis. Values are expressed as cIAPl relative to 
GAPDH (2-[ct(ciAPi)-ct(GAPDH)]) a n d t h e r a t i o i n non-irradiated mock-transfected cells 
was set as 100. The mean ±SD of three independent experiments is shown, (f) hnRNP 
Al levels affect NF-KB signalling following UVR. 293 cells were co-transfected with 
control, hnRNP Al, or cIAPl siRNA and the NF-KB reporter plasmid pNF-KB-Luc as 
described in Materials and Methods. After 48 h the cells were UV-irradiated and 
luciferase levels were determined 18 h post-UVR. Values are presented as mean 
luminescence corrected to the number of live cells per plate. The relative luciferase 
activity in non-irradiated mock-transfected cells was set as 100. The mean ±SD of 
three independent experiments is shown. The levels of hnRNP Al, cIAPl and GAPDH 
were determined by western blot analysis in parallel untreated samples. 
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the Tml transporter protein and thus fails to enter the nucleus and accumulates in the 

cytoplasm (the Fl mutant20). Indeed, we found that the transient transfection of HEK293 

cells with FLAG-tagged hnRNP Al Fl-expressing plasmid resulted in a significant reduction 

of cIAPl protein (Figure 5.4b). This was in contrast to cells transfected with FLAG-tagged 

wildtype hnRNP Al, which had a negligible effect on the levels of cIAPl (Figure 5.4b). 

Thus, accumulation of hnRNP A1 in the cytoplasm, even in the absence of UVR, is sufficient 

to decrease the levels of cIAPl protein. 

We further hypothesized that any decrease in cIAPl levels because of UVR should be 

dependent on hnRNP Al. Cells were co-transfected with a cIAPl 3'UTR reporter plasmid 

and either a non-silencing control siRNA or hnRNP A1-targeting siRNA, exposed to UVR 

48h later, and the levels of CAT reporter mRNA were determined by qRT-PCR 5 h post-

irradiation. As observed earlier, exposure of cells to UVR significantly reduced the levels of 

CAT mRNA. Importantly, reduction of hnRNP Al levels by siRNA restored CAT mRNA 

levels almost to the levels of a control mRNA that does not harbour the cIAPl 3'UTR 

(Figure 5.4c). Similarly, the decrease in endogenous cIAPl levels following UVR was also 

dependent on hnRNP Al, as transient reduction of hnRNP Al allowed cIAPl levels to be 

maintained in response to UVR (Figure 5.4d; compare lanes 4 and 5). In contrast, transient 

reduction of TIAR, an RNA-binding protein that does not bind the cIAPl 3'UTR (Figure 

5.3a) had no effect on cIAPl protein levels following UVR (Figure 5.5). To confirm that the 

stabilization of cIAPl protein levels in UV-irradiated cells is because of the stabilization of 

cIAPl mRNA we examined the steady-state levels of cIAPl mRNA. We observed that 

although UVR reduced cIAPl mRNA levels in control siRNA-transfected 
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Figure 5.5 
Transient decrease in TIAR levels does not affect levels of cIAPl in UV-treated 
cells. 293 cells were transfected with control or TIAR siRNA as in Figure 5.4c and the 
cells were irradiated 48 h later. Cell lysates were prepared 24 h post-UVR and the 
levels of cIAPl, TIAR, and GAPDH were determined by western blot. 
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cells, transient knockdown of hnRNP Al in UVR-treated cells allowed cIAPl mRNA to be 

maintained at levels seen in non-irradiated cells (Figure 5.4e). Together these results indicate 

that accumulation of hnRNP A1 in the cytoplasm following exposure of cells to UV radiation 

causes a decrease in cIAPl protein levels through the ability of the cytoplasmic hnRNP A1 to 

interact with the cIAPl 3'UTR, resulting in destabilization of cIAPl mRNA. 

hnRNP A1 modulates NF-KB signalling through destabilization ofcIAPl mRNA 

It emerged recently that the primary role of cIAPl is to modulate NF-kB signalling.6-8 We 

therefore wished to examine whether the destabilization of cIAPl mRNA that is brought 

about by cytoplasmic accumulation of hnRNP A1 following exposure of cells to UVR affects 

NF-KB signalling. To quantitate changes in total NF-KB activity we co-transfected cells with 

a commercially available NF-KB-luciferase reporter plasmid and siRNA-targeting cIAPl, 

hnRNP Al or non-targeting siRNA as a control. Following transfection cells were allowed to 

recover for 48 h and then exposed to UVR. Relative luciferase activity was determined 18 h 

post-UV irradiation, and the levels of cIAPl and hnRNP Al were assessed by western blot 

analysis. We observed that UVR enhanced the basal NF-KB reporter activity (Figure 5.4f) as 

shown earlier.21 Also as expected, transient knockdown of cIAPl had a similar effect and 

enhanced the basal NF-KB reporter activity in the absence of UV irradiation (Figure 5.4f). In 

contrast, transient reduction of hnRNP Al levels prevented the UVR-mediated induction of 

NF-KB reporter activity. Importantly, the attenuation of NF-KB activity seen in UVR-treated 

and hnRNP Al siRNA-transfected cells is dependent on cIAPl levels, as concomitant 

reduction of hnRNP Al and cIAPl levels by siRNA resulted in enhanced NF-KB reporter 
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expression. Taken together these results confirm that cIAPl levels are required for proper 

NF-KB signalling activity6-8 and uncover a role for the cytoplasmic accumulation of hnRNP 

Al in this pathway following exposure of cells to UV radiation. 

Discussion 

An important finding of this study is that UV irradiation reduces the expression of cIAPl, a 

member of the inhibitor of apoptosis family of proteins and a critical regulator of NF-KB 

signalling. We demonstrated that UVR results in a 40% decrease in the half-life of cIAPl 

mRNA. Examination of the 3'UTR of cIAPl revealed the presence of four AU-rich 

elements, two of which are sufficient and necessary to confer instability on a reporter 

mRNA. Furthermore, we have identified hnRNP Al as a stress-regulated cIAPl ARE-

binding protein. Importantly, cytoplasmic relocalization of hnRNP Al triggered by UV 

irradiation causes a significant reduction in cIAPl mRNA levels and a concomitant decrease 

in the level of endogenous cIAPl protein. On the basis of these findings we conclude that 

hnRNP A1 is a negative regulator of cIAPl expression and thus contributes to the regulation 

of NF-KB signalling following UV stress. In addition, our findings strengthen the hypothesis 

that post-transcriptional control of gene expression can be exercised through subcellular 

relocalization of mRNA binding proteins. 

The regulation of mRNA decay is a central mechanism for the control of gene 

expression and is mediated by distinct RNA regulatory elements. AREs are one such class of 

elements and are found in the 3'UTRs of specific mRNAs. Although initially believed to be 

restricted to mRNAs of genes encoding cytokines, growth factors and oncogenes, recent data 
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suggest that ARE occurrence is much more prevalent, possibly in as much as 8% of the 

human transcriptome.22 AREs typically function as RNA destabilizing elements that target 

mRNA for rapid degradation in the cytoplasm.23 We have identified four AU-rich sequences 

within the 3'UTR of cIAPl. Mutational analysis revealed that only the last two segments, 

ARE no. 3 and ARE no. 4, are required for the instability conferred by cIAPl 3'UTR (Figure 

5.3). AREs in general contain multiple copies of A/U nucleotides,23 and the cIAPl 3'UTR 

thus appears to be a typical example of this class of regulatory sequences. 

AREs exert their effect on target mRNAs through interaction with specific mRNA 

binding proteins. We identified hnRNP Al as a cIAPl 3'UTR-binding protein (Figure 5.3). 

This is in contrast to TIAR, TIA-1, or hnRNP C1/C2 (known ARE binding proteins), which 

were not found to interact with cIAPl 3'UTR. Furthermore, the direct interaction of hnRNP 

Al with cIAPl 3'UTR was demonstrated by in vitro crosslinking and filter-binding assays. 

Importantly, binding of hnRNP Al correlates with the instability of cIAPl 3'UTR-containing 

mRNA, providing strong evidence that hnRNP Al functions as a major destabilizing factor 

for cIAPl mRNA. hnRNP Al is a multifunctional protein that is implicated in diverse steps 

of RNA metabolism including splicing,24 mRNA stability25 and translation.17 hnRNP Al has 

been previously shown to bind several labile mRNAs that contain the AUUUA sequence, 

including the granulocyte-macrophage colony-stimulating factor (GM-CSF),25 human 

angiotensin receptor ATi,26 and cytochromes P450, 2A6 and 2A5.27>28 A similar AUUUA 

sequence is found in ARE no. 1, ARE no. 2, and ARE no. 3 of the cIAPl 3'UTR. 

Surprisingly, using mutational analysis we find that only ARE no. 3 and ARE no. 4 are bound 

by hnRNP Al, and that the presence of both intact sequences is required for binding (Figure 
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5.3). Mutations that abolished binding of hnRNP Al resulted in stabilization of reporter 

mRNA. ARE no. 1, in which the AUUUA pentanucleotide is embedded within a larger 

stretch of A/U nucleotides exhibited only partial binding to hnRNP Al, and the reporter 

mRNA carrying this mutation was partially stabilized. It has been recognized that the binding 

of proteins to AREs is dependent on both the primary sequence and sequence context, and 

that the presence of AUUUA in itself does not guarantee a functional ARE.23 This applies to 

the nature of the cIAPl AREs within the 3'UTR and their surrounding sequence. In addition, 

a permissive secondary structure of the 3'UTR and proper presentation of the ARE for the 

ARE-binding protein are thought to contribute to the function of AREs. For example, the 

RNA-binding protein HuR requires both the presence of the HuR-binding site within the 

ARE as well as the presentation of this site in a single-stranded conformation within the 

3'UTR structure for proper binding.29 Although hnRNP Al is usually considered an RNA 

and single-stranded DNA-binding protein,30 accumulated evidence indicates that hnRNP A1 

is capable of binding double-stranded DNA and RNA regions as well. In fact it was shown 

that hnRNP Al could bind simultaneously to bipartite sequence elements with its two RRM 

domains, or as a dimer.31-33 Our data fits well with this model suggesting that simultaneous 

contact of hnRNP Al with ARE no. 3 and ARE no. 4 is required for proper binding of 

hnRNP Al to cIAPl 3'UTR. Thus, mutations in either one of these sites would result in the 

attenuation of binding and consequent stabilization of the mRNA, as we have observed. 

hnRNP A1 is predominantly a nuclear protein involved in the regulation of splicing.34 

However, hnRNP A1 has been shown to shuttle from the nucleus to the cytoplasm, where it 

exhibits a different ligand specificity, thus leading to the postulation that cytoplasmic hnRNP 

149 



Al performs roles distinct from splicing.34 Indeed, recent experimental data implicate 

hnRNP Al in the regulation of mRNA translation, turnover, and viral replication. The 

subcellular localization of hnRNP Al is dictated by the phosphorylation status of its C 

terminus, which affects the Trnl-dependent nuclear import of hnRNP Al.20 The 

phosphorylation of hnRNP Al occurs under conditions of diverse stresses such as osmotic 

shock,19 UV irradiation,19 heat shock,35 or treatment of cells with sodium butyrate 36 and 

arsenite.35 Cytoplasmic hnRNP Al accumulates in stress granules, the sites of mRNA triage 

from which target mRNAs are exported to processing bodies for degradation.35 Congruent 

with this model we find that cIAPl mRNA and reporter mRNA harbouring the 3'UTR of 

cIAPl is rapidly degraded upon irradiation of cells with UV (Figures 5.1 and 5.2), conditions 

that result in an accumulation of hnRNP A1 in the cytoplasm. This reduction in cIAPl levels 

can be reversed by transient knockdown of hnRNP Al (Figure 5.4d) confirming that the 

repression of cIAPl expression following UVR is dependent on hnRNP Al. It is important to 

note that under normal conditions hnRNP Al is predominantly present in the nucleus, and 

thus depletion of hnRNP Al in untreated cells would be predicted to have only a minimal 

effect on cIAPl levels, as we have indeed observed (Figure 5.4d). 

Ultraviolet radiation is a common environmental stress that causes DNA damage and 

induces cell death in mammalian cells.37 Previous work showed that exposure of cells to 

UVR results in an inhibition of global protein synthesis. 14>38>39 This observation leads to the 

question of why an additional regulatory mechanism, such as degradation of cIAPl mRNA, 

would be employed by cells to silence the expression of target genes following UVR. It is 

interesting to note that several genes involved in the regulation of cell proliferation and 
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survival are translated by an IRES-dependent mode of translation that escapes some of the 

control steps that govern global, cap-dependent translation. For example, translation of the 

apoptosis protease-activating factor Apaf-1 is driven by an IRES element activity that is 

enhanced following UVR.14 We and others have shown previously that translation of cIAPl 

is also driven by an IRES.12,40 Importantly, cIAPl IRES activity is induced by cellular 

stresses such as endoplasmic reticulum stress,12 etoposide,40 and sodium arsenite.40 As cIAPl 

IRES would allow bypass of the global inhibition of protein synthesis induced by UVR and 

thus continued expression of cIAPl protein, the degradation of cIAPl mRNA by an hnRNP 

A1-dependent mechanism following UVR can be viewed as an additional control step aimed 

at the reduction of cIAPl levels and a return to homeostasis. 

Recent evidence suggests that the primary cellular role of cIAPl is to regulate NF-KB 

signalling, as specific degradation of cIAPl results in activation of both the canonical and 

non-canonical NF-KB signalling pathways.6-8
 NF-KB plays a critical role in cell proliferation 

and apoptosis, and activation of NF-KB by UV irradiation is an important protective 

mechanism for mammalian cells.21 However, the molecular mechanisms involved in the 

activation of NF-KB following UV irradiation are poorly understood. Our data provide new 

insight into the regulation of NF-KB-signalling pathways and suggest a mechanism in which 

targeted degradation of cIAPl mRNA, and thus a reduction in cIAPl protein, is mediated by 

cytoplasmic accumulation of hnRNP A1 in response to UV irradiation. 
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Materials and Methods 

Cell culture and reagents. Human embryonic kidney (HEK293), or human cervical 

carcinoma (HeLa) cells were maintained in standard conditions in Dulbecco's modified 

Eagle's medium (DMEM; Wisent Inc.) supplemented with heat inactivated 10% fetal calf 

serum (FCS), 2mM L-glutamine and 1% antibiotics (lOOU/ml penicillin-streptomycin). 

Transient transfections were performed using LipofectAMINE PLUS reagent (Invitrogen; 

Carlsbad, CA, USA) according to the manufacturer's protocol. Briefly, cells were seeded at a 

density of 6xl05 cells per well in 6-well plates and were transfected 24 h later in serum-free 

OPTI-MEM medium (Invitrogen) with 0.5pg of DNA per well. The transfection mixture was 

supplemented 3 h later with 1 ml DMEM containing 10% fetal calf serum, glutamate, and 

antibiotics. Cells were collected for analysis 24 h after transfection. siRNA transfections 

were performed using Lipofectamine 2000 reagent (Invitrogen) according to the protocol 

provided by the manufacturer. Briefly, cells were seeded at a density of 3x105 cells per well 

in 6-well plates and were transfected 24 h later in serum-free DMEM with either a lOnM 

final concentration of hnRNP Al or TIAR siRNA (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA), a 5nM final concentration of HIAP2 siRNA (Dharmacon) or a nonsilencing 

scrambled control siRNA (Qiagen). Cells were collected for analysis 48 h after transfection. 

In the case of co-transfections, 0.5 pg per well of reporter plasmid DNA was co-transfected 

at the same time as siRNA. 

For UV irradiation (UVR) experiments, cells were seeded at a density of 6x105 cells 

per well in 6-well plates. After 24 h, cells were washed with phosphate-buffered saline (PBS) 

and irradiated at room temperature in 2 ml fresh medium with a 30-watt UVC light source 
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(254 nm) with the cover removed. After irradiation, cells were further incubated in culture 

medium for the indicated times and harvested. PBS washed cells not exposed to UVR served 

as controls. The intensity of UVR was measured prior to each experiment with a UVX 

radiometer (UVP Inc., Upland, CA, USA). For the Actinomycin D (ActD) experiments, cells 

were treated with 10 pg/ml of ActD immediately following UVR (150 mW/cm2) and 

harvested 0, 1, 2, 4, 8 h later. Cells not treated with UVR served as a control. Cells 

transfected with a siRNA were treated with UVR (150 mW/cm2) 48 h post-siRNA 

transfection and harvested 5 h later, as described above. 

The expression plasmid pMC was constructed by inserting a synthetic polylinker (5'-

AGC TTG CGG CCG CTA GCC TCG AGG GAT CCT CTA GAA TGC A-3') into a 

pcDNA3 vector (Invitrogen) followed by insertion of the chloramphenicol acetyl transferase 

(CAT) coding sequence. The CAT insert was generated by PCR amplification using pCAT as 

a template. The 3'UTRs were generated by PCR amplification from a liver cDNA library 

(Invitrogen). Expression plasmids pMC-cIAPl-FL and pMC-TNFa were thus constructed by 

inserting the 3'UTR of cIAPl, and TNFa, respectively downstream of CAT in the pMC 

construct. Deletion derivatives of pMC-cIAPl-FL were generated using a similar method; 

cIAPl 3'UTR segments were PCR amplified and cloned into pMC. The primers for 

amplification of respective 3'UTR fragments are listed in Table 5.1. The site-directed 

mutagenesis of cIAPl 3'UTR was carried out using the Quickchange II site-directed 

mutagenesis kit (Stratagene) following the manufacturer's instructions. All plasmid 

constmcts were confirmed by nucleotide sequencing. FLAG-hnRNP Al and FLAG-hnRNP 

Al Fl expression plasmids were described earlier.17 
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Table 5.1 
The sequences of primers used in this study to amplify 3'UTRs. 



TNFa: 
Forward primer: 5'-GGA TCC GGA GGA CGA ACA TCC AAC CTT-3' 
Reverse primer: 5'-TCT AGA CTA AGC AAA CTT TAT TTC TCG-3' 

cIAPl (4-120): 
Forward primer: 5'-GGA TCC AGA AAA ATA GTC TAT ATT TTA AC-3' 
Reverse primer: 5'-TCT AGA GTA CCA AAG CAG ACT AGA AC-3' 

cIAPl (120-240): 
Forward primer: 5'-GGA TCC GTT CTA GTC TGC TTT GGT AC-3' 
Reverse primer: 5'-TCT AGA CAG TGA CAC TAC TCC CTT AGG-3' 

cIAPl (240-480): 
Forward primer: 5'-GGA TCC CCT AAG GGA GTA GTG TCA CTG-3' 
Reverse primer: 5'-TCT AGA CAC TTT ATT GAG ATG TTT CTC AC-3' 
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Western blot analysis. Cells were washed in 1 ml of ice-cold PBS and lysed in 150 pi RIPA 

buffer (1% Nonidet P-40, 1% sodium deoxycholate, 0.1%. SDS, 150 mM NaCl, 10 mM 

sodium phosphate (pH 7.2), 2 mM EDTA, 0.1 mM phenylmethylsulphonyl fluoride) 

containing 10 pg/ml each of aprotinin, pepstatin A and leupeptin (all from Sigma) for 30 min 

at 4°C, followed by centrifugation at 14 OOOxg for 10 min and supematants were collected. 

Protein concentration in the supematants was determined by a protein assay kit (Bradford; 

Bio-Rad, Richmond, CA, USA), and equal amounts of protein extract were separated by 

10% SDS-PAGE. Proteins were subsequently transferred onto PVDF membrane and 

analyzed by western blotting with the following antibodies: rabbit polyclonal anti-cIAPl 

(abCAM), mouse-monoclonal anti-GAPDH (Advanced Immunochemical), mouse-

monoclonal anti TIA-1/TIAR (clone 3E6; generous gift from P. Anderson), mouse 

monoclonal anti-hnRNP C (clone 4F4, generous gift from G. Dreyfuss), and goat polyclonal 

anti-hnRNP Al (Santa Cruz Biotechnology). All antibodies were used at the manufacturer's 

suggested dilutions and conditions followed by secondary antibody (horseradish peroxidase-

conjugated sheep anti-mouse, anti- goat or anti-rabbit IgG; GE Healthcare, Piscataway, NJ, 

USA). Antibody complexes were detected using the ECL Plus and ECL western blotting 

detection systems (GE Healthcare). For the purposes of quantification of protein expression, 

parallel western blots were performed as described above but the secondary antibody used 

was Alexa Fluor 680-coupled goat anti-mouse, or anti-rabbit IgG (Ll-Cor Inc.). Antibody 

complexes were then detected and quantified using the Odyssey Infrared Imaging system 

(Ll-Cor Inc.). All quantification data are shown as an average ±SD from at least three 

independent experiments. As some confusion exists in the literature as to the specificity of 
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the cIAPl Abeam antibody, we have verified that the antibody used in this study specifically 

detects cIAPl but not cIAP2 (Figure 5.6). 

Subcellular fractionation. Cells were washed in 1ml of ice-cold PBS, resuspended in 400 pi 

of Buffer A (10 mM HEPES-KOH (pH 7.5), 10 mM KC1, 1 mM DTT, 1 mM PMSF) 

containing protease inhibitors, and incubated on ice for 15 min. Nonidet P-40 was added to a 

final concentration of 0.3% and cells were incubated for an additional 10 min on ice. Nuclei 

were pelleted by centrifugation at 1500xg for 5 min, the cytoplasmic fraction was collected 

to a new tube and clarified by centrifugation at 13000xg for 15 min. The nuclei pellet was 

washed 2 times with 1 ml of Buffer A, and then resuspended in 50 pi of Buffer B (20mM 

HEPES-KOH (pH 7.5), 400 mM NaCl, 1 mM DTT, 1 mM PMSF) containing protease 

inhibitors and incubated on ice for 30 min, with mixing every 5 min. Nuclear debris was 

pelleted at 13000xg for 5 min and the nuclear fraction was collected to a new tube. 

Pulse-chase immunoprecipitation. HEK293 (6xl05) cells were seeded in 6-well plates 24 h 

prior to UV irradiation. Cells were incubated with DMEM lacking methionine and cysteine 

and supplemented with 10% FCS for 15 min at 37°C. Cells were then irradiated with UVC 

as described above and pulse-labelled with 0.1 mCi/ml 35S-methionine and cysteine mix 

(EasyTagt EXPRESS Protein Labelling Mix, PerkinElmer) for 25 min at 37°C. Labelled 

cells were washed once in PBS and chased with cold methionine/cysteine-containing 

DMEM. At indicated time points cells were harvested in cold PBS and boiled in 50pl of 

denaturing lysis buffer (50 mM Tris, pH 7.4, 5 mM EDTA, 1% SDS, 10 mM DTT, 1 mM 
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Figure 5.6 
Abeam 25939 antibody recognizes human cIAPl but not cIAP2. (A) The protein 
band detected by Abeam 25939 antibody is ablated in antisense cIAPl-transduced 
cells. 293T cells were transduced with either GFP-expressing adenovirus (Ad.GFP; 
MOI=5) or cIAPl antisense-expressing adenovirus (Ad.cIAPlas; MOI=50) for 24 
hours and the levels of cIAPl and Hsp70 were determined by western blot in cell 
lysates using Abeam cIAPl rabbit pAb #25939 and Santa Cruz Hsp70 sc-24 mouse 
mAb. Relative cIAPl levels are expressed as a ratio of cIAPl/Hsp70, and are shown 
below the blot. The ratio in Ad.GFP-transduced cells was set as 1. The lower panel 
shows PCR amplification of the adenovirus genome with primers specific for cIAPl to 
verify the transduction. (B) Abeam 25939 antibody does not cross-react with cIAP2 
protein. 293T cells were treated with recombinant mouse TNFa (R&D systems) at 
indicated doses for 20 hours and cell lysates were probed with Abeam cIAPl rabbit 
pAb #25939, Santa Cruz Hsp70 sc-24 mouse mAb, and rabbit polyclonal RIAP1 
antibody that recognizes both cIAPl and cIAP2 41 Treatment of cells with TNFa 
results in an induction of cIAP2 protein level that is readily detected by RIAP1 
antibody but not detected by Abeam 25939. 
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PMSF, 2 pg/ml leupeptin, 15 U/ml DNasel) for 5 min. A cold non-denaturing buffer of 450 

pi (50 mM Tris, pH 7.4, 5 mM EDTA, 300 mM NaCl, 1% Triton X-100, 10 mM 

iodoacetamide, 1 mM PMSF, 2 pg/ml leupeptin) was then added and the lysate was passed 

through a 25-G syringe needle 10 times. Following centrifugation to remove debris, the 

lysate was pre-cleared prior to immunoprecipitation with Pansorbin® cells (Calbiochem) for 

2 h at 4°C. Co-immunoprecipitation of cIAPl and b-actin from the pre-cleared lysates was 

performed at 4°C for 16 h using Protein G/Protein A-Agarose beads (Calbiochem) coated 

with antibodies specific for P-actin and cIAPl at a dilution of 1:500 and 1:150, respectively. 

The beads were then washed extensively with cold wash buffer (50 mM Tris, pH 7.4, 300 

mM NaCl, 0.1% Triton X-100), resuspended in Laemmli buffer and boiled to elute bound 

proteins. Immunoprecipiated proteins or total proteins were then resolved on 10% SDS-

PAGE and stained with PageBlue (Fermentas) Coomassie stain. The gel was incubated with 

Amplify fluorogenic reagent (GE Biosciences) for 30 min prior to drying and exposure to 

film. 

mRNA stability analysis. Cells were treated or not with UVR (150mW/cm2) as described 

above and Actinomycin D (10 pg/ml) was then added immediately to each well. Total RNA 

was isolated using the Absolutely RNA miniprep kit (Stratagene) at 0 (immediately after 

adding the Actinomycin D), 2, 4, 8, 12 and 16 h time points and the levels of cIAPl and 

GAPDH mRNA was determined by quantitative RT-PCR as described below. 
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Quantitative RT-PCR. Total RNA was isolated using the Absolutely RNA miniprep kit 

(Stratagene) following manufacturer's instructions. For quantitative RT-PCR, reverse 

transcription was carried out using the First-Strand cDNA Synthesiskit (GE Healthcare) with 

oligo d(T)18 primers. The quantitative PCR was performed using the QuantiTect SYBR 

green PCR kit (Qiagen) and analysed on an ABI Prism 7000 sequence detection system using 

the ABI Prism 7000 SDS Software. Quantitative PCRs were carried out to detect cIAPl, 

GAPDH, CAT and NEO genes using primers listed in Table 5.2. Average data from at least 

three experiments ±SD is presented as (2-[ct(ciAPi)-ct(GAPDH)]) a n d (2-[ct(CAT)-ct(NEo)]) F o r t h e 

Actinomycin D experiment, (2-[Ct(cIAP1)-Ct(GA]>DH)]) normalized to 0 h Ct values (2"AACt)is 

shown. 

RNA affinity chromatography. Identification of cIAPl 3'UTR RNA-binding proteins was 

performed as described earlier.17 Briefly, in vitro transcribed cIAPl 3'UTR RNA was 

biotinylated at the 5' end with the 5' EndTag Nucleic Acid Labelling System according to the 

manufacturer's instructions (Vector Laboratories). The biotinylated RNA (10 pg) was 

conjugated to Avidin-agarose beads (Sigma) in the presence of incubation buffer (10 mM 

Tris-Cl (pH 7.4), 150 mM KC1, 1.5 mM MgC12, 0.5 mM DTT, 0.5 mM 

phenylmethylsulphonyl fluoride, 0.05% (v/v) Nonidet P-40) at 4°C for 2 h with continuous 

rotation. Unbound RNA was removed by washing the beads two times with incubation 

buffer. A 293T (500 pg) protein extract (in incubation buffer) was added to the coated beads, 

along with 30 pg yeast tRNA (Sigma) and 200 units of Prime RNase inhibitor (Eppendorf). 

Reactions were incubated at room temperature with continuous rotation for 30 min, followed 
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Table 5.2 
The sequences of quantitative RT-PCR primers used in the study. 



cIAPl: 
Forward primer: 5'-TCT GGA GAT GAT CCA TGG GTA GA-3' 
Reverse primer: 5'-TGG CCT TTC ATT CGT ATC AAG A - 3 ' 

GAPDH: 
Forward primer: 5'-ACA GTC AGC CGC ATC TTC TT-3' 
Reverse primer: 5'-ACG ACC AAA TCC GTT GAC T C - 3 ' 

NEO: 
Forward primer: 5'-TGA ATG AAC TGC AGG ACG AG-3' 
Reverse primer: 5'-CAA TAG CAG CCA GTC CCT TC-3' 

CAT: 
Forward primer: 5'-GCG TGT TAC GGT GAA AAC CT-3' 
Reverse primer: 5'-GGG CGA AGA ACT TGT CCA TA-3' 
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by incubation at 4°C with continuous rotation for 2.5 h. Beads were washed five times with 

500 pi incubation buffer, resuspended in 20 pi of IX SDS-PAGE loading dye, and boiled for 

5 min to elute bound proteins. Proteins were separated by 10% SDS- PAGE and detected by 

western blot analysis. 

UV crosslinking of RNA-protein complexes and nitrocellulose filter-binding assay. 

RNA-protein UV-crosslinking experiments were performed using purified GST-hnRNP Al 

and [32P]-labelled cIAPl 3'UTR RNA as described earlier.17 Similarly, the filter-binding 

assays were performed using the purified GST-hnRNP A1 as described.17 

NF-KB reporter assay. A reporter plasmid containing NF-KB enhancer elements upstream of 

a luciferase reporter gene (pNF-KB-Luc, Stratagene) was used to assess NF-KB activity in 

HEK293T following exposure to UVR. Cells seeded in 6-well plates were transfected with 

DNA and/or siRNA as described above. After 24 h the cells were exposed to UVR (150 mW/ 

cm2) followed by incubation at 37°C for 18 h. To measure luciferase activity, 200 ng/ml of 

D-luciferin (BD Biosciences) was added to the cell media and incubated for 5 min at room 

temperature. Luminescence was recorded using the TVIS Imaging system (Xenogen) and 

quantified with IVIS Liveimage 2.5 software. Values are presented as mean luminescence 

corrected to the number of cells per plate. 
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CHAPTER 6 

General discussion 



The cIAPl IRES pre-initiation complex. 

Prior to the work outlined in this thesis, our laboratory identified a unique stress-inducible 

IRES within the 5'UTR of cIAPl mRNA. Following an effort to identify specific protein(s) 

that modulate activity of this inducible IRES, it was found that p86, the caspase-cleavage 

product of the DAP5/p97 protein, was responsible for mediating caspase-dependent cIAPl 

IRES activity during the ER stress response. Surprisingly, I could not produce evidence for 

direct interaction of either p86 or p97 with the cIAPl IRES in vitro. Thus was bome my 

central hypothesis that additional, non-canonical protein factors are required to modulate 

cIAPl expression. I successfully identified a cohort of proteins that interact with the cIAPl 

IRES, namely NF45, NF90, IGF2BP1, and RHA. Given that this protein-IRES complex was 

isolated using an in vitro affinity chromatography approach, one cannot mle out that some of 

these interactions may be RNA independent. I therefore further characterized the interaction 

between NF45 and the IRES and observed direct binding of the recombinant protein to in 

vitro transcribed IRES RNA. This observation was unexpected given the lack of a canonical 

RNA binding motif within the NF45 protein, however it is possible that the N-terminal RGG 

motif or the DNA zinc finger motif may play roles in RNA binding. Canonical RNA binding 

motifs are present in all three of the other putative cIAPl ITAFs (NF90, IGF2BP1, RHA). 

Therefore, it is likely that one or more of these proteins interact directly with the cIAPl 

IRES. UV-crosslinking of cell lysate components to labelled cIAPl IRES followed by SDS-

PAGE did reveal a prominent band migrating at approximately 90-100 kilodaltons (along 

with a band assumed to be NF45) that one could surmise to be NF90 (Figure 3.1). Future 
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experiments with recombinant proteins to recapitulate the cIAPl ITAF complex in vitro will 

have to be performed to delineate the exact nature of the participation of these proteins. 

What we have learned from this work is that both p86 and NF45 are required for an 

appropriate induction of IRES-mediated cIAPl mRNA translation during the unfolded 

protein response. The lack of p86 (either through RNAi-mediated reduction in p97 

expression, or inhibition of caspase-mediated cleavage of p97) prevents induction of cIAPl 

IRES activity and concomitant protein expression. Conversely, overexpression of p86 

significantly enhances cIAPl protein expression through its IRES. Importantly, preliminary 

data not included for publication in the original manuscript indicates that induction of cIAPl 

protein following overexpression of p86 is dependent on NF45 expression (refer to western 

blot in appendix B). Further, this western blot indicates that p86 enhances steady-state 

expression of both NF90 and NF45. How this occurs is not known although it is an intriguing 

possibility to consider that the p86/NF45/NF90 heterotrimer is shielded from proteasome 

degradation, that has been demonstrated for the NF90/NF45 heterodimer.11 Alternatively, p86 

may enhance translation of NF90 mRNA through a yet unidentified IRES, subsequently 

enhancing NF45 protein stability. 

Together, these data provide significant evidence that points to NF45 directly 

interacting with the cIAPl IRES and playing a critical role in initiation during the cellular 

response to ER stress. Further, we can conclude that NF45 acts downstream of p86 although 

we do not yet know whether this involves direct p86-NF45 interactions. Clearly, further in 

vitro work needs to be done to clarify whether p97/86 interacts directly with NF45 or 

through other cIAPl ITAFs. Given the high homology of p97/86 with the eIF4GI and II 
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family members, it does not seem unreasonable to think that p97/86 acts as a general scaffold 

protein for the other ITAFs present on the cIAPl IRES. This idea has been proposed by 

several laboratories, although it has not been formally shown.12"14 

The closed loop model of cIAPl IRES-mediated initiation. 

The discovery of classical AU-rich elements (AREs) in the cIAPl 3'UTR by our laboratory 

led to the work outlined in chapter 5. Therein, we demonstrated that cIAPl expression is also 

regulated at the level of RNA stability. We found that cIAPl mRNA instability is mediated 

by the RNA binding protein hnRNP Al interacting with the cIAPl ARE. This instability is 

more pronounced following UVR stress that causes a quantitative relocalization of hnRNP 

Al from the nucleus to the cytoplasm and a concomitant increase in the number and/or 

activity of cIAPl decay mRNPs. 

hnRNP Al acts as a destabilizing ARE-binding protein in the context of the cIAPl 

mRNP. This raises the question whether other ARE-binding proteins could act in an opposite 

manner and stabilize the cIAPl mRNP. I noted that NF90, one of the cIAPl IRES binding 

proteins, is a known ARE-binding protein that stabilizes the IL-2, p21 and MyoD mRNPs.15 

Using our RNA affinity chromatography system, I was able to find that NF90 interacts with 

the cIAPl ARE. This unpublished and preliminary data is included in appendix C for the 

purposes of discussion. Importantly, this data indicates that NF90 does not interact with a 

mutant ARE, showing that NF90 interacts specifically with the ARE sequence. Owing to the 

propensity for NF45 and NF90 to heterodimerize in vivo, it is conceivable that these two 

proteins bridge the cIAPl UTRs via specific interactions with the IRES and ARE (Figure 

170 



6.1). Supporting this model, I have observed that both steady-state levels of cIAPl mRNA 

and cIAPl IRES activity are significantly reduced in HEK293T cells transiently transfected 

with NF90 siRNA (refer to appendix D). These data indicate that NF45/NF90 might 

coordinately regulate the stability and IRES-dependent translation of cIAPl mRNA through 

bridging of its UTRs. Similar bridging of UTRs mediated by the canonical cap-binding 

complex eIF4F (interacting with the m7G cap structure) and the polyA-binding protein, 

PABP (interacting with the polyA tail) synergistically enhance translational efficiency.3 This 

eIF4F/PABP-dependent closed loop species of mRNA has been directly visualized using 

atomic force microscopy.16 Evidence for NF45/NF90-dependent closed loop RNA species 

exists in the context of HCV and BVDV viral RNAs, where NF45/NF90 interactions with 

their IRES (in the 5'NTR) and AU-rich sequences in the 3'NTR are hypothesized to 

coordinate viral replication and translation.17 

In the context of the cIAPl mRNP, we do not yet know if NF45/90 interactions lead 

to looping of the RNA or if this event could mediate coordinated regulation of its stability 

and translational efficiency. Perhaps NF45/90 interactions with the UTRs constitute an 

auxilliary pre-initiation complex that catalyzes the rate-limiting step of translation when the 

eIF4F/PABP-dependent initiation complex is rendered non-functional (e.g. during stress such 

as hypoxia, ER stress or viral infection). In eukaryotes, a redundantly looped mRNA species 

consisting of both eIF4F/PABP-dependent and NF45/90-dependent complexes would 

provide an efficient switch to IRES-mediated translation initiation during the cellular stress 

response (refer to Figure 6.1). An extension of this hypothesis would be the prediction that 

mRNA sub-populations associating with identical ITAF complexes would be regulated 
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Figure 6.1 
Proposed models of the cIAPl translation and stability mRNPs and their 
modification following cellular stress. (A) The closed loop model of cIAPl mRNA. 
Under basal conditions, formation of the cap-dependent pre-initiation complex is 
favoured, but inefficient scanning (due to a long 5'UTR) and non-productive 
translation of the upstream ORF leads to low levels of cIAPl protein. Preliminary data 
indicate that NF90 interactions with the ARE in the 3'UTR may stabilize cIAPl 
mRNA. It is likely that the cIAPl ITAF complex identified in this thesis (comprising 
p97, NF45, NF90 IGF2BP1, and RHA) is already in place at the IRES (with 5'-3'UTR 
interactions mediated by NF45/NF90 binding) following export of the mRNP from the 
nucleus. This complex constitutes an auxilliary but inactive pre-initiation complex (B) 
IRES-dependent translation of cIAPl mRNA. Following ER stress and initiation of the 
unfolded protein response, the cap-dependent pre-initiation complex is rendered non­
functional, and caspase-mediated cleavage of p97 allows NF45-dependent recmitment 
of the ribosome at the IRES. Although the exact mechanism remains unknown it is 
likely that ribosome binding is mediated by eIF3. The end result is an increase in 
cIAPl expression and an increase in apoptotic threshold (C) Should the stress be too 
great for the cell to cope with (e.g. ultraviolet radiation), hnRNP Al relocalizes to the 
cytoplasm and associates with the ARE present in the cIAPl 3'UTR, targeting the 
message for degradation and resulting in decreased cIAPl protein and apoptotic 
threshold. It is possible that hnRNP Al displaces NF90 in this process owing to the 
former's high binding affinity for the cIAPl ARE. 
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together at the level of stability and translation. These RNA translation operons would 

function by allowing coordinated expression of proteins involved in maintaining critical 

biosynthetic pathways. 

Does NF45 control an RNA operon? 

Chapter 4 of this thesis presents data clearly demonstrating that NF45 ITAF activity is not 

specific to the cIAPl IRES. Unexpectedly, I was able to confidently predict other NF45-

dependent IRES based solely on the nucleotide composition of their 5'UTRs. Specifically, I 

found that decreased NF45 expression impairs translational efficiency of those mRNAs 

harbouring an IRES and an AU-rich (>60%) 5'UTR. An astute observer might ask whether 

all 5'UTRs with an AU content >60% possess IRES activity. This question has not been 

formally answered. Given that 9% (3051/33673) of human non-redundant 5'UTRs have an 

AU content >60%, testing this hypothesis using the classical bicistronic assay would be 

cumbersome. The implicit statement within this hypothesis is that AU-rich IRES are NF45-

dependent. Therefore, it would be desirable to perform a Translation State Array Analysis 

(DNA microarray analysis of polyribosomal RNA) to determine the translational efficiency 

of transcripts containing AU-rich 5'UTRs in d5 versus c cells. Transcripts whose 

translational efficiency is reduced (or enhanced) in cells lacking NF45 would thus be 

excellent candidates for novel IRES-containing mRNAs. 

Importantly, the NF45-dependent and IRES-containing mRNAs identified herein 

encode proteins involved in three intimately linked functional pathways, namely DNA 

damage repair (SNMl), apoptosis, and NF-KB signalling (NRF, cIAPl, XIAP), while the 
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ELGl IRES regulates an uncharacterized protein (known as ELG). NF-KB can be activated 

upon DNA damage induced by several chemotherapeutic drugs including camptothecin, 

etoposide and doxorubicin.18 Does NF45 preserve genomic stability by maintaining IRES-

mediated translation of critical DNA repair genes? Does NF45 keep the brake on NF-KB 

signalling through IRES-mediated translation of the NF-KB-repressing factor, cIAPl, and 

XIAP? Our laboratory is currently trying to answer these critical questions by continuing to 

look at the effect of RNAi-mediated NF45 knockdown in d5 cells. 

The d5 cells exhibit a striking senescent-like morphology typified by an overall flat, 

non-elliptical shape. This is accompanied by multi-lobed nuclei indicative of aborted 

cytokinesis (Figure 4.5). This phenotype has recently been confirmed with time-lapse 

microscopy of HeLa cells transiently transfected with siRNA targeting NF45, where although 

cells undergo seemingly normal nuclear division, there is a clear block in cytokinesis leading 

to the identical phenotype (multi-lobed nuclei and slow growth) observed in d5 cells.19 

Although there is no cell cycle anest in d5 cells, there is a 50% decrease in 3H-thymidine 

uptake that suggests severely impaired DNA synthesis and correlates with the slow growth 

kinetics of these cells.11 Interestingly, while polyploidy is increased in d5 cells, and IRES-

mediated translation of cIAPl and XIAP is impaired, cells are not undergoing apoptosis.11 I 

hypothesize that the lack of apoptosis is due to severe attenuation of the intrinsic 

mitochondrial apoptotic pathway, as a result of continuous p53 degradation by the resident 

E6 protein of the human papilloma vims that is resident in HeLa cells.20 Work is ongoing to 

determine whether the striking senescent-like phenotype observed in cells expressing RNAi 

targeting NF45 is a result of impaired IRES-mediated translation of these specific transcripts. 
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The most important experiment yet to be performed is to rescue impaired IRES-mediated 

translation in d5 cells by overexpression (or knockdown in the case of SNMl) of one or 

more of the targeted proteins in an attempt to revert the defect in cytokinesis. 

The interconnected and fundamental biological pathways that are perturbed by the 

lack of NF45 ITAF activity would suggest that the NF45-IRES RNP constitutes an RNA 

operon. Analogous to a DNA operon, the post-transcriptional RNA operon theory postulates 

that specific populations of eukaryotic mRNAs are coregulated at the level of RNA export, 

stability, and/or translation by virtue of their cis-acting UTR elements and interactions with 

trans-acting factors (proteins and/or small RNAs).4 The power of an RNA operon lies in its 

ability to coordinately regulate multiple mRNAs through distinct mRNPs in response to 

discreet cell signals. These mRNPs can be organized into functional operons that ensure an 

efficient, spatio-temporal response to cellular perturbations. No study to-date has looked 

directly at how NF45 expression and/or localization would be affected by changes in cellular 

homeostasis that could lead to co-regulation of NF45-dependent IRES. Indirect evidence 

from the NF45 binding partner, NF90 (which stabilizes NF45 levels) indicates that its Akt-

dependent phosphorylation mediated by CD28 stimulation causes it to shuttle from the 

nucleus to the cytoplasm.21 Other studies found that phosphorylation of NF90 during mitosis 

causes a similar redistribution to the cytoplasm.22'23 NF45 may come along for the ride in 

these situations, perhaps affecting IRES-mediated translation along the way (although this 

might be a naive assumption, as post-translational modification of NF90 could very well 

affect its interaction with NF45). 
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Singular changes in NF45 expression and/or localization cannot however explain the 

differing activities of the XIAP and cIAPl IRES in response to the same cellular stresses. For 

example, XIAP but not cIAPl IRES activity is induced by gamma irradiation, anoxia and 

serum starvation. Conversely, cIAPl but not XIAP IRES is induced upon ER stress, 

etoposide-induced DNA damage, and sodium arsenite treatment. In the case of XIAP, a 

number of ITAFs have already been identified that have opposing effects on IRES activity. 

For example, hnRNP Al represses XIAP IRES activity24, while hnRNP C1/C2 enhances 

activity.25 A scenario that reconciles these observations requires IRES activity to be viewed 

as an integrated signal arising from the combinatorial activities of pleiotropic ITAFs 

assembled in a macromolecular complex at the IRES. Thus, in a cell responding to ER stress, 

NF45 maintains both XIAP and cIAPl IRES activities, but additive p86 ITAF activity only 

targets the cIAPl IRES causing its induction compared to the unstressed cell. 

Future directions 

The evolutionarily conserved NF45-IRES interaction has been uncovered by studying post-

transcriptional control of cIAPl. NF45-dependent IRES appear to be defined by unusually 

high AU content and this constraint was sufficient to accurately predict those existing 

cellular IRES whose activity can be modified by NF45. This constraint may also be useful in 

predicting novel cellular IRES. To this end, a useful experiment might be to test for IRES 

activity in a manageable number of AU-rich (>60%) 5'UTRs to determine if IRES activity 

occurs more frequently in this subset than by chance. 
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Understanding the mechanism through which NF45 enhances IRES-mediated 

tianslation of its target mRNAs is of critical importance, as it may shed light on how cellular 

IRES function, that to-date is poorly understood. To begin to address questions on 

mechanism of action (i.e. how NF45 mediates ribosomal recruitment), our laboratory is 

attempting to recapitulate the cIAPl IRES pre-initiation complex in vitro to determine: 1) if 

any canonical initiation factors are required for NF45-dependent IRES activity, 2) how NF45 

may affect IRES stmcture, and 3) whether NF45 can directly interact with the ribosome. 

Additionally, the possibility of coordinated regulation of RNA stability and translation 

through NF45/NF90-mediated looping of cIAPl mRNA (and by implication other NF45-

dependent mRNAs) needs to be explored further. 

Together, the work detailed in this dissertation has added significantly to our 

understanding of how RNA binding proteins affect the stability and translation of mRNA and 

builds a strong argument for the role that post-transcriptional operons might play in 

organizing functional units of gene expression in higher eukaryotes. 
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Appendix B: 
p86-dependent translation of cIAPl requires NF45 expression. 

c d5 
GFP p86 GFP p86 

Western blot showing that p86-mediated induction of cIAPl protein expression is impaired 
in cells expressing NF45 shRNA (d5) relative to cells expressing non-targeting shRNA (c). 
Cells were transiently transfected with lpg of GFP or p86 overexpression plasmid and 
harvested 24 hours later (as described in Materials and Methods section in chapter 2). 
Western blots were performed with antibodies against the indicated proteins (sources 
described in Materials and Methods section in chapter 3). Blot represents a single 
experiment. 
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Appendix C: 
NF90 interacts with cIAPl ARE present in the cIAPl 3'UTR. 
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Western blot of an RNA affinity chromatography preparation. A HEK293T cytoplasmic 
lysate was incubated with biotin-end-labelled in vitro transcribed RNA corresponding to the 
wildtype (wt) ARE-containing portion of the cIAPl 3'UTR (3'UTR]2o-24o) or RNA with 
point mutations in ARE no. 3 and no. 4 (mt3/4) or no RNA (see chapter 5 for specific 
protocol and details about mutations). Captured proteins were pulled down on sfreptavidin 
beads and resolved by SDS-PAGE. Western blots were performed with antibodies against the 
indicated proteins (sources described in Materials and Methods section in chapter 3). 

182 



Appendix D: 
cIAPl IRES activity and mRNA levels are reduced in cells 

with targeted knockdown of NF90 expression. 
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siRNA: NT NF90 

HEK293T cells were incubated with two rounds of 50 nM siRNA targeting NF90 and NF110 
(NF90: 5'-GCU UGC UGC UGU AAC AGA AGA CAA G-3') or non-targeting (NT) siRNA 
for 48+48 hours using Lipofectamine 2000. (Top panel) IRES activity of cells transfected 
with NF90 or NT siRNA (n=3, mean ±SD). (Middle panel) Steady-state expression of 
cIAPl mRNA relative to P-actin mRNA in cells transfected with NF90 or NT siRNA and 
assessed by quantitative RT-PCR (n=3, mean ±SD). (Bottom panel) Western blot probed 
with antibodies specific for NF90/NF110 or GAPDH showing efficiency of NF90/110 
knockdown. Detailed protocols, primers and sources of antibodies for all assays are found in 
Materials and Methods section in chapter 2. 
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Appendix E: 
Curriculum vitae 
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