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Sumry

HIF-lcr is the regulated subunit of the HIF-I transcription factor, which induces

transcription of a number of genes involved in the cellular response to hypoxia' The HIF-

1ct protein is rapidly degraded in cells supplied with adequate oxygen, but is stabilised in

hypoxic cells. using polysome profile analysis, I found that translation of HIF-1cx' mRNA

in NIH3T3 cells is spared the general reduction in translation rate that occurs during

hypoxia. To assess whether the 5'uTR of the HIF-14 mRNA contains an internal

ribosome entry site (IRES), I constructed a dicistronic reporter with the HIF-lct 5'UTR

inserted between the two reporter coding regions. I found the HIF-lcr 5'UTR promoted

translation of the downstream reporter, indicating the presence of an IRES' IRES activity

was not affected by hypoxic conditions that caused a reduction in cap-dependent

translation, and IRES activity was less affected by serum-starvation than was cap-

dependent translation. This indicates that the presence of the IRES in the HIF-lcr 5'UTR is

to allow translation to be maintained under conditions that are inhibitory to cap-dependent

translation.

Several reports have implicated the 5'UTR to be important for HIF-lcx, protein

synthesis upon activation of the phosphatidylinositol 3-kinase (PI3K) signal transduction

pathway. I hypothesised that this specific induction of HIF-Iø protein synthesis is

mediated by the HIF-1cr IRES. I found HIF-lCr IRES activity was increased in response to

activation of the pI3K signaling pathway, with a concomitant increase in cap-dependent

translation. Results also indicate that activation of the IRES is independent of Akt (a

downstream targefof PI3K), implicating other signaling pathways in the regulation of HIF-

lu IRES function.

I also demonstrate that GC rich 5'UTRs containing an IRES may stimulate mRNA

destabilisation. This mode of regulation was found in three IRESs tested (vascular

endothelial growth factor, HIF-lct and c-myc), but is not a mechanism of all cellular

IRESs, as the X-linked inhibitor of apoptosis 5'UTR could not destabilise a reporter



mRNA. Data presented in this thesis indicates that the HIF-lcr 5',UTR is subject to

multiple modes of regulation, including translation by an IRES, and this is regulated by

signal transduction pathways, and mRNA instability'
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Chapter 1

Introduction



1.L Exnression and Reeulation of Genes

The expression of certain classes of genes, such as growth factors, oncogenes and

kinases are required to be tightly controlled for correct cell function and hence survival of the

organism. These types of genes are often expressed during cellular growth, cell-cycle or stress

conditions and inappropriate expression of these genes may lead to disease' consequently' for

an organism to remain viable, the appropriate expression of most genes in every cell of the

body must be regulated correctlY'

Regulation of gene expression has primarily focused on transcriptional activation and

repression with the amount of protein produced directly correlating with mRNA expression

levels. However, in the past 10 years or so, other mechanisms have been recognised as having

an effect on the regulation of gene expression, including post-transcriptional, translational and

post-translational mechanisms'

l.l.L Transcriptional regulation of gene expression

Transcriptional regulation is mediated by two mechanisms, global regulation of a

region of DNA in the context of chromatin and gene specific transcription factors' Both of

these mechanisms are intimately linked and appear to play imporlant roles in gene regulation.

In eukaryotes, DNA is packaged with histone proteins to form structures known as

nucleosomes. The formation of chromatin is a physiological mechanism that allows up to one

thousand_fold compaction of the DNA length in chromosomes. The histone proteins have a

globular body and a highly basic tail, which helps neutralise the overall negative charge on

DNA, hence facilitating DNA folding into this compact chromatin structure (wolffe et al''
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2000). It is now clear that histonelDNA interactions are an integral and dynamic part of the

machinery responsible for regulating gene transcription'

The degree of DNA compaction of chromatin appears to be one of the major

controlling factors in regulation of gene expression. DNA that is tightly packed in chromatin

is associated with regions of poor gene expression whereas DNA that is not tightly packed in

chromatin is associated with regions of high gene expression. The regulation of chromatin

involves histone modifications, particularly by acetylation, however other effective

mechanisms do exist. The acetylation state of histones has been correlated with whether

associated DNA regions are active or silenced. Hyper acetylated histones are associated with

transcriptionally active regions of chromatin, whereas deacetylated histones afe associated

with transcriptionally silent regions of chromatin (Strahl et al',2000)' A direct link between

chromatin function and acetylation was only established by the discovery that coactivation

complexes required for transcriptional activation contained histone acetyltransferases, and

conversely, co-repressor complexes contained histone deacetylases (van Holde 1998)'

Open regions of chromatin provide a region of DNA that can recruit the gene specific

transcription factors. These gene specific transcription factors can bind to the promoter region

of the gene and activate transcription. Therefore transcriptional activation requires the

chromatin to be opened up and the gene specific transcription factors to bind to the promoter

region. Transcription of the DNA can only be completed upon the conclusion of these two

events.

To control the expression of certain genes, cells have gained several mechanisms to

ensure that these genes afe expressed at the correct time and at the correct place'

2



Transcriptional activation has been well characterised as a major site of controlling gene

expression of a number of genes, however other mechanisms that govern expression are also

utilised. These include post-transcriptional regulation of gene expression, which involves a

number of processes, including nonsense mediated mRNA decay, mRNA splicing and mRNA

stability. These methods of regulation are discussed briefly below.

1.L.2.1 Nonsense'mediated mRNA decav

Nonsense-mediated-decay (NMD) is a conserved mechanism used to detect and

selectively degrade mRNAs that contain pfemature stop codons' NMD sefves as a mRNA

surveillance mechanism to eliminate mRNAs encoding truncated polypeptides that could act

in a dominant-negative fashion or yield potentially hazardous proteins (reviewed in Byers

2002). This function is of particular importance in genes that are subject to extensive

recombination and somatic mutation, such as the immunoglobulin and T-cell receptor mRNAs

(Li et al.,2112).premature termination codons (PTC) can arise from a number of mutations in

several ways. These may include the introduction of a nonsense mutation to yield a

termination codon; insertion or deletion of a number of nucleotides may create a frame-shift;

mutations that may lead to the creation of cryptic splice sites; exon skipping, or intron

inclusion

In yeast, exonic downstream sequence elements are responsible for the sensing and

degrading of RNA transcripts that contain a premature termination codon. (Reviewed in

Hentze et al., ßgg).This protective mechanism therefore targets RNAs for degradation when

a termination codon is detected upstream of a coding sequence ensuring the quality of mRNA

and hence the Protein Product.

3
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1.L.2.2 mRNA Splicine

pre-messenger RNAs (pre-mRNAs) are the primary transcripts of protein-encoding

genes, which on average are about 27,000 to 28,000 nucleotides in length (Lander 2001);

(Venter 2001). The majority of these sequences are located within introns, which on average

span 3,365 bases and numbetT per transcript. Altemative splicing can be grouped into four

categories. The simplest mechanism involves the inclusion or exclusion of an intron' The

alternative use of 5' splice sites, or 3' splice sites resulting in the extension of the 5' and 3'

borders respectively. The final, and most complex involves exon inclusion and exon skipping

(reviewed in Goldstrohm et a1.,200I). These differently spliced mRNAs then result in the

synthesis of different proteins, often with distinctly different cellular functions'

1.L.2.3 mRNA stabilitv

The stability of the 6RNA is often determined by specific cis-acting elements and

trans-acting proteins. The majority of studies focus on regions within the 3'uTR of many

unstable mRNAs. One well-characterised element is the A + U rich element (ARE), which is

present in a number of cytokine, growth factor and proto-oncogene mRNAs' These motifs act

as de-stabilising elements and the consensus sequence is characterised by the nonameric

sequence UUAIJWA(U/AXU/A) (Lagnado et al., Lgg4). ARE-directed turnover mechanisms

are heterogeneous in respect to decay and decay characteristics (presumably arising from the

diverse RNA-binding factors that recognise the AREs) and by the numerous RNA-protein and

protein-protein interactions that presumably regulate turnover.

Several ARE-binding proteins have been described involving both the instability and

the stabilisation of the message, with some proteins capable of both functions. AUF1 has been

shown to activate ARE-mediated mRNA decay in trans as part of a multi-subunit complex,

4
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and can also act in stabilising complexes targeting AREs of specific mRNAs, such as

parathyroid hormone (Laroia et aL, 1999); (Sela-Brown et al',2000)' A well-characterised

class of proteins involved in stabilising mRNAs containing AREs are the ELAV proteins' This

class includes FIuC, HuD and HuR, which have all been shown to bind specifically to AREs

and stabilise the message (Chung et al., 1996); (Levine et al',1993); (Ma et al'' 1996); (Ma et

a1.,1997); (Myer et a1.,1997).

The mRNA decay rate plays an important role in the regulation of mRNAs that are

required to be translated for only short periods. This, in conjunction with transcription, allows

for a rapid response to a stimulus, but also provides a mechanism to rapidly shut off

expression when it is no longer required'

1.1

The process of translation consists of three stages: initiation, elongation and

termination. The rate-limiting step of translation is predominantly at the initiation stage and is

tightly regulated by cells to control translation rates. The primary mechanism regulating global

protein synthesis involves the phosphorylation / dephosphorylation of translational

components, in particular initiation factors. This and the process of translation in eukaryotes is

discussed in more detail in section 1'2'

1.2 Eukarvotic Translation Initiation

The process of translation is divided into three phases: initiation, elongation and

termination. The rate-limiting step of translation is predominantly at the initiation phase and

therefore is the step most often used to control the rate of translation' The most evident

5



1

mechanism of controlling translation initiation involves the regulation of the initiation factors,

which is discussed in more detail below'

1.2.1 Modification of messenger RNA's

Before RNA transcription is completed, the 5' end of the eukaryotic mRNA molecule

is modified. Mediated by a series of enzymatic reactions, a 7-methyl Gppp "cap" structure is

added to the 5' end of each primary transcript (Pain 1996). This cap structure is thought to

protect the mRNA from exonucleolytic degradation, enhance translation and also enhance

nucleocytoplasmic transport of the mRNA (Imataka et al', 1998); (Jackson et al'' 1990);

(Michel et a\.,2001); (Morales et aI',1997); (Pain 1996)'

At the 3' end of the transcript, mammalian mRNAs are polyadenylated soon after

transcription in the nucleus, and carry 200-250 adenylate residues as they are transported into

thecytoplasm.Thepoly(A)tailsaregenerallyshortenedinthecytoplasmtoabout50-70

residues, which plays a crucial role in the regulation of mRNA stability and translational

efficiency.

1.2.2 CaP-dePendentinitiation

The process of translational initiation can be divided into three stages' The first stage

involves the association of an initiator tRNA along with several initiation factors with the 40s

ribosomal subunit to form the 43s preinitiation complex. The second step involves the binding

of the 43s complex to the 
'RNA, 

followed by its migration to the translation start codon and

the third step involves the addition of the 60s ribosomal subunit, resulting in the assembly of

the ggs ribosome at the initiation codon. At this point the ribosome is ready to commence

6
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translation of the coding sequence (reviewed in Pain 1996). A summary of this process is

illustrated in figure 1.1.

1.2.3 tr'ormation the 43S

Formation o¡ ¡¡s43S, preinitiation complex involves the association of the eukaryotic

initiation factors, elF2, eIFIA and eIF3 with the l0S ribosomal subunit' Eukaryotic initiation

factor 2 recruits the initiator tRNA and conducts it as a Met-tRNA-GTP complex to the z[]5

ribosomal subunit (reviewed in Pain 1996). eIFIA acts as a bridge between other protein

initiation factors and the ribosome (Dever et aI', 1994), while eIF3 contains an RNA

recognition domain, which is probably involved in ribosome binding (Evans eî aL" 1995)'

L.2.4 Bindine of mRNA to ribosomes

Binding of the 43S preinitiation complex to mRNA is facilitated by the cap-binding

complex eIF4F, which consists of oIF4E, eIF4A and oIF4G. eIF4E contains a motif involved

in the recognition of the 5' terminal m?GTP cap structure of mRNA. eIF4A is a helicase and

is involved in the unwinding or melting of secondary structures in the mRNA' eIF4G

functions to bring together eIF4A and other components necessary for the unwinding of

secondary structure and appears to have a role in the placement of the 43S preinitiation

complex (Joshi et a1.,1994); (Lamphear et a1.,1995). The N-terminal end of eIF4G interacts

with eIF4E and the C-terminal end interacts with eIF3 and eIF4A (Morley et al',1997).

Upon the formation of the initiation complex, the 43S ibosomal complex must migrate

to the initiation codon, which in most cases is the AUG codon nearest to the 5' end' The 43S

7



Figure L.L

Mechanism of translation initiation

The initiator tRNA (MeGtRNA) binds with eIF2 and GTP to form a ternary complex.

Dissociation of 80S ribosomes occurs by the action of eIF3, and binding with eIFIA and

eIF3 captures 40S subunits for initiation. The 43S pre-initiation complex is formed when

the ternary complex and the 40S subunit bind. The complex binds to mRNA to the mRNA

at the 5' terminal mTGTP cap structure, and then migrates along the mRNA towards the

AUG codon. The initial binding requires the eIF4F complex (containing factors eIF4E,

eIF4G and eIF4A), which is involved in binding to the 5' terminus of the mRNA, which

creates conditions that allow the meting of intramolecular secondary structures within the

mRNA that would otherwise prevent the binding of the 43S pre-initiation complex. The

binding of these two complexes to the mRNA is collectively referred to as the 48S pre-

initiation complex. When the 48S pre-initiation complex reaches a favourable AUG codon,

the GTP molecule is hydrolysed to GDP, which powers the ejection of the initiation factors

bound to the 40S ribosomal subunit, which also involves eIF5. The removal of these factors

from the 40S ribosomal subunit allows the association of a native 605 ribosomal subunit, to

reconstitute an 80S ribosome at the initiation codon, ready to commence the elongation

stage of translation. The continuity of initiation events requires the recycling of initiation

factor molecules. eIF2 is released as a binary complex with GDP and requires oIF2B

(which acts as a guanine nucleotide exchange factor) to catalyse the regeneration of the

eIF2-GTP complex. This newly formed complex then recruits the next Met-tRNA molecule

to form a new ternary complex, and the cycle is repeated.
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1

complex scans along the mRNA until recognition of the start codon by codon-anticodon

recognition involving the initiator IRNA. Once the start codon is reached, the ribosome

complex stops and awaits the addition of the 605 ribosomal subunit' The addition of the 695

ribosomal subunit requires the release of factors that are bound to the 40s ribosomal subunit

(Gingras et al., L999a); (Pestova et a1.,2001). The dissociation reaction is dependent on the

hydrolysis of GTP which is bound to eIF2 and is catalysed by another factor, eIF5 (reviewed

in (Gingras et aI., 1999a); (Pain 1996)). It has been suggested that eIF5 and eIF2 associate'

resulting in the activation of GTPase, hydrolysis of the elF2-bound GTP molecule and ejection

of eIF2-GDP-eIF3 initiation complex, upon 60s subunit binding, forming the 80s ribosome'

1.2.6 Elongation and Termination

The elongation phase of protein synthesis is a cyclic process that adds one amino acid

residue to the C-terminal end of the nascent polypeptide chain per turn of the cycle. The cycle

is promoted by four proteins, termed elongation factors, which are involved in this rapid

pfocess.

Termination involves the recognition of termination codon' and when reached' a

release factor promotes cleavage of the completed peptidyl-tRNA, releasing the protein

(reviewed in Gingras et al.,l999a)'

1.2.7 Resulation of translation initiation

Translation is an important step in regulation of gene expression, with the initiation

stage as the most commonly observed point of control' In the process of elongation' the rates

are constant, therefore changes in translation is an indication of initiation efficiency' There are

two particular steps of the initiation pathway that appear to be subject to regulation; the initial
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binding of the 43s preinitiation complex to the 5' end of mRNA mediated by eIF4E and

associated factors (pain 1996) and binding of Met-tRNA to the 40s ribosomal subunit

mediated by eIF2. Two mechanisms of translational regulation have been well characterised,

namely phosphorylation of initiation factors and the influence of structural features in the 5'

and 3' UTRs of the mRNAs

1.2.7.1 Polv(A) tail

The poly(A) tail is stimulatory for translation in a number of systems, including yeast,

plant and mammals. This occurs by coating of the poly(A) tail by multiple copies of a highly

conserved, approximarely 70kDA polypeptide, called poly(A) binding protein (PABP) (Adam

et a1.,1986); (Sachs et a1.,1936). The finding that the poly(A) tail and the cap structure act

synergistically to up-regulate translation, suggests that mRNAs may exist as circularised

molecules via the protein-protein interaction between the 5' bound eIF4G, and the 3' bound

pABP (Imataka et a1.,1998); (Tarun et al.,1996). mRNA circularisation via this method may

enhance translation by allowing ribosome reinitiation through transfer of 40S ribosomal

subunits from the 3,uTR directly to the 5' end of the message, without dissociation from the

mRNA

1.2.7.2. elF2

Many physiological conditions that inhibit initiation of protein synthesis have been

shown to decrease the activity of eIF2 (reviewed in Pain 1996). Loss of eIF2 activity impairs

the formation of the 43S preinitiation complexes by inhibiting the recruitment of the initiator

rRNA (pollard et al.,lggg). eIF2 binds GTP and the iniriator IRNA and delivers this complex

9
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to the small ribosomal subunit (Dholakia et aL, 1990). The GTP is hydrolysed at the initiator

AUG, prior to the joining of the large ribosomal subunit' where eIF2-GDP is released, leaving

a charged initiator IRNA in place (oldfield et al',Igg4)' Two mechanisms appear to regulate

the recycling step involving the guanine nucleotide exchange factor eIF2' The first involves

phosphorylation of the cr-subunit of eIF2 at Ser51, resulting in an increased affinity of eIF2 for

eIF2B. This formed complex is unable to.carry out guanine nucleotide exchange, resulting in

an inhibition of translation (reviewed in Gray et al', 1998)' The second mechanism is

independent of phosphorylation changes in eIF2, and involves regulation of eIF2B activity

directly, however the mechanism is unknown'

1.2.7 .2.2 4E

The activity of the cap binding protein, eIF4E has long been regarded as important in

the regulation of initiation, as it forms the initial step in *RNA recruitment' This factor is

believed to have a regulatory role for two reasons. Firstly, .IF4E is phosphorylated in response

to a wide variety of physiological stimuli and secondly, oIF4E is present at vefy low molar

concentrations relative to ribosomes and other initiation factors (Duncan et al'' 1987);

(Hiremath et al', 1985).

.IF4E is implicated as the limiting factor in the regulation of the recruitment of mRNA

as concentrations of this factor can be increased upon activation by mitogens or T-cell

activation (BoaI et al., L993); (Mao et al., lgg})' Overexpression of oIF4E has been shown to

have profound effects on cell growth, resulting in aberrant morphology' increased focus

formation and the ability to form tumours in nude mice (De Benedetti et a1.,1990); (Lazaris-

Karatzas et a1.,1990).
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elF4Eisphosphorylateduponstimulationofcellsbycertainhormones,growthfactors

ormitogens,resultinginanup-regulationoftranslation.Conversely,phosphorylationis

decreased when translation is inhibited, or when cells are undergoing mitosis or cellular stress

(reviewedinHersheylggl)'ThesefindingsareconsistentwiththepatternofelF4E

phosphorylation observed throughout the cell cycle. eIF4E phosphorylation is low in G0'

increases throughout Gl and S phases and is dramatically reduced in M phase, in direct

correlation with translation activity (De Benedetti et a\,,1990).

t.2.7.2.3  F,-BP

An important regulatory mechanism of oIF4E activity is its interaction with a family of

repressor proteins termed the elF4E-binding proteins (4E-BPs)' The 4E-BPs are small

(approximately 10-12 kDa), heat stable proteins, which can inhibit cap-dependent translation

(Pause et al., 1994);(Poulin et a1.,1998)' The binding of 4E-BPs to eIF4E does not appear to

alter the affinity of eIF4E for the cap structure (Pause et al'' lgg4)' but rather inhibit the

association of eIF4E with .IF4G, thereby preventing the formation of the .IF4F complex

(Haghighat et al', 1995)'

Thebindingof4E-BPtoelF4Eisregulatedbythephosphorylationofspecificserine

and threonine residues in 4E-Bp. Hypophosphorylared 4E-Bps bind efficiently to eIF4E,

however phosphorylation of a critical number of residues in the 4E-BPs abrogates this binding

(Fadden et al., L997);(Gingras et a1.,1998); (Lin et at.,1994); (Marcotrigiano et al" 1999);

(Pauseetal',1g94).Anincreasein4E-BPphosphorylationinvariablycorrelateswitha

decrease in binding affinity to eIF4E, resulting in increased translation initiation'

ThePI3K-AKT-FRAP/mToRsignalingpathwayregulatesthephosphorylationof

4E-Bp. Inhibition of mTOR activity by the immunosuppressant rapamycin, results in an

11
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inhibition of cap-dependent translation due to the sensitivity of 4E-BP phosphorylation

(Beretta et al., I996a). Although rapamycin tfeatment results in rapid and complete

dephosphorylation of 4E-BP, the affect on protein synthesis and growth rates is only

suppressed approximately 507o (Beretta et al., 1996a); (Feigenblum et aI'' 1996)' Therefore'

the importance of 4E-Bp may vary in different cell types and conditions and may primarily

function through specific subsets of mRNA's'

1.2.7.2.4 eIF. G

.IF4G is phosphorylated at several distinct sites, which increases the interaction of

eIF4G with the cap binding protein eIF4E, and stimulates the binding of mRNA to the 43s

preinitiation complex (Morley eî al., l9g1).Increased oIF4G phosphorylation correlates with

an increase in eIF4F formation, suggesting that eIF4G phosphorylation modulates eIF4F levels

(Bu et at., 1993) however, this interpretation is complicated by the 4E-BP's which compete

for 
'IF4E 

binding and are also phosphorylated after cell stimulation (Haghighat et al" 1995);

(Pause et a1.,1994)'

poliovirus infection results in a specific inhibition of cap-dependent translation' via the

cleavage of eIF4G by a viral protease (Gradi et al', 1993)' Both of the cleavage products are

stable, with the c-terminal fragment able to interact with oIF4A and eIF3 (Lamphear et al''

1995) and function in internal initiation of translation (Borman eî al',I99','t); (ohlmann et al''

I996);(Pestova et al., I996a). However, the C-terminal fragment does not function in cap-

dependent translation, as eIF4E remains associated with the N-terminal fragment (Lampheat et

at., 1995); (Mader et a\.,1995)'
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1,.2.7.3 Structural features regulating translation

Structural features in the 6RNA can regulate translation both positively and

negatively, dependent on location and the stability of the structure. mRNAs with a high

potential to form stable secondary structures in the 5' UTR tend to be translated inefficiently

(Kozak lggg); (Kozak 1gg1). This effect is position dependent, particularly for secondary

structures that form in close proximity to the 5' cap of the 6RNA (Kozak 1991)' This suggests

that the initial binding of initiation factors or the 40s ribosomal subunits to the mRNA is more

sensitive to impairment than subsequent scanning (Kozak 1991). In fact, once the ribosome is

bound it has a considerable ability to penetrate secondary structure (Kozak 1989), however the

presence of a very stable stem loop (-50/61 kcal/mol) can block translation even when located

downstream of the cap (Kozak 1989); (Kozak 1991)'

The presence of upstream AUG or CUG codons in the 5'UTR of the message can add

further complexity to translation efficiency. Some 5'UTRs that contain upstream AUG or

CUG codons that are not followed by in frame stop codons are not generally utilised as a

translation initiation codon (Kozak 1989); (Kozak 1991). However, several mRNAs do

produce full-length proteins from alternative AUG, or CUG codons' A well-characterised

mRNA which utilises this mode of producing several proteins from the single transcript is an

FGF related protein, Int-Z.During development, the mRNA utilises both an initiator AUG and

an upstream initiator CUG to synthesise an N-terminal extended protein. The protein produced

from the CUG is targeted to the nucleus, while the AUG-initiated protein is shuttled to the

endoplasmic reticulum and golgi (Acland et aI',1990)'

proteins can regulate translation by interacting with target sequences within the

5'UTR. The iron regulatory protein (IR.P) can repress translation initiation of ferritin synthesis

by binding to a hairpin loop structure in the 5'UTR of the ferritin mRNA (reviewed in Hentze
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etal.,Igg6).ThebindingsiteforlRPistheironresponseelement(RE)'whichislocatedat

the 5' end of the mRNA, suggesting it inhibits a relatively early mRNA-dependent step in

translation initiation. The IRp inhibits the binding of the 43S pre-initiation complex to the

mRNA(Grayetal',lgg4).onlyasmallnumberofmRNAsexhibitthisformoftranslation

suppression, including Mst87F (Kempe et a|.,1993); (Schafer et al'' 1990)' mouse superoxide

dismutase (Gu et at., L996) and the auto regulation of poly(A) binding protein (de Melo Neto

et a\.,1995).

Elements in the 3' UTR have also been implicated in translational control and can

repress or activate translation (ostareck et al.,lggl)' Translational control has been observed

with the lipoxygenase gene via sequences within the 3' UTR of the message' Reporter gene

studies show gene expression is not increased in early ervthroid cells if lacking the 3' UTR'

This indicates there are regions within the 3' UTR that have the ability to increase or decrease

translation rates when required (Ostareck et al'' 1997)'

1 v the

There are cuffently three different models explaining the variation of the cap-

dependent scanning model. These include reaky initiation, re-initiation and discontinuous

scanning or shunting.

1.2.8.L LeakvInitiation

Leaky initiation is a variation of the scanning model relating to the choice of initiation

codon.Ingeneral,thefirstAUGencounteredbyascanningribosomeisselectedasthesiteof

initiation (Kozak 1983); (Kozak 1987)' However, an AUG or non-AUG initiator codon may

be inefficiently recognised or ignored if it lies in a poor context (Kozak 1984); (Kozak 1989);

14



(Kozak1984);(Kozak1986),orislocatedclosetothe5'cap(Kozak1991).Inefficient

recognition of an initiator codon results in a portion of 43S pre-initiation complexes

continuing to scan and initiating at a downstream site'

1.2.8.2 Re'Initiation

Re-initiation is a relatively rare and inefficient initiation mechanism where a second

initiation event occurs following the translation of an upstream open reading frame' By

definition, re_initiation can only occur on mRNAs which are dicistronic or polycistronic. A

genuine dicistronic *RNA has been reported in Drosophila, which contains two open reading

frames, however it is not clear whether translation of the downstream open reading frame is by

re-initiation or internal ribosome entry (Brogna et al', lgg7)' It remains to be determined

which, if any, of the components of the translation initiation machinery remain associated with

the mRNA after translation of upstream open reading frames'

L.2.8.3 Ribosomeshuntine

Another deviation from the scanning model has been described as ribosome shunting'

jumping or repositioning. Ribosomes utilising this mechanism bind in a cap-dependent

mechanism, commence scanning, but then bypass a stretch of the 5'UTR to resume scanning

at a downstfeam position. This mechanism was first described for the 35S mRNA of the

cauliflower mosaic virus (Futt erer et ar., 1993) and has now extended to other viral transcripts,

including the adenovirus major late mRNAs (Yeuh et aI', 1996) and heat-shock protein 70

(yeuh et a:.,2000). The mechanism of the shunt is unclear, but requires specialised sequence

elements.
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Chapter 1 Introduction

r.2.9 Entrv

Internal ribosome entry was first reported in picornaviral 5'UTRs as these mRNAs do

not contain the common 5' cap structure like cellular mRNAs (Jang et rt\.,1988); (Pelletier et

at., ISBB). Furthermore, translation of picomaviral mRNA is unaffected when oIF4E is

sequestered, suggesting an alternative mechanism of initiation (Canaani et al',1976)' This led

to the discovery of cap-independent translation initiation, or internal ribosome entry. This was

verified when the insertion of the EMCV and poliovirus 5'UTRs into the intercistronic region

of a dicistronic mRNA resulted in the expression of the second cistron (Jang et al., 1988);

(pelletier et aI., lgSS). Essentially all the translation initiation factors required for cap-

dependent translation are also required for IRES mediated translation, with the exception of

eIF4E, PABP and a large N-terminal region of eIF4G (Hellen et a1.,2001).

The dicistronic assay has been used to identify a number of internal ribosome entry

sites (IRES) in viral genomes. There are few, if any, convincing similarities between IRES

elements in terms of sequence, size, or structure. The implication is there is no universal

mechanism of internal ribosome entry, or that an elusive Shine-Dalgarno sequence, perhaps

created by secondary or tertiary structure, cannot be easily detected in IRESs (Pestova et al.,

1ee8).

The mechanism utilised by the picornaviral mRNAs to initiate internal translation is

split into two groups. One group contains the encephalomyocarditis virus (EMCV)' foot and

mouth disease virus (FMDV) and Theiler's murine encephalomyelitis virus (TMEV), where

ribosomes bind directly to the AUG codon, without scanning (Kaminski et al., 1990);

(Kaminski et al., 1994); (Pilipenko et al., t994). The second group contains poliovirus and

rhinovirus, where ribosomes bind approximately 160 nucleotides upstream of the AUG and
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hence require some ribosome scanning (Belsham 1992); (Hellen et al', I99Ð; (Ohlmann et aI',

1999); (Pestova et a1.,1994).

A number of cellular proteins have been shown to act in trans to affect the rate of

translation of the picornaviral mRNAs. Polypyrimidine tract binding protein (PTB) has been

shown to bind to all picornaviral 5'UTRs, with varying effects (Kolupaeva et al', 1996);

(pilipenko et a1.,2000). pTB results in a modest activation of the EMCV IRES (Kaminski ¿/

aI., l99g); (pestova et a1.,1996b), but the requirement of PTB for initiation is significantly

increased upon mutation of residues adjacent to the initiation codon (Kaminski et al', 1998)'

These observations are more consistent with a model in which trans-acting factors bind the

5,UTR to help attain, or maintain an active conformation in which it is able to bind initiation

factors (Kaminski et a\.,1998).

L.2.L0 Cellular IRES elements

Like the viral RNAs, a number of cellular mRNAs posses structural features in their

5,UTRs which make them unlikely to be translated efficiently by a 5' cap-dependent scanning

mechanism. Moreover, a few cellular mRNAs are translated preferentially when cap-

dependent translation is impaired, which led to the discovery of IRES elements in cellular

mRNAs. The flrst IRES element discovered in a cellular RNA, was the immunoglobulin

heavy chain binding protein, Bip. It was discovered due to its continuous translational activity
(Macejak and Sarnow, l99l)

in poliovirus infected cells, at a time when host cell translation had ceased (Yang et al',1991)'

Although the list of cellular mRNAs containing IRES elements is growing (See table

1.1), little is known about the mechanism by which cellular IRES elements capture 40S

subunits. The structural features of cellular IRESs remains largely unknown, although there

now appears to be three distinct groups of cellular IRESs, which utilise different mechanisms
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TableL.1

Properties of S'UTRs containing internal ribosome entry sites

A list of all reported mRNAs containing internal ribosome entry sites is presented. The

length of the 5'UTR (NCBD is indicated. The number of in-frame' AUG or CUG codons

within the 5'UTR with the authentic start codon are shown. The role of the IRES and the

GC content (7o) is also shown.



IRES
AMLl/RunX1
Antennapedia
Apafl (human apoptotic protease activating factor 1)

ARC (Rat activity-regulated cytoskeletal)

BAG-1 (RAPa6; HAP46)
BiP/GRP78
CaM kinase ll
cat-1 (cationic amino acid transporter 1)

c-jun
c-myc
Connexin 32 (human gap junction protein)

Connexin 43
Cyr61 (human secreted heparin binding protein)

Dendrin
elF4G1
Estrogen receptor alPha

F1-ATPase beta
Fibroblast growth factor-2
FMRl (fragile X mental retardation)

Gtx (homeodomain Protein)
HIV-1 gag RNA
lnsulin-like growth factor 1 receptor

KV.14 (K+ Channel)
La autoantigen
rat microtubule associated protein 2
Mnt
Myt-2
NBSI (DNA repair)
Neurogrannin / RC3

Nkx 6.1 (homeodomain transcription factor)

N-myc
Notch 2
NRF (huma NF-kappa B repressor protein)

ODC (Ornithine decarboxYlase)

5'UTR Size
446

1164
578
188
224
593
122
148
306
398
127
200
224

369
363
46
384
381

196
118
108
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466
60
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134
208
789
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39
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67
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57
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43
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56
57
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30
57
56
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49
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1

2
0
0
0
3
0
0
0
0
2
0
0
0
2
1

1

2
0
0
0
0
7
2
0
0
2
0
1

0
0
0
1

1
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0
0
4
2
0
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0
2
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1

2
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0
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3
1

0
11

4
1

5
4
1

0
2
0
10

1

I

Differentiation
Development

Heatshock

amino acid availabilitY

apoptosis

Reference
Pozner 2000
Ye 97
Coldwell2000
Pinkstaff 2001

Coldwell2001
Johannes & Sarnow 98

Pinkstaff 2001

Fernandez 2001

Sehgal 2000
Nambru 97 I 2OO1l StoneleY 98

Hudder & Werner 2OOO lWerner 2000

Shiavi 1999
Johannes 99

Pinkstaff 2001

Johannes & Sarnow 98

Baraille 99

lzquierdo & Cuezva 2000
Vagner 95 / Arnaud 99

Chiang 2001

Chappel 2000
Buck 2001
Giraud 2001

Negulescu 98

Carter 2000
Pinkstaff 2001

Stoneley 2001

Kim 98
Maser 2001

Pinkstaff 2001
Watada 2000
Jopling 2001
Lauring 2000
Oumard 2000
Pyronnet 2000Cell Cycle



p27 (cyclin dependent kinase inhibitor)

p5Spitslre Protei n kinase
p77 IDAPï / NATI
PDGF2 (c-sis)

Pim-1
Rbm3
Smad 5
TtF 4631

Ultrabithorax
Vascular endothelial growth factor A

X-linked inhibitor of aPoPtosis

Yap-1

211
273
171
1022
364
721

132
529
1164
1016
993
163

0
4
1

4
2
3
3
3
2
5
6
1

0
0
0
1

0
5
1

1

2
1

11

1

CellClcle
apoptosis
Differentaition

Mild hypothermia

Development
Hypoxia
Stress, þoPtosis

50 Miskimmins 2001

75 Cornelis 2000
51 Henis-Korenblit2000
71 Bernstein 97

75 Johannes 99

43 ChaPPel 2001

42 Shiroki2002
38 7hou2ÛO1
39 Ye 97
64 Stein 98 / Akiri 98 / Miller 98 / Huez 98 / 2001

30 Holcik 99

37 Zhou2OO'l



Chanter 1 T

in the recruitment of the 40S ribosome. The first of these involves the formation of secondary

structure, and is the major determinant of IRES function. It is believed the RNA forms a

structural scaffold in which precisely positioned RNA tertiary structures contact the 40S

ribosomal subunit through a number of specific intermolecular interactions (Hellen et aI.,

2001). This scenario seems likely for a number of cellular IRES elements due to the finding

that non-contiguous sequence elements display IRES activity, suggesting multiple regions are

required in the formation of the IRES element. Le and Maizel have predicted that a Y-shaped

double hairpin structure followed by a small hairpin constitutes an RNA motif that can be

found upstream of the start codon in a variety of cellular IRESs (Le et aI.,1997).

The second type of IRES element involves a pyrimidine stretch in the 5'UTR, which

upon deletion ablates IRES activity. This type of IRES has been well characterised in the

XIAp IRES, where a small stretch of pyrimidines is essential for IRES function (Holcik et al.,

Lggg).Furthermore,Laautoantigen, has been shown to bind to this 5'UTR and is essential for

IRES activity (Holcik et aL,2000). The function of La autoantigen may be the stabilisation of

secondary structure in the 5'UTR to attain or maintain an active conformation of the IRES.

The final class of IRES element is exemplified by the homeobox gene, Gtx. IRES activity was

shown to function through a critical 9-nucleotide stretch, which showed 1007o

complementarity to a region of 18s rRNA (Chappell et a1.,2000a). Cross linking resulted in

the identification of 40S ribosomal subunits binding to this 9 nucleotide stretch, suggesting a

direct mechanism of ribosome binding to initiate translation (Hu et aI',I999a).

1.2.LL Vascular Endothelial Growth Factor IRES

The VEGF 5'UTR was suspected to contain an IRES due to its length (1016 nt) and a

requirement for its synthesis under cellular stress conditions. This was first shown by
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polysome analysis where the translation status of the VEGF mRNA was efficiently translated

under normoxic conditions, however the translation status of the message was unaltered by

hypoxia, despite a global translational decrease (Stein et aI',199S)' This finding indicates that

the vEGF message contains sequences capabre of supporting efficient translation despite its

long and cumbersome 5',UTR. Further indication that the VEGF 5'UTR was not inhibitory to

translation was determined by cloning the 5'UTR upstream of a reporter gene' In all cases' the

VEGF 5'UTR reporter gene was at least as efficient as the control reporter (Akiri et a\" 1998);

(Huez et a1.,1998); (Miller et a1.,1998); (Stein et al., 1993)' These findings indicate the

potential for the 5'uTR to contain an IRES, and RNA folding programs indicated the potential

toformthe"Y"structure,asdescribedbyLeandMaizel(1997)'

Dicistronic reporters were constructed where the VEGF 5'UTR was inserted in the

intercistronic region and activity of the downstream cistron measured' The vEGF 5',UTR

could enhance translation of the second cistron, indicating the presence of an IRES (Akiri e/

a:.,1998);(Huez et al.,1998); (Miller et al'' 1998); (Stein et al" 1998)'

SinceVEGFsynthesisisrequiredunderhypoxicconditions'duringwhichglobal

translation rates are suppressed,IRES activity was examined under low oxygen to determine if

the IRES was activated (Stein et al., 1998). It was found that the IRES activity was not

increased under hypoxic conditions (stein et a1.,1998), however expression from the IRES

was not compromised when compared to cap-dependent translation. This indicates the IRES is

most likely acting as a protective mechanism, to ensure translation of vEGF is efficient' even

under conditions where cap-dependent translation is not optimal'

To determine the location of the IRES, serial deletions of the VEGF 5'UTR were made

and IRES activity was determined. The mouse 5'UTR shows IRES activity is negligible from

nucleotide 343 to g39, however harf of the IRES activity is found from nucleotides 474 to the
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start codon (I023),indicating that the other half of the IRES activity must come from the first

343 nucleotides (Akin et al., 1998). Interestingly, fusing the first 32 and the last 132

nucleotides of the mouse 5'UTR together results in the formation of a "super" IRES, which

shows 4.5 fold higher activity than the entire VEGF 5'UTR in a dicistronic assay (Stein et al.,

1993). Deletion of either or both of these regions from the 5'UTR completely abrogates any

IRES activity, indicating that these regions are essential for IRES activity. Both of these

regions are predicted to form secondary structure in the "Y" shape IRES which appears to be

important for IRES function in several cellular 5' UTR's. The human VEGF 5'UTR has been

more carefully defined showing there is a gradual loss of IRES activity from any deletion of

the 5,UTR. It has been shown that the human 5'UTR contains two independent IRES

elements. IRES A lies at the 3' end of the 5'UTR, between nucleotides 745 and 1038, and

IRES B lies between nucleotides 91 to 483. IRES B appears to be utilised to initiate translation

of a longer species of VEGF protein which initiates just 3' of the IRES B boundary (Htez et

a1.,1998) although this is yet to be shown. This suggests that each of these two independent

IRES elements in the VEGF s'UTR may function to synthesise different species of VEGF

protein.

Several RNA binding proteins have been implicated in regulating IRES activity. One

of the most common proteins is polypyrimidine tract binding protein (PTB), which has been

shown to be important in the function of several viral IRESs (Huez et a1.,1998)' It is thought

these proteins act as translation chaperones by binding to the secondary structure in the 5'UTR

and stabilising it, such that it forms a favourable template for the binding of the translation

initiation factors or ribosomes directly. Two proteins thus far have been reported to bind to the

5'UTR of VEGF, one of which binds within the region of IRES A. This protein, termed p100,

has yet to be identified, however its binding correlated with IRES activity (Huez et a1.,1998).
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pTB has also been shown to bind to a region in the first 475 nucleotides of the s'UTR,

however its binding appears to be independent to IRES activity' PTB may be involved in

regulating other mechanisms of VEGF expression, such as mRNA stability'

1.2. c-mvc

Like some other genes that are involved in cell growth, c-myc mRNA has a long and

highly structured 5'UTR. Multiple transcription start sites exist within the gene, giving rise to

four transcripts (P0, Pl,P2 and P3) with sizes of approximately 3'1,2'4,2'25 and 2'0 kb

respectively (Battey et aI., 1983); (Bentley et aI., 1986); (Yang et al', 1985)' The c-myc

5,UTR was found to contain an IRES in a dicistronic assay (Nanbru et al.,1997); (Stoneley er

aI., I99g).To define the boundaries of the IRES, serial deletions were made' Deletions from

the 5, end resulted in a loss of activity, which was more dramatic with the larger the deletion

of the 5'uTR (Nanbru et aI.,1991); (Stoneley et a\.,1998). Deletion from the 3' end indicated

the last 56 nucleotides of the 5'UTR contained no IRES activity, however further deletion of

the 5,UTR resulted in a loss of IRES activity, indicating the IRES spans nucleotides 1-340 of

the 396 long 5',UTR (Stoneley et aL,1998). This is in contrast to the viral IRESS, where 3',

deletion of the 5'urR results in complete ablation of IRES activity (Borman et al', 1992);

(Borman et a\.,1995); (Pelletier et a\.,198S); (Reynolds e|a\.,1995).

During apoptosis, eIF4G is cleaved (Bushell et al., 1999); (Clemens et al', 1998);

resulting in the suppression of global translation rates, however,

expression of the c-myc IRES is unaffected (Stoneley et a\.,2000a)' Although c-myc protein

levels are maintained during apoptosis due to IRES-mediated translation, it does not appear to

be required ¡or cell death (Stoneley et a1.,2000a). It therefore seems likely that c-myc is

involved in the transcriptional activation of other genes, resulting in cell death'
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There have been reports showing that increased c-myc protein expresslon can occur

from aberrant translational regulation (Paul in et al., t996); (West et al', 1995)' For example' in

cell lines derived from patients with multiple myeloma, there is up to a 20-fold increase in c-

myc protein levels that occurs by a translational mechanism (Paulin et al" 1996)' This

increased expression correlates with a c-T mutation in the region of the c-myc DNA that

contains the IRES (Paulin et al.,lgg6).The mutated IRES is more active in a number of cell

lines, ranging from 1.5 to 6 fold (chappell et al',2000b)' The c-T mutation results in the

stabilisation of a stem loop structure in the 3' end of the IRES (Chappell et al',2000b)' The

increased expression from the mutated IRES may result in an enhanced interaction of RNA

binding proteins to the structurally altered region. This is the first example of a mutation in a

eukaryotic IRES that results in increased translation initiation by internal ribosome entry'

L.3

Angiogenesis is the process by which new blood vessels are formed from a pre-

existing blood vessel. This process can be divided into four stages' Firstly' endothelial cells

are activated from a quiescent to a proliferative state. In the second stage, endothelial cells

proliferate and thirdly, selective degradation of the vascular basement membranes occurs at

surrounding extracellular matrix by the release of proteases and collagenases' The final stage

involves lumen formation and capillary branching. Angiogenesis is essential in reproduction,

development and wound repair, however, has limited requirements in the adult' under most

circumstances, the pfocess of angiogenesis is tightly controlled' however under some

pathologicalconditions,suchastumourgrowth,rheumatoidarthritisandauto-immune

diseases, new capillary blood vessels contribute to the disease state (Folkman et al" 1992)'
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l.3.L Angiogenesis and cancer

Tumours the size of t-2 mm in diameter can receive all nutrients and oxygen by

diffusion, however further growth depends on the development of an adequate blood supply

through angiogenesis (Fidler et al', 1994); (Folkman 1995)' Once a blood supply has

established in the tumour, further growth can occur and the tumour has the ability to

metastasise. Two prominent angiogenic growth factors shown to play a crucial role in the

activation of endothelial cells are basic fibroblast growth factor (bFGF) and vascular

endorhelial growth factor (VEGF) (].iilo.¡- et al., I99l)' The activity of both bFGF and vEGF

have been shown to be inhibited by antibodies in vivo, suggesting that tumour growth may be

limited by the obstruction of angiogenesis (Kim et aI., 1993). Blocking bFGF antibodies

inhibits j\To of growth, whereas blocking VEGF antibodies inhibits r007o of growth,

indicating tumours rely on VEGF as an essential component of angiogenesis (Kim et al''

re93).

The switch to the angiogenic phenotype involves more than a simple up-regulation of

angiogenic activity. concomitant down-regulation of endothelial inhibitors, naturally present

in cells before and after they become neoplastic is also necessary (Folkman L994)'

1.3.2 Role of VEGF in aneioeenesis

In vivo, vascular endothelial growth factor (VEGF) acts as a potent angiogenic growth

factor as well as a blood vessel permeabilising agent (Kim et aI., 1993); (Shweiki et al',1995)'

In addition to its role as an endothelial cell-specific mitogen, VEGF may also act as a vascular

survival factor as it is required for the maintenance of tumour vessels as well as immature

blood vessels (Alon et aL,1995)'
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During development, angiogenesis is an essential process that is involved in the initial

establishment of the vascular system (carmeliet et al., 1996); (Ferrara et al', L996); (l{tm et

aI., 1993). The importance of the VEGF gene is exemplified by the result showing

heterozygous vEGF deficient (vEGF*f) embryos have abnormal formation of blood vessels,

resulting in embryonic lethality. Homozygous vEGF-deficient (VEGF/) embryos die in utero

at embryonic days 8.5 to 9.5 due to a more severe phenotype (Carmeliet et al', 1996); (Ferrara

et aL.,1996).

As well as a developmental role, VEGF has been implicated in pathological processes

such aS coronary occlusive disease, rheumatoid arthritis, auto-immune disease and

tumourigenesis (Benjamin et at.,I99l); (Kim e/ al.,1993); (Plate et al.,1992); (Shweiki et al',

lees).

1.3.3 Activation of VEGF expression bv hvpoxia

All organisms posses mechanisms to maintain oxygen homeostasis to enhance

survival. Lack of oxygen (hypoxia) can result in a failure to generate sufficient ATP to

maintain essential cellular functions, however hyperoxia results in the generation of reactive

oxygen intermediates which potentially can damage membranes and DNA. Thus, cellular

oxygen concentrations must be tightly regulated within a naffow physiological range'

VEGF protein expression is increased in the hypoxic regions of tumours, with mRNA

levels found to be highest in cells that presumably experience the most severe hypoxia

(Shweiki et aL,1995). This effect is rapidly reversible, with cells returned to normal oxygen

conditions rapidly degrading their mRNA and ceasing VEGF protein synthesis (Benjamin e/

al.,1997).
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VEGF and erythropoietin (Epo) appear to share a conìmon oxygen-senslng

mechanism, suggesting they also share common cis regulatory elements (Goldbetg et al.,

Igg4). The Epo 3' UTR sequence, that binds Hypoxia lnducible Eactor (HIF-1), is also found

in the VEGF 5'-flanking region (Liu et al,, 1998) (see Section 1.3). The 5'-flanking region of

VEGF contains a HIF-I binding site and disruption of this core site eliminates hypoxia

inducibility (Levy et a1.,1995); (Liuet at., 1998). The overall increase in VEGF mRNA in

response to hypoxia, which is of the order of 10 fold, cannot be accounted for by

transcriptional activation alone with the remaining increase due to the stabilisation of the

normally labile VEGF mRNA (Dibbens et aL,1999); (Ikeda et a1.,1995); (Levy et a1.,1995);

(Stein et a1.,1995).

The normal lability of VEGF mRNA is thought to be in part due to regions in the 3'

UTR including the AREs (Lagnado et aI., 1994) (see Section I.I.2.3). There are multiple

elements in the VEGF 6RNA which are capable of independently destabilising the mRNA (3'

UTR, 5' UTR, and coding region) whereas all three regions are required for stabilisation of the

VEGF 6RNA in response to hypoxia (Dibbens et al., L999). This indicates VEGF mRNA is

regulated by a complex mechanism in low oxygen conditions, where multiple regions are

required for stabilisation of the message.

1.4 Hvpoxia Inducible Factor

Although cells have numerous adaptive responses to hypoxia, a single transcription

factor, Hypoxia Inducible Factor-l (HIF-l), appears to play a critical role in cellular and

systemic oxygen homeostasis during both development and in adults.
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The HIF-I transcription factor is a ubiquitously expressed heterodimeric protein,

consisting of an cr and B subunit. The HIF-1p subunit is identical to the previously

characterised Aryl Receptor Nuclear Translocator (ARNT) protein (Discussed in section

I.4.2), containing a basic helix-loop-helix motif (bHLH), which is known to mediate

dimerisation and DNA binding in a large number of transcription factors. The members of one

subfamily of these bHLH factors also contain an additional dimerisation motif, the PAS

domain (acronym referring to PER, ARNT, SnvÐ. HIF-lct contains a bHLH motif and PAS

domain and is the critical hypoxia-induced subunit. The expression of the HIF-14 subunit is

tightly regulated by cellular oxygen concentration, with protein levels increasing exponentially

as oxygen concentration decreases (Jiang et al., L996a); (Semenza et aI., L996); (Wang et al.,

I995a). The regulation of HIF-1cr by oxygen is discussed in Section I.4.6.

1.4.1 HIF-I tareet eenes

The discovery of HIF-1 as a global regulator of oxygen homeostasis initially resulted

from analysis of the molecular mechanisms by which Epo gene expression was activated in

response to hypoxia. The identification of a DNase I hypersensitive site in the 3' flanking

region of the Epo gene led to the characterisation of a 50 base pair sequence that functioned as

a hypoxia response element (HRE) (Semenza et al',1991)'

The discovery that HIF-1 is a global regulator of oxygen homeostasis, and not only a target for

Epo expression resulted from studies showing HIF-I was ubiquitously expressed, including

both Epo-expressing and non-expressing cells (Beck et al., 1993); (Wang et al', I993a)'

Subsequent studies have revealed essential HIF-1 binding sites in genes encoding proteins that

mediate a variety of essential adaptive responses to hypoxia (Table 1.2). HIF-1c)[ deficiency is

26



Table L.2

HIF-1o target genes.

A list of HIF-1 target genes reported to date is presented'



HIF-l Tarset Genes

Metabolism

Adenylate Kinase-3
Aldolase A
Aldolase C
Carbonic Anhydrase
Enolase-1
Glut-1
Glut-3
Glyceraldehyde-phosphate dehygro genase

Hexokinase-1
Hexokinase-2
Lactate dehydrogenase A
Phosphofructokinase L
Phosphoglycerate Kinase- 1

Pyruvate Kinase M

Reference

(Wood et a1.,1998)
(Iyer et aL, L998); (Ryan er al., 1998)
(Iyer et al.,1998)
(Wykoff et al.,20OO)
(Iyer et al., 1998)
(Iyer et al., 1998); (Ryan e/ al., 1998); (Wood et aI'' 1998)

(Iyer et ø1.,1998)
(lyer et a|.,1998); (Wood et al.,1998)
(Iyer et al., 1998)
(Iyer et ø1., 1998)
(lyer et aI., 1998); (Ryan er al', 1998)
(Iyer et al., t998)
(iarmeliet et at.,1998); (Iyer et ctl.,1998); (Ryan e/ aI.,1998)
(Iyer et aI.,1998)

Vascular Biologv

Aderenergic Receptor
Endothelin-l
Flr-1
Nitric Oxide SyntYhase II
PAI-1
Vascular Endothelial Growth Factor

Proliferation / Survival

Adrenomedullin
pzl 

.

P35"1
Insulin-like growth factor binding protein-1

Insulin-like growth factor binding protein-2

Insulin-like growth factor binding protein-3

Insulin-like growth factor 2

Transforming growth factor-P3
Cyclin G2
NIP3
Heme-Oxygenase- 1

Iron / Erythropoiesis

Erythropoietin
Transferrin
Ceruloplasmin
Transferrin Receptor

Apoptosis

(Eckhart et al.,1997)
(Ht et aL,1998)
(Gerber et a1.,1997)
(Palmer et a1.,7998)
(Kietzmann et aL,1999)
(Carmeliet et at.,1998); (Iyer et al',1998); (Ryan et al',1998)

(Cormier-Reg ad et al., 1998)
(Carmeliet et aL,1998)
(Bhattacharya 1998)
(Tazuke et a1.,1998)
(Feldser et a1.,1999)
(Feldser et al.,1999)
(Feldser et al.,1999)
(Scheid et a\.,2002)
(Wykoff et al.,2OOO)
(Bruick 2000); (Sowter et a\.,2001)
(Lee et aI.,1997); (Wood et aI.,1998)

(Iiang et al.,1996)
(Rolfs et a1.,1997)
(Mukhopadhyay et al., 2OOO)

(Tacchini et aL.,1999)

RTP8OI (Shoshani et aI.,2002)



associated with decreased expression of a number of different genes encoding both glucose

transporters and glycolytic enzymes (Iyer et al.,I998a). Therefore, HIF-I mediates increased

oxygen delivery to cells (via Epo and vEGF), adaptation to decreased oxygen availability (via

glucose transporters and glycolytic enzymes) as well as apoptosis in severe hypoxia (via

RTP801) (Carmeliet et a1.,1998); (Iyer et al., 1998a); (Maltepe et aI', 1991); (Ryan et al''

r998)

Factors related to HIF-lcr that dimerise with ARNT have been described, and named

HIF-2cr (also known as EPAS1 (endothelial PAS domain protein 1), HLF (HIF-Iø like

facror), HRF (HlF-related factor), MOP2 (Member of PAS superfamily 2)) and HIF-3cr (Ema

et al.,1997); (Flamme et aL,1997); (Gu et at.,1998); (Hogenesch et al',1997); (Tian et al''

IggT). HIF-2ø is highly similar to HIF-lcr with the structure of functional domains well

conserved (O'Rourke et a|.,1999); (Wiesener et a\.,1998), however HIF-20 is not as widely

detected, suggesting a distinct role for each protein in hypoxic conditions'

1.4.2 HIF.1ß / ARNT

ARNT was first identified as a binding partner for the aryl hydrocarbon receptor

(AHR), which is also a bHLH protein (Hoffman et al., 1991). The AHR and ARNT

heterodimer is involved in the xenobiotic response, which involves the conversion of possibly

fatal compounds into water-soluble chemicals that can be readily excreted'

ARNT expression is unaffected by oxygen tension, with both the mRNA and protein

levels unaltered by hypoxic stress (Kallio et al.,lgg7)' ARNT is also found predominantly in

the nucleus (Ikuta eî a1.,1998), suggesting the HIF-lcr subunit is limiting to the formation of

the HIF-l complex. The formation of the HIF-1 complex requires the translocation of the HIF-
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lcr protein from the cytoplasm to the nucleus to allow dimerisation and transactivation of its

target genes.

1.4.3 HIF-14 mRNA exPression

The mRNA level of HIF-1c(, in both normoxic and hypoxic conditions is unaltered in

most cases and most tissues (Pugh et al', 1997); (Wood et al', 1996), indicating either

translation or protein stability as the major regulation point in HIF-lcx gene expression. There

is however, conflicting data demonstrating an increase of HIF-lcr mRNA in response to

hypoxia (Bergeron et al., 1997); (Wiener et al., 1996); (Yu et aI., L998)' This increase in

'RNA 
expression is likely to occur at the level of mRNA stabilisation as there is no evidence

of induction of the human HIF-I promoter in response to hypoxia and the 3' UTR contains

several AU-rich elements (Iyet et al., 1998b); (Lagnado et al',1994); (Wang et al'' 1995a)'

t.4.4 The HIF-lcr

HIF-1g is a 826 amino acid, evolutionary important protein, which is highly

conserved, displaying greatet than 907o amino acid sequence similarity between mouse' rat

and human (Hogenesch et al., 1997); (Ladoux et aI., 1997); (L\ et al', 1996); (Luo et al''

1997);(Wang et al.,I995a);(Wenger et al.,1996). The HIF-1cr protein is almost undetectable

in normoxic cells, however when cells are transferred to hypoxic conditions, HIF-10

expression is detected within 30 minutes, peaking between 4 to 8 hours of continuous hypoxia'

upon re-exposure to oxygen, HIF-1cr protein levels rapidly decay, with a half-life of less than

5 minutes (wang et a\.,1993b). The regulation of HIF-lcr by oxygen is discussed in section

r.4.6
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1,.4.5 Dimerisation and DNA bindine domains

Dimerisation of HIF-1g and ARNT is required for binding to the DNA promoter of its

target genes. The N-terminal region of the HIF-lcr (which contains the HLH domain and the

N-terminal half of the pAS domain) is critical for dimerisation with ARNT (Jiang et al',

1996b). Dimerisation with ARNT induces a conformational change in HIF-lcx,, giving it a

structure capable of binding to DNA. The amino acids 1-407 of ARNT are sufficient for

dimerisation, but lack high affinity DNA binding suggesting interactions between the C-

terminal regulatory domains of HIF-lcr and ARNT may affect the conformation and DNA

binding activity of the N-terminal bHLH-PAS domains (Kallio et a\.,1991)'

The core binding site sequence, 5'-CGTGC-3' or 5'-CGTGNC-3', which are located in

rhe DNA major groove are involved in DNA binding of HIF-1 (Okino et al',1998). A single

methylation of the 5' cytosine residue results in the loss of HIF-I binding in vitro and results

in the lack of expression of HIF-I target genes (Wenger et a1.,1998).

L.4.6 Protein stabilitv and deeradation

The HIF-lcr subunit is predominantly regulated by oxygen tension in vitro and in vivo.

HIF-lcr protein levels are increased dramatically in the absence of oxygen, with little change

in 
'RNA 

levels indicating regulation is either at the level of protein synthesis or the inhibition

of protein degradation (Gradin et aI., t996); (Huang et al., 1996) (summarised in Figure 1.2).

The first demonstration that HIF-lcr was rapidly degraded in normoxic cells by the ubiquitin i

proteasome pathway was by Salceda and Caro (1991) who showed HIF-lcr levels are

increased in a ubiquitin-proteasome deficient cell-line. The use of specific ubiquitin-
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Figure L.2

Regulation of HIF-1c expression by cellular Oz conc€ntration

Shown schematically is HIF-1cr with its basic helix-loop-helix (bHLH) motif, PAS domain,

oxygen dependent degradation domain (ODDD) and C-terminal transactivation domain

(CAD). A. Oz availability determines the rate at which HIF-lcr is subject to degradation. In

normal oxygen conditions, HIF-lcr is subject to prolyl and aspariginyl hydroxylation by

PHD's 1-3 and FIH-I respectively. Proline hydroxylation, which occurs at amino acid

residues 402 and 564 in the ODDD, is required for the interaction of HIF-lcr with VHL,

which recruits elongins B and C, Cullin 2 (Cul2) and RBXI to constitute a functional E3

ubiquitin-protein ligase complex. Ubiquitination of HIF-14 targets the protein for

degradation by the 265 proteasome. Asparagine hydroxylation at amino acid 803 in the

CAD leads to displacement of the p300 and CBP co-activators. B. In hypoxic conditions,

hydroxylation of the proline and asparagine residues is prevented, which blocks recognition

by VHL and allows interaction with the co-activators p300/CBP, respectively. Escaping

prolyl hydroxlation, prevents ubiquitination and degradation, leading to its translocation to

the nucleus and formation of the HIF-1 heterodimer with ARNT.
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proteasome inhibitors further established this as the mechanism of degradation (Huang et al',

tee6).

Truncation mutants have revealed the C-terminal half of the protein is responsible for

its instability in normoxic cells, with amino acids 401-605 being sufficient for regulation of

protein stability in response to oxygen concentration (Huang et al'' 1998); (Jiang et al''

1997a).

1.4.7 Deeradation of HIF-La is mediated bv VHL

The von-Hippel Lindau (VIil-) tumour suppressor protein is associated with the von-

Hippel Lindau cancef syndrome and the majority of kidney cancefs' Germline inactivation

mutations of VHL are associated with a dominantly inherited predisposition to tumourigenesis

in the central nervous system, retina, pancreas, adrenal gland and the kidney' VHL germline

mutations are quite rare, however vHL is inactivated in approximately B07o of renal-cell

carcinomas (Maher et a1.,1991).

HIF-lcr protein stability is regulated by increases in ubiquitination and proteasomal

degradation under normal oxygen conditions. Renal-cell carcinomas that lack a functional

VHL protein fail to degrade HIF-10, suggesting that VHL plays an important role in the

oxygen-regulated proteolysis of HIF-lct (Mazure et al', 1996)' In fact, VHL has been

implicated in the pfocess of protein ubiquitination (Stebbins et aI',1999), and has been shown

to form complexes with HIF- 1 a in vivo (Maxwell et al. , 1999).

VHL has been shown to be a component of an active E3 ubiquitin-ligase complex'

which transfers ubiquitin onto substrates that are destined for degradation (Iwai et al',1999);

(Lisztwan et aI., Iggg). vHL is associated with elongins B and c and cullin-2 forming the
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vHL-BC-Cul2 complex (summarised in Figure 1.2) (Kaelin, Jr. eî aI., 1998)' There are

several mutational hotspots of the vHL-BC-cul2 complex in tumours, one of which is located

in the p-domain of vHL (Kaelin, h. et aL,1998). Mutations within the p-domain of vHL

result in complete loss of all binding to HIF-1cr (Ohh et al',2000)' Complementary data shows

vHL binds to HIF-Iü through the oxygen dependent degradation domain (ODDD) (amino

acids 530- 652), and targets it for ubiquitination and ultimately proteasomal degradation

(Huang et a\.,1998); (Ohh er a\.,2000)'

once HIF-10 is ubiquitinated, it is degraded by the ubiquitin dependent 265

pfoteasome, which is a ubiquitous multicatalytic protease complex composed of two large

complexes: the 20S catalytic cofe complex and thel9S regulatory complex (Gerards et al"

1998); (Kallio et al., 1999); (Sutter et a1.,2000). The 20S proteasome core consists of an cr-

type subunit, PSMA7, which has been shown to physically interact with HIF-lcx (Cho et al''

2001). This interaction involves two co-operative binding regions of HIF-14, amino acids

726-7g5 and 401-603, which lies within the ODDD. This binding however' is not regulated by

oxygen tension, suggesting it is not part of the recognition complex involved in normoxic

degradation (Cho et aI.,2O}I).In addition to HIF-lcr, human hepatitis B virus X-protein' has

also been shown to bind PSMA7, resulting in its rapid degradation (Hu et rtl" L999b)'

Therefore, it appears that the binding of PSMAT with other proteins, such as HIF-lcr' may be

in part to facilitate rapid degradation of these targets'

.4.8

The regulation of HIF-lcr expression in normal oxygen conditions via its interaction

with vHL is well depicted. In hypoxia, the lack of ubiquitination of HIF-lct in hypoxic cells
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appears to be governed by the inability of the VHL-BC-cul2 complex to recognise HIF-lcr,

indicating the VHL-HIF-1cr interaction is controlled by post-translational modifications of

HIF-1cr which are oxygen dependent (Figure 1.2) (Ivan et a\.,2001); (Jaakkola et al',2001)'

To determine the region of VHL binding to HIF-lcx, deletion mutants of HIF-lcr were

made. Amino acids 556-5 75 ofthe HIF-lcr protein were capable of binding VHL and mutation

of the conserved pros6a totally abolished interaction with VHL (Ivan et al.,20oI); (Iaakola et

a1.,2001); (yu et a1.,200I). The Pros6a residue is modified by hydroxylation in normoxic

conditions by a prolyl-4-hydroxylase (Jaakkola et al., 20oI), which belongs to a family of

hydroxylases that are2-oxoglutarate-dependent and related dioxygenases, and use oxygen as a

co-substrate (Annunen et a\.,1998). Therefore, this family of proline hydroxylases provides a

link in the understanding of how oxygen regulates the stability of the HIF-1o protein'

To identify the prolyl-4-hydroxylases that modify Pro564, Epstein et al (2001) searched

the C. elegans genome database for sequences which may encode a member of the 2-

oxoglutarate-dependent oxygenases superfamily. This search led to the egl-9 gene, which had

not been assigned a known function, however like VHL mutants, egl-9 mutants also

constitutively expressed HIF-lcr (Epstein et a1.,2001). Three egl-9 homologs are found in

mammals, designated pHD (Prolyl-hydroxylase domain containing protein) 1,2 and 3. Each

of the hydroxylases is capable of hydroxylating HIF-lcx, at Pros6a (Bruick et al', 2001);

(Epstein et a1.,2001), whereas only PHD1 and2 can hydroxylate Proa02, a second site of

proline hydroxylation (Epstein et a1.,2001). The investigators were able to show that the

modification of HIF-lcr by pHDl is dependent on oxygen concentration, indicating oxygen as

rate-limiting for proline hydroxylase activity. Thus, proline hydroxylation of HIF-lcr by
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PHD1, 2 and3 of the oxygen dependent degradation domain provides a mechanism of oxygen

sensing which leads to the appropriate expression levels of the HIF-1 transcription factor'

L.4.9 Transactivation properties of HIF-l'cr

HIF-lcx truncation mutants reveal the last 436 amino acids is capable of mediating

hypoxia-induced transactivation (Jiang eî a|.,1996b). Further deletions reveal the last 295

amino acids function as a powerful transactivation domain (TAD) in a number of cell lines'

Moreover, the ability of this region to activate transcription is dramatically increased in

hypoxic cells, demonstrating the expression of the HIF-1cr protein and specific transcriptional

activity of the HIF-10 TAD are independently regulated by cellular oxygen concentration

(Jiang et al.,I991a); (Li et aI., 1996); (Pugh et al., lgg7). The TAD has been delineated to

contain 2 regions of activation, rhe TAD-N (531-575) and TAD-C (786-826). The region

intervening these 2 TAD,s functions as an inhibitory domain that represses TAD function,

particularly under non-hypoxic conditions (Pugh et al'' 1997)'

1 1

Lando et aI., (Z11z)recently discovered a peptide sequence in the TAD-C (CAD) 846-

YDCEVNVPVPGSSTLLQGR-846, which contains an extra peak of 16 Da' indicating the

presence of an extra oxygen atom. This extra 16 Da peak is lost when the cells are grown in

hypoxia or treated with hypoxic mimics. Asparagines't was found to contain the extra oxygen

atom and was also regulated by a yet unidentified aspariginyl hydroxylase by the ability of the

hydroxylase inhibitor, di-methyl-oxylglycine, to activate HIF-10 to the same extent as

hypoxia (Lando et a1.,2002)'
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The HIF-1g TADs interact with co-activators, which have both structural and catalytic

roles. The co-activators CBP and p300 appear to mediate the effects of many transcriptional

activators, including HIF-lcx, and direct interaction between p300 and HIF-lcr has been

demonstrated (Arany et aI., 1996); (Ebert et al., 1998); (Kallio et al., 1998). CBP/p300

contains 2 transcriptional adapter zinc-binding G^Z) motifs (Ponting et al., 1996), which

function as the sites of interaction with the CAD (Arany et al., 1996); (Kallio et aI., 1998).

Crystal structure revealed a highly intimate complex in which HIF-lcx wraps almost entirely

around the TAZI domain with the hydroxylated asparagine residue located on the cxB-helix

and deeply buried in the protein-protein interface (Dames et a\.,2002)'

Asparagine hydroxylation silences the COOH-terminal transactivation domains of

HIF-lq by prevenring its interaction with CBP/p300 (Figurc 1.2) (Lando et a\.,2002); (Sang

et a1.,2002). During hypoxia, the non-hydroxylated CAD is free to bind the CH1 domain of

CBP/p300 and to assemble transcriptional co-activator complexes. Furthermore, mutations in

the CHl domain of p300 abrogate the transactivation activity of HIF-14 (Gt et a1.,2001);

(Kung et a\.,2000); (Sang et a\.,2002)'

FIH-1 (factor-inhibiting HIF-1) has been found to interact with both HIF-10 and VHL,

and can inhibit the HIF-lcr transactivation domain in normoxic conditions (Mahon et al',

2001). FIH-1 can bind to HIF-10¿ in the inhibitory domain (amino acids 576-784), however

optimal binding requires additional amino acids within the CAD. FIH-I has similar features of

a 2-oxoglutarate-dependent protein hydroxylase, like PHD1, 2 and 3 which are responsible for

the hydroxylation of the proline residues regulating HIF-lcx protein stability (Section 1.4'8)

(Lando et a1.,2002). This inhibition of HIF CAD function by FIH-I dependent asparaginyl

hydroxylation appears to function by inhibiting association with co-activators, such as p300.
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1..4.11, Activation of HIF'Lcr bv other mechanisms

1.4.11.1 ERK / MAPK PathwaY

It is well established that HIF-lcr protein levels increase in hypoxic conditions due to

post_translational modifications. phosphorylation changes of HIF-lcr residues in response to

hypoxia are required to increase the transactivation potential of the protein (Salceda et al''

I997);(Wang et ø1.,1995b). The levels of ERK increase in response to hypoxia' suggesting a

possible involvement of the ERITMAPK pathway in the phosphorylation of HIF-14 (Minet ¿r

at.,2000). Furthermore, ERK was shown to be translocated to the nucleus and have an

increased activity in hypoxia, however no effect on HIF-lcr stability nor DNA binding was

observed (Minet et a;.,2000). Further analysis revealed HIF-1cr is phosphorylated by p42lp44

MAPK, however p38 and JNK were not able to phosphorylate HIF-lcx (Vagner eî a\" 2001)'

This indicates a specific pathway of the ERK/\4APK pathway is involved in the

phosphorylation of HIF-14. The role of HIF-lcr phosphorylation is unknown, although the

evidence points towards transactivation, which may involve a conformational change'

providing a cleft for the interaction of CBP/p300'

1.4.11.2 p53

It is well established that mutation of oncogenes and tumour suppressof genes can

result in changes in the expression and/or activity of HIF-lcx (Jiang et al', 1997); (Maxwell er

al., 1999); (Ravi et a1.,2000); (ztjfrldel et a1.,2000). The most frequently mutated tumour

suppressor protein, p53, can also negatively affect the activity of HIF-I' The human p53

tumour suppressor gene encodes a multi-functional transcription factor that mediates cellular

fesponses to diverse stimuli, including DNA damage and hypoxia (reviewed in (Giaccia et al''
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1993)). Furthermore, p53 is involved in mediating hypoxia-induced apoptosis (Graeber et aI.,

ree6).

Ravi er al (2000) have shown p53 inhibits HIF-I activity by targeting the HIF-Iø

subunit for Mdm2-mediated ubiquitination and proteasomal degradation. Conversely, the loss

of p53 enhances hypoxia-induced HIF-1a levels and augments HlF-l-dependent expression of

VEGF in tumour cells. In addition, p53 limits hypoxia-induced expression of HIF-lcx by

promoting its ubiquitination and proteasomal degradation (Ravi et a\.,2000)' This mechanism

is distinct from the proposal that p53 inhibits HIF-I transactivation by competition for the

CBp-p300 co-activator (Blagosklonny 2001) and is analogous to the proposed role of the VHL

protein (Maxwell et al., L999).

r.4.tt.3 n14Am Tumour

p53 can affecr the srability of HIF-lcr through the regulation of the HDM2 proto-

oncogene ((Ravi et a1.,2000) and secrion I.4.II.2). HDM2 is an E3-ubiquitin ligase that

inactivates p53 primarily by accelerating its degradation through the ubiquitin-proteasome

pathway (Honda et al., Ig97). HDM2 can form a ternary complex with HIF-10 and p53,

which may preferentially promote the degradation of HIF-1o (Ravi et a\.,2000). The p14ARF

tumour suppressor protein has recently been recognised as an important negative regulator of

HDM2 (Sherr et a1.,2000). p14o"o can bindHDM2 and facilitate its translocation from the

nucleus to the nucleolus, which may prevent HDM2 from promoting the degradation of p53,

resulting in high p53 activity and an increase in HIF-1o protein levels (Lohrum et a\.,2000).
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1.4 .4 PI3 rnase v

The phophatidyl-inositol-3-kinase (PI3K) pathway is activated by a number of growth

factors receptors, including IL-3, GM-CSF, PDGF, EGF and insulin (Guthridge et a\" 2000)'

PI3K catalyses the conversion of phosphatidylinositol 4-phosphate and phosphatidylinositol

4,5 bi-phosphate to phosphatidylinositol 3,4 bi-phosphate and phosphatidylinositol 3'4'5 tri-

phosphate respectively (reviewed in (Cantley et at', 1999))' These products are allosteric

activators of phosphatidylinositol-dependent kinase-1, which phosphorylate and activate Akt

(protein kinase B). Targets of Akt include BAP, an inhibitor of apoptosis' and FRAP' an

activator of p70'6k, which is required for ribosomal biosynthesis and cell-cycle progression

(Reviewedby (cantley et aL,1999)). This pathway is negatively regulatedby PTEN' which

dephosphorylates phosphatidylinositol 3,4 bi-phosphate and phosphatidylinositol 3'4'5 tri-

phosphate.

Increases in HIF-lcr protein levels can result from either activation of the EGF / PI3K /

Akt / mTOR pathway, or loss of PTEN activity (Jiang et al',2001); (Zhong et al'' 2000);

(Zundel et a1.,2000). These increases are due to post-transcriptional mechanisms, as mRNA

levels remain unaltered (Jiang et al',2001); (Zundel et al',2000), and may involve either an

increase in translation rates or increased protein stability. Both modes of regulation have been

implicated in increasing HIF-Iü protein levels, with Zundel et al (2000) showing Akt

stabilises HIF_1o protein by possibly interfering its interaction with vHL, whereas Laughner

et al (2000) implicated an up-regulation of HIF-lcr translation upon activation of the PI3K

pathway via FIER2 signaling. The mechanism of up-regulation of HIF-1ct translation upon

activation of pI3K is unknown, but may involve the phosphorylation of 4E-BP1 by mTOR

(Gingras et al., 1999b); (Hara et aL, 1991); (Peterson et al', 1999), which is known to
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positively regulate translation. Therefore, it seems possible that activation of the PI3K

pathway may up-regulate the translation of the HIF-lcr protein rather than a direct affect on

protein stabilitY.

t.4.r2 Role of HIF-1a in

To determine the role of HIF-lcr in development, HIF-lcr gene knockout embryonic

stem (ES) cells were generated and injected into mouse blastocysts (Carmeliet et a1.,1998);

(Iyer et at., I998a); (Ryan et a1.,1998). Although Hifla*^ mice are viable, Hifla-/- embryos

arrest in development by E9.0 and die at E10.5 with cardiac, vascular, brachial arch and neural

tube defects and extensive cell death, especially in the brachial and cephalic regions (Iyet et

at.,lggga); (Kotch et al.,lggg); (Ryan et a\.,1998). Hifla-/- and Hifla*/* embryos are similar

in morphology and vascular development at E8.5-88.75, however by F9'25 there is a marked

regression of blood vessels and numerous enlarged vascular structures in the Hifla-/- embryo

(Iyer et aI., 1998a). During the period of E8.5 and E9.5, HIF-lcr protein expression is

increased, which is the period where malformations appear in the Hifla-/- embryos (Iyer et aI.,

199ga). Vascular defects observed in Hifla-/- are also seen in VEGF/- embryos as VEGF

'RNA 
expression is not induced by hypoxia in Hifla/- ES cells (Carmeliet et al., 1996);

(Carmeliet et al., 1998); (Ferrara et al., 1996); (Iyer et aI., 1998a); (Ryan et al" 1998)'

Surprisingly, Hifla/- embryos show an increased expression of VEGF pRNA compared to

wild-type embryos (Kotch et aI., lggg). The mechanism of increased vEGF mRNA

expression in Hifla-/- embryos probably involves activation by glucose deprivation, a known

regulator of VEGF (Iyer et al.,I998a); (Kotch et al',1999)'
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1.4.13 Role of HIF-I in disease

The regulation of oxygen homeostasis is of utmost importance for human development

and physiology. Hence, cellular and systemic oxygen concentrations are tightly regulated via

short and long acting response pathways. Many diseases, including heart disease, cancer, and

cerebrovascular disease have this delicate balance disrupted (Folkman 1994); (Folkman 1995).

A key step in the progression of all these diseases involves the process of angiogenesis, where

VEGF levels increase in response to cellular hypoxia (Allalunis-Turner et al., 1999);

(Chiarotto et a1.,1999); (Damert et aI.,1991); (Ikeda et a1.,1995); (Levy et al',1996); (Plate

et al.,1992); (Shweiki et al.,lgg2). The binding of HIF-1 to the promoter region of VEGF is

essential for transcriptional activation (Blancher et aL, 2000); (Forsythe et al', 1996);

(Goldberg et aI., I9g4). Hence, the progression of certain disease states, such as tumour

angiogenesis, is a result of the increase in activity of HIF-1.

t.4.14 Role of HIF-1 in cancer

Adaptation of cancer cells to hypoxia is critical for tumour growth, as neither primary

tumours nor metastases will grow beyond a volume of several rnm' in the absence of

vascularisation (Folkman 1994); (Folkman 1995). Tumour hypoxia may develop by either a

high rate of cellular proliferation that outpaces the rate of angiogenesis, or defective tumour

microcirculation, where cells adjacent to blood vessels may be hypoxic (Helmlinger et aI',

l99i); (Vaupel et a\.,19S9). Therefore, the progression of tumour grade to a lethal phenotype

is likely to involve the adaptation to hypoxia. Overexpression of HIF-I in cancer cells can

result from tumour hypoxia, loss of tumour suppressor gene function, or oncogenic activation

(Blancher et a1.,2000); (Carmeliet et aI., 1998); (Elson et a1.,2000); (Fang et a1.,2001);
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(Haddad et a:.,2001); (Jiang et al.,1997b); (Kotch et a\.,1999); (Ratcliffe et a\" 2000); (Ryan

et a\.,1998); (Semenza 2000a)'

Experimental data suggests in tumour angiogenesis, increased VEGF expression is

required to initiate and sustain tumour growth (Folkman et al., 1992); (Folkman 1994);

(Folkman 1995). These increases in vEGF levels result from the synergistic effects of tumour

hypoxiaandtumourspecificgeneticalterations(Benjaminetal',1997);(Gerberetal''1998);

(Haddad et a1.,2001); (Mazure et al., 1996); (Okada et al., 1998); (Pages et aL' 2000)'

Therefore, most solid tumours that contain characteristics of both high vascular density and

tnmour hypoxia often result in poor clinical outcome (Jin et at,, 2000); (saaristo et al'' 2000);

(Vaupel et a1.,1989).

AnexampleoftheroleofHlF-lintumourangiogenesisisinhumangliomas,wherea

significant correlation between tumour grade, vascularisation ¿¡d HIF-lcx levels is observed

(zagzag et a:.,2000). In particular, glioblastoma multiforme shows characteristics of rapidly

proliferating tumour cells which outstrip their blood supply resulting in extensive necrosis'

The viable tumour cells surrounding necrotic regions express high levels of HIF-tcr protein

(Zagzag et a:.,2000); (Zhong et al',2000) and VEGF mRNA (Plate et al" L992); (Shweiki er

at., I992).This pattern of expression suggests the tumour cells afe responding to hypoxia by

HlF-l-mediatedVEGFexpressionasdemonstratedintissueculturecellsandmouse

xenografts (carmeliet et a1.,1998); (Forsythe et al',1996); (Iyer et al', 1998a); (Maxwell ¿t

at.,1997);(Ryanetal.,1998).Furthermore,thesegliomascontainnumerousmutationsthat

inactivate tumour suppressor genes, including p14o^t and prEN (Ishii er ar., 1999) or activate

oncogenes, including EGFR and MDM2 (Holland et al',1993)' Mutations in oncogenes and
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tumour suppfessor genes which had previously been shown to increase VEGF expression,

have now been shown to function through the induction of HIF-1.

The loss of function of a tumour suppressor gene is a known cause of tumour growth in

certain cancers. An example of this is the role HIF-I plays in hemangioblastomas, which

produce an abnormally high level of VEGF 6RNA (Zagzag et al',2000)' This high level of

VEGF is responsible for the high vascularisation seen in these tumours, which is induced by

an overexpression of HIF-1a due to a functional inactivation of the von Hippel-Lindau gene

(Gnarra et aI.,lgg4). Since loss of VHL results in constitutive HIF-1cr expression in normoxic

conditions, this provides a mechanism for the high level of VEGF expression in these tumours

(Maxwell et a|.,1999)'

In most human cancers, overexpression of HIF-lcr occurs as a response to hypoxia or

genetic alterations (Zhong et a1.,2000). HIF-lcr overexpression is detected in greater than

907o ofcolon, lung, ovary, prostate, skin and stomach cancers and at least a third of all brain

and breast cancers (Zhong et a\.,2000). The degree of overexpression observed in cancer cells

provides strong evidence supporting an important role for HIF-lcr in tumour progression'

Therefore, therapeutic strategies designed to inhibit HIF-I activity may provide novel

approaches in cancer treatment. Additionally, since cancer cells are more hypoxic than normal

cells, it is possible that tumour cells could be killed without major systemic side effects,

especially under conditions where other agents could be added to further increase tumour

hypoxia, such as angiogenic inhibitors (Boehm et al.,1997); (Jekunen et al',1991)'
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1.5 Proiect Rationale

An objective of our laboratory over the years has been to investigate the mechanisms

regulating the expression of vascular endothelial growth factor in response to hypoxia' Most of

the emphasis has been on understanding post-transcriptional regulation of VEGF gene

expression, particularly mechanisms involved in the lability of the mRNA in normoxic

conditions and the hypoxic stabilisation of the message. Another focus of our laboratory has

been on alternative mechanisms of VEGF translation, where we discovered the presence of an

internal ribosome entry site (Miller et aL,1998)'

When hypoxia-inducible factor-l was discovered to bind to the promoter region of

VEGF in hypoxic conditions and lead to an induction of VEGF transcription (Forsythe et aI',

tgg6), we wanted to investigate the possibility of post-transcriptional regulation under

hypoxic conditions. Gene expression analysis of HIF-lcr in response to hypoxia indicated

mRNA levels were unaffected by hypoxia, suggesting post-transcriptional mechanisms

primarily regulate its expression (Semenza 2O0Ob); (wiener eî al., 1996)' This led us to

investigate the properties of the HIF-Iü 5'UTR, which was quite long and G + c rich, a

characteristic of several cellular mRNAs subject to translational regulation. 
'We also wanted to

determine the effect hypoxic stress had on the translational efficiency of HIF-lcr, and whether

other mechanisms were utilised to ensure its correct expression levels during periods of

hypoxic stress.

During the course of this work, several signaling pathways were implicated in the

accumulation of the HIF-1a protein in non-hypoxic conditions (Fatyol et al., 2001);

(Laughner et aI.,2O0l); (Minet et a\.,2000). since many of these pathways are also implicated

with translational up-regulation (Beretta et al., 1996b); (Gingras et aI'' 1998); (Lin et al''
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Igg4),I wanted to determine whether the HIF-lcr 5'UTR was involved in the accumulation of

the protein.

Previous work in the laboratory determined that the VEGF 5'UTR contains instability

elements (Dibbens et aI., lggg), and Huez et al (2001) showed the presence of two internal

ribosome entry sites. I therefore wanted to determine whether there was a link between mRNA

instability and IRES activity of the VEGF s'UTR, and if this type of regulation is common

with 5'UTRs containing an IRES.

The specifÏc aims of this proiect are:

1) To investigate whether the HIF-lcr 5'UTR is inhibitory to translation.

2) To determine whether the HIF-1o 5'UTR contains an internal ribosome entry site.

3) To characterise regions of the HIF-lcr 5'UTR that contain IRES activity.

4) To compare the translation efficiency of HIF-lcr to housekeeping genes, B-actin and

GAPDH under normoxic and hypoxic conditions.

5) To investigate the effect of hypoxia and other cellular stresses on HIF-lcr IRES activity,

and determine whether this effect is specific for hypoxically regulated genes, or a common

feature of cellular IRESs.

6) To determine whether the PI3K signaling pathway regulates HIF-10 IRES function in

non-hypoxic conditions.

7) To establish a potential link between VEGF mRNA instability and IRES activity and

whether this effect is specific for VEGF, or a common mechanism for cellular IRESs.
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Materials andChaoter

2.1 Chemicals reasents and

The following chemicals were obtained from Sigma Chemicals: agarose (type 1),

ampicillin, ATP (disodium, grade I), BSA, bromophenol blue, xylene cyanol, DTT, ethidium

bromide, lysozyme, SDS, tRNA, DEPC Triton X-100 Heregulin-cx and nitrophenolphosphate'

TEMED, acrylamide and bisacrylamide were purchased from BioRad Laboratories' Agar,

foetal calf serum, ammonium persulphate, LipofectAMINE 2000 and Trizol were purchased

from Gibco BRL. Trypsin, DMEM, Met-free DMEM, L-glutamine, Penicillin, streptamycin

were purchased from CSL laboratories. Phenol was purchased from WAKO Pure Chemical

Industries Ltd. Random primed oligonucleotide Northern probe kit and ribonucleotide

triphosphates were purchased from Amersham Pharmacia Biotec. Proteinase K and glycogen

were purchased from Boehringer Mannheim. Dual luciferase reporter assay kit was purchased

from promega Corporation. ExpressHYBrM was purchased from Clontech. Wortmannin and

L.g2g4OOZ were purchased from Cayman Chemicals. All other fine chemicals were purchased

from Merck.

2.2 Enzymes and protein molecular weiqht markers

All restriction enzymes were purchased from New England Biolabs or Promega. T4

DNA ligase andT4 polynucleotide kinase were purchased from New England Biolabs. Calf

intestinal phosphatase and RNaseA were purchased from Boehringer Mannheim' RNasin,

Re-DNase, SP6 RNA polymerase and T7 RNA polymerase were purchased from Promega

Corporation. BenchmarkrM prestained protein ladder was purchased from GIBCO BRL.
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All oligonucleotides used in this study were purchased from Geneworks, Adelaide,

South Australia. The restriction sites in the oligonucleotide are underlined and mutagenic

changes are in bold. The sequences of the oligonucleotides afe as follows'

RLprobe

FFprobe

HIF-1

HIF2

HIF3

HIF4

HIF5

HIF6

HIFT

HIFS

HIF68

5' CCGGATCCGCAAGAAGATGCACCTGATG 3'

5'CCCAA ATCTCTTCATAGCCT 3'

5' GTACTAGTGAGTGCACAGAGCCT 3'

5'GTA
-,
-)

5' GTACTAGTGACAGAGCCGGCGTT 3'

5' GT -)

5' GAATTCCATGGGGTGGGAGGCGGG 3'

5' GAATTCCATGGCCGCGCGCGGAGAAA 3'

5' GAATTCCATGGCCCCGGGCTCGCTCG 3'

5' GAATTCCATGGCGAATCGGTG 3'

5' GTACTAGTCAGGCCCTGACAAGC 3'

HIFdeIPPT

5, CCGCCTCTGGACTTGACTATGTATCCGCGCGCGGGACAGAG 3'

HIFdeIPPTREV

5, CTCTGTCCCGCGCGCGGATACATAGTCRRCTCCAGAGGCGG 3,

48124V 5' CGGCCTCTCCATGGCCGAGCTAGC 3'

4glzTv5,GTCCGTCAGCGCCCATGGTCCGATGCA3'

5OI26V 5' CCTTGACTTCTCCATGGAGCTCTTGA3'

5II32V 5' TCTAGAAGCTTCAGAGAGAAGTCAAGGAAGAG3'
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52132V 5' TCTAGAAGCTTCGATCTTGCATCGGACCAGGT3'

53/33V 5'TCTAGAAGCTTGGCCCTGGAGAGGCCGGGGCCC3'

23135V 5' TCTAGAAGCTTAGCGCAGAGGCTTGGGGCAGCCGA3'

24t2gv5,GAATTCCATGGTTTCGGAGGCCGTCCGGG3,

5'V48 5' ATACTAGTGAGAGAGACCGGTCA 3'

3'V48 5' ATCCATGGCCGCCTCACCCGTCC 3'

XIAPSHind5,CCCAAGCTTGCTGTTGTCCCAGTGTGA3'

XIAP3WT 5' CATGCCATGGCTTCTCTTGAAAATAGGACT 3'

XIAP3MUT 5' CATGCCATGGAAAAAGAGAACATTATATTA 3'

XIAP5Spe

Myc5Hind

Myc3Nco

5'GG 3

5' CCCAAGCTTAATTCCAGCGAGAGGCAGA 3'

5' CTAGCCATGGTCGCGGGAGGCTGCT 3'

2.4 Radiochemicals

[cr-32p]Lnp (3,000 Cilmmol), [Y-32p]¡.tp (4,000 Ci/mmol), L- 35S-methionine(l'175

Cilmmol) were purchased from Geneworks'

,i!1

2.5 Buffers and Solutions

10x DNase buffer

10x MEN

100 mM Tris pH 8'0 (DEPC), 100 rnM MgCl2,

(DEPC), 10 mM DTT. Stored at -20oC.

200 mM MOPS, 10 mM EDTA, 50 mM sodium

acetate pH 7.0.
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Formaldehyde sample buffer 1.2x MEN, 8.47o (vlv) formaldehyde ,647o (vlv)

formamide.

Formamide loading buffer 957o (vlv) formamide, 20 mM EDTA, 0'057o

bromophenol blue, 0.057o xylene cyanol FF.

Stored at -20"C.

Hybridisation Solution 40 mM PIPES PIJ6.7 (DEPC), 400 mM NaCl

(DEPC), 1 mM EDTA (DEPC), 80Vo (vlv)

formamide. Stored at -2OoC.

6x Type III Loading solution 0.257o (w/v) bromophenol blue,I'2íVo xylene

cyanol FF,307o glycerol. Stored at -20"C.

Phenol Includes 0.L%o 8-hy droxyquinoline. Stored,

equilibrated with appropriate buffer, in the dark

at 4oC.

Proteinase K Solution 0.2 M TrisHCl, pH 7'5, 25 mM EDTA, 0.3 M

NaCl, 2Vo SDS,200 ¡t"glml proteinase K.

100 pglml RNase A, 50 mM TrisHCl, 10 mM

EDTA, pH 8.0. Stored at 4"C.

Qiagen Pl buffer
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Qiagen P2 buffer

Qiagen P3 buffer

Qiagen QT buffer

Qiagen QC buffer

Qiagen QF buffer

RNase buffer

5x T7 RNA polYmerase buffer

200 mM NaOH, 1% SDS

3.0 M potassium acetate, pH 5.5. Stored at

4"C.

750 mM NaCl, 50 mM MOPS, l57o ethanol,

pH 7.0, 0.157o Triton X-100.

1.0 M NaCl, 50 mM MOPS, 15% ethanol, PH

7.0

I.25 MNaCl, 50 mM TrisHCl, L57o ethanol,

pH 8.5

10 mM TrisHCl PH 7'5 (DEPC), 5 mM EDTA

(DEPC), 200 mM NaCl (DEPC), 100 mM LiCl

(DEPC).

200 mM Tris-Cl, pH 7.5 (DEPC), 50 mM MgCl2,

(DEPC), 10 mM spermidine. Stored at -20oC'

200 mM Tris-Cl, pIF'7 .5 (DEPC), 30 mM MgCl2

(DEPC), 10 mM spermidine' Stored at -20oC'

5x SP6 RNA PolYmerase buffer
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RNA probe elution buffer 0.5 M ammonium acetate (DEPC),0.1 mM

EDTA (DEPC),0.1% sDS.

lx SSC 150 mM NaCl, 15 mM sodium citrate pIJ7.4

lx TAE 40 mM Tris, 20 mM acetic acid,0.9mM EDTA'

lx TBE 50 mM Tns,42 mM boric acid' 1 mM EDTA

10 mM TrisHCl P}J7.5,0.1 mM EDTA.

50 mM TrisHCl plF'7.5,62.5 mM F,DTA,0.47o

Triton X-100, 2.5M LiCl.

TE

TELT

5x SEAP buffer

L-agar

Luria broth (L-broth)

1 M TrisHCl pH 8.8, 1.4 M NaCl, 2.5 mM

MgCl2.

L-broth, L.57o (wlv) agar. Autoclaved

170 mM NaCl, 0.57o (wlv) yeast extract,l'07o

(w/v) tryptone or peptone. Autoclaved.
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Super-broth 3.27o (wlv) bacto tryptone, 2.0Vo (wlv) yeast extract,

0.57o (wlv) NaCl. pH at 7 '2. Atttoclaved.

F-, hsdR2, arcDl39,A(araABC-let)7696, LLacXT4 galEl5, galU, galK16, rpsl,

(Stf), (rr mr*), mcrA, mcrB1, thi

supB44\,, IacIJl1g(pSOIacZLMIS), hsdRl7, rec|l, endAAl, gyr\96, thi-|,

relAI

2.6 E. coli

MC1061

DH5cr

2.7 Plasmids

pGl3-Promoter firefly luciferase vector (Promega Corporation) (Figure 2'1)

pRL-TK Renillaluciferase vector (Promega Corporation) (Figure 2.2)

pRL-CMV Renillaluciferase vector (Promega Corporation) (Fi gure 2'3)

pBluescript II SK(+) cloning vector (Statagene) (Figure 2'4)

pGFJM'42 cloning vector (Clontech) (Fi gure 2'5)

pfGH reporter vector (Lagnado et al., L994) (Figure 2'6)

2.8 cell lines

NIH3T3

HeLa

HEK293

Mouse fibroblast

Cell line derived from a patient with breast carcinoma

Human embryonic kidneY

Cell line derived from a patient with breast carcinomaMCFT
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Figure 2.1

Plasmid map of the luciferase expression vector pGL3

The plasmid map of pGL3 is shown. The luciferase coding region (Firefly Luciferase) is

shown in red. The synthetic poly(A) upstream of the SV40 promoter and Luciferase

poly(A) signal is indicated. The ampicillin resistance cassette and origin of replication (ori)

are also shown. The multiple cloning site is presented.
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Figure 2.2

Plasmid map of the Renilla luciferase expression vector pRL'TK

The plasmid map of pRL-TK is shown. The coding region encoding sea pansy (Renilla

Luciferase) is shown in blue. The HSV TK promoter is illustrated in black and the

luciferase poly(A) signal is indicated in grey. The ampicillin resistance cassette and origin

of replication (ori) are also shown.
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Figure 2.3

Plasmid map of the Renilla luciferase expression vector pRL'CMV

The plasmid map of pRL-CMV is shown. The coding region encoding sea pansy (Renilla

Luciferase) is shown in blue. The CMV immediate early promoter and enhancer region is

illustrated in black and the luciferase poly(A) signal is indicated in grey. The ampicillin

resistance cassette and origin ofreplication (ori) are also indicated'
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Figure 2.4

Plasmid map of pBluescript SK.

The plasmid map of pBluescript SK+ is shown. The ampicillin resistance gene (Amp'),

pUC origin of replication and the multiple cloning site (MCS) is indicated. The multiple

cloning site has indicated within it the T7 and T3 RNA polymerase promoters.
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Figure 2.5

Plasmid map of cloning vector pGEMAZ

The plasmid map of pGEM4Z is shown. The ampicillin resistance gene (Amp') and the

multiple cloning site (MCS) is indicated.
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Figure 2.6

Plasmid map of pfGH

The plasmid map of pfGH is illustrated. The plasmid is as previously described (Lagnado er

aI., 1994). The coding region of human growth hormone (HGH) is shown in blue. The

chicken fos (c-fos) promoter is illustrated in black and the bovine growth hormone poly(A)

signal is indicated in purple. The ampicillin resistance gene and neomycin (Neo) cassette is

shown in green and red respectively.
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Chaoter 2 Materials and Methods

2.9 Mini-Pren nurifica of nlasmid DNA (Alkaline Lvsis Method)

A single colony was used to inoculate 3 mls of L-Broth + 100 ttdml Ampicillin and

grown overnight in a 37"C shaking incubator. One and a half millilitres of the culture was

transferred to a 1.5 ml Microcentrifuge tube and centrifuged at 13000 xg for 20 seconds. (The

rest of this method was done at room temperature unless otherwise indicated.) The L-Broth

supernatant was completely removed by aspiration and the cell pellet was resuspended in 100

¡rl of Solution 1 (25 mM Tris-HCL pH 8.0, 10 mM EDTA pIJ7.6,157o Sucrose) plus a small

amount of Lysozyme powder. The cells were incubated for 1 minute then 200 pl of Solution 2

was added (0.2 M NaOH, 17o SDS). The tubes were inverted to achieve mixing and then

incubated for 5 minutes. To this mixture L25 pl of 3 M Sodium Acetate pH 4.6 was added and

again the tubes were inverted to achieve mixing and incubated for 15 minutes. The mixture

was then spun at 13000 xg for 15 minutes to pellet chromosomal and cellular debris. The

supernatant was removed to a new 1.5 ml Microcentrifuge tube, 2 ¡tl of a 10 mg/ml solution of

RNaseA added and incubated, at3l"C for 15 minutes to digest RNA. After incubation 100 pl

of TE buffered phenol and 100 pl of chloroform were added, the tube vortexed briefly, spun at

13000 xg for 5 minutes and the supernatant was removed to a new Microcentrifuge tube. To

precipitate the plasmid DNA 1 ml of I0O7o ethanol was added and spun at 13000 xg for 5

minutes. The DNA pellet was washed with 30 pl of '707o ethanol and spun again for 1 minute.

The DNA pellet was then resuspended in 20 ¡ll of TE Buffer'

2.L0 scale DreDaration of plasmid DNA

This method of preparation of plasmid DNA utilises a modified alkaline lysis procedure

with a commercial resin column (Qiagen, Hilden, FRG) which binds the DNA. A single, fresh
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bacterial colony harbouring the desired plasmid was inoculated into 100 mls of L-broth,

conraining ampicillin (100pg/ml) and incubated overnight at 37oC with shaking. The cells

were pelleted by centrifugation at 4,200 rpm for 15 min at 4oC in aJA-4.2 rotor. The pellet

was resuspended in 4 mls of cold Pl buffer, transferred to a 50 ml centrifuge tube and 4 mls of

P2 buffer added. The cells were mixed by gentle inversion several times and incubated at

room temperature for 5 min. 4 mls of cold P3 buffer was added and mixed by inversion. Cell

debris and chromosomal DNA were removed by passing the solution through a Qiagen

column.

The resulting solution containing the plasmid DNA was applied to a pre-equilibrated

eiagen column with 5 mls QT buffer. The column was washed twice with 10 mls QC buffer

and the DNA was eluted with 5 mls QF buffer. The DNA was precipitated by the addition of

3.5 mls iso-propanol and centrifugation at 18,000 rpm for 30 min at 4"C in a JA-20 rotor

(Beckman Instruments). The DNA was washed with 707o (vlv) ethanol, dried and resuspended

in 200 pl TE. The DNA was then re-precipitated by the addition of 20 ¡ll 3 M sodium acetàte

and 440 ¡tl I00Vo ethanol, chilled at -20oC for 15 min and pelleted at 13,000 rpm for 15 min at

4oC in an MSE microcentaur centrifuge. The DNA was finally washed in 707o ethanol, dried

and resuspended in 100 pl TE and the concentration determined by measuring the OD26s¡¡¡ and

assuming lAU = 50 Pglml.
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2.Il of DNA fragmen ts using the kir Gene

Worksl

A slice of agarose containing a DNA fragment was excised under uv-

transillumination and put in a 1.5 ml microtube. DNA was eluted from the agarose gel

fragment according to the procedure of the manufacturer.

2.L2 DNA Lieation

plasmid DNA and the DNA insert were digested with restriction enzymes that

generated compatible ends. The ligation was routinely carried out in a total volume of 10 pl

containing DNA insert:vector of 3:1 (molar ratio), 1 x ligation buffer (50 mM Tris-HCL pH

7.8, 10 mM MgCl2, 10 mM DTT, 1 mM ATP) and 2 units of T4 DNA ligase at room

temperature for one hour.

L3 for

transformation

A single colony was inoculated into 10 mls of L-Broth grown overnight in a 37"C

shaking incubator. One millilitre of this starter culture was used to inoculate 50 mls of L-

broth and was gfown at 37"C, with shaking until the culture reached OD ooo of 0'6' The

bacteria were pelleted in pre-cooled tubes at 3000 xg, 4oC for 5 minutes and the cells

resuspended in ice cold 0.1 M MgCl2. The cells were then pelleted again at 3000 xg, 4oC for 5

minutes. The pellet was resuspended in 2 mls of ice cold 0.1 M CaClz and incubated on ice

for one hour. (200 ¡rl of cells were used per transformation).
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2. t4 of bacterial Comneten t cells

For transformation of ligations, the entire ligation reaction was added to 200 pl of

competent cells, gently mixed and incubated on ice for 30 minutes. The cells were heat

shocked at42"C for 2 minutes then placed back on ice for 5 minutes. One millilitre of L-

Broth was added and incubated at 37"C for 30 minutes. The cells were briefly pelleted,

resuspended in a small volume of L-Broth and plated onto L-Agar plates containing 100 pg/ml

Ampicillin and incubat ed at 37"C overnight. Transformed colonies were picked and used to

inoculate 3 mls of L-Broth with 100 ¡r,g/ml Ampicillin and grown overnight in a37"C shaking

incubator. Miniprep purification of the plasmid was then undertaken followed by diagnostic

restriction enzyme digests and sequencing analysis'

2.t5 uencrng

plasmid DNA was isolated and purified as described previously' Sequencing was

undertaken using the ABI PRISMTM dye terminator cycle sequencing ready reaction kit

according to the procedure of the manufacturer, Perkin Elmer. Sequencing reactions were

analysed by the sequencing service at the Institute of Medical and Veterinary Science,

Adelaide.

2.16 Polvmerase chain reaction

A standard pCR protocol was used to amplify defined DNA fragments with terminal

restriction sites. The typical reaction contained lx Pfu buffer, 1.25 mM dATP, dGTP, dCTP

and dTTP, 100 ng of each oligonucleotide primer, 100 ng template DNA, 2'5 U P/u DNA
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polymerase. The reaction mix was overlayed with 30 pl mineral oil and subjected to 30-35

cycles of PCR with a Perkin-Elmer cetus DNA thermal cycler.

The typical PCR profile consisted of a 4 min incubation at 95oC to denature the DNA,

a 1 min incubation at 50oC to anneal primers and template, followed by a 2min incubation at

72oC for primer extension. Typically, 35 cycles were performed and was followed by an

extension cycle of incubation at'72oC for 10 min.

MCFT

The day before transfection, cells were typsinised and counted. 1 x 10s viable cells

were plated per well in 24 wellplates in DMEM and lOTo foetal calf serum. This gave cells at

6O-80%o confluency the day of transfection.

DNA for transfection was prepared by diluting 500 ng DNA into 100 pl serum free

DMEM for each well. 3 pl LipofectAMINE 2000 reagent was diluted into 100 ¡rl of serum

free DMEM in a separate microfuge tube and incubated at room temperature for 5 mins. 100

pl of the LipoFECTAMINE 2000 mix was added to the diluted DNA mix and incubated for a

further 20 mins at room temperature. The DNA-LipofectAMINE reagent complexes were

added to each well, mixed gently and incubated at 37"C at 57o COz.

Six hours post-transfection, the medium was replaced with fresh DMEM. Cell extracts

were assayed for reporter gene activity approximately 24 hours post-transfection.

2.1.8 Stimulation of fos promoter in pfGH

Cells (2 x 106) NIH3T3 cells were transfected with 2 ttg of plasmid (linearised with Scø[¡

by LipofectAMINE 2000 essentially as described in section 2.17), grown for 24 to 48 h and
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selected in 400 pg of G418 per ml. After 10 to 12 days the resulting colonies (containing at

least 100 independent clones) were pooled and maintained in 200 pdml of G418' Cells were

plated at a concentration of 8 x 105 cells per 6 cm dish, and incubated in DMEM containing 10

Vo FCS for 24 hours. Cells were serum starved (DMEM containing O'5 Vo FCS) for 48 hours,

and stimulation was initiated by the additions of DMEM containing 15 7o FCS' At various

times after stimulation, cells were washed with PBS and total RNA was harvested and isolated

using Trizol reagent as recommended by the manufacturer (Gibco-BRL). RNA was analysed

by RNase protection analysis as described\n section2'22'

2.19 alkaline nhosphatase assaY

Upon induction of cells with media (DMEM supplemented with l0 7o FCS) for

approximately 24 hours,750 pl was removed, incubated for 30 min at 65oC to inactivate

endogenous serum phosphatases and stored at 4"C until ready to assay.

For each sample, 150 pl was added to a well of a96 well titertek plate' To each well,

50 ¡^ú of a mixture containing 4 parts 5x SEAP reaction buffer and 1 part 100 mM alkaline

phosphatase substrate (nitrophenolphosphate) was added, and incubated at room temperature

for 15 min. The absorbance was read at 405 nm in a Biorad model 3550 microplate reader.

The plate was then incubated at37oC, measuring the absorbance at t hour intervals. A linear

slope was attained by plotting absorbance vs time, with the slope of the line giving the relative

alkaline phosphatase activity of the sample'
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2.20 Dual I erase assav

Cells growntn24 well dishes were harvested by washing in lx PBS and lysed in 1x

passive lysis buffer (Promega). Plates were mixed on a rotating platform for 15 mins and

lysates transferred to a fresh microfuge tube. Firefly luciferase and Renilla luciferase activities

were measured in a luminometer (Model TD 20120; Turner Designs) using the reagents

provided with the dual luciferase reporter kit (Promega) as recommended by the manufacturer.

Briefly, 2 ¡tl of cell lysate was placed in a fresh microfuge tube, and 25 ¡il of luciferase assay

reagent (LAR II) was added and counted for 10 seconds to measure firefly luciferase activity.

Renilla luciferase activity was measured by the addition of 25 pl of Stop and Glo@ and

counting for 10 seconds. Transfection efficiency and extract preparations were corrected

normalising the data to the corresponding Renilla luciferase activity for each construct.

2.21 in vitro transcri to senerate RNA Drobes

2.21.1 Preparation of plasmid template

2-4 lLg of plasmid DNA, harbouring the desired template sequence to be used as a

probe, was digested with the appropriate restriction enzyme to create a probe of an appropriate

size. Digestion was monitored by agarose gel electrophoresis and if digested, the solution was

then made up to 100 ¡r,l with TE and extracted with an equal volume of TE-saturated phenol /

chloroform (1:0.8). The aqueous phase was transferred to a fresh microfuge tube and ethanol

precipitated under RNase free conditions. The DNA template was washed in DEPC-treated

707o ethanol, dried briefly and resuspended in 30-40 ¡rl DEPC-treated TE'
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2.21.2 In vìtro transcription

Depending on which RNA polymerase was to be used, 2 pú of the appropriate 5x

buffer was added to the bottom of an RNase-free microfuge tube, and to this was added 0.5 pl

500 mM DTT, 0.5 pl of 100 pM UTP, 2.0 ¡tl of 2.5 mM CTP, ATP and GTP, 0.5 ¡tl 40 U/pl

RNasin, 2 ¡Ã of 3000Ci/mmol ¡cr-32P1 UTP, 0.5p1 of 2.55 mg/ml BSA and 0.5 pl of RNA

polymerase, as appropriate. Finally 1.5 ¡rl of the RNase-free template was added and the

reaction was incubated at 37oC for t hour, after which time any remaining DNA was digested

with 1 U RQ-DNase by incubating at 37oC fot a further 15 min.

Most probes were prepared using the conditions described above. For very abundant

mRNA's (e.g. GAPDH), the specific activity of the probe was reduced by increasing the level

of cold UTp in the reaction. For GAPDH a fourfold reduction in specific activity was achieved

by the inclusion of 400 pM UTP in the in vitro synthesis reaction.

2.21.3 of the RNA probes bv PAGE

After RQ-DNase digestion of the in vitro synthesis reaction, RNA was precipitated by

adding 100 pl DEPC{reated TE, 2 ¡tl of 10 mg/ml IRNA, 67 ¡tl of 5 M DEPC-treated

ammonium acetate and 420 ¡tl1007o ethanol and incubated at -20oC for 15 min or ovemight.

The probe was pelleted by centrifugation in an MSE microcentaur centrifuge at 13,000rpm for

25 min at 4oC.

A 6Vo poly-acrylamide / 8 M Urea gel (15 cm x 15 cm) was prepared using a comb

containing 1 cm slots. The pelleted probe was washed with 70Vo ethanol, dried briefly at37oC,

resuspended in 5 pl formamide loading buffer and denatured for 3 min at 100oC. The RNA
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was then loaded onto a pre-electrophoresed gel and electrophoresed until the bromophenol

blue dye had just run off the end of the gel.

2.21.4 Elution of the RNA probes from polvacrvlamide

Activated fluorescent markers were used to facilitate the location of the bands

corresponding to probe by autoradiography. The autoradiograph was used as a template to cut

out each of the probes and the gel fragment was placed in an RNase-free microfuge tube and

centrifuged briefly. The gel fragment was then mashed with a pipette tip until homogenous

and the probe eluted by adding 300 pl DEPC-treated elution buffer and shakin g for 2 hours at

room temperature.

The eluted probe was separated from the polyacrylamide fragments by centrifugation

for 5 min at 13,000 rpm in an MSE microcentaur centrifuge. The upper, 200 pl probe phase,

was ethanol precipitated by the addition of 84 ¡rl 5 M DEPC-treated ammonium acetate, 1 Pl

of 10 mg/ml tRNA and 696 ¡tl L007o ethanol. The precipitated probe was washed with 707o

ethanol, dried very briefly and resuspended in 100 ¡rl of RNase protection assay hybridising

solution. 5 pl of the probe was counted using a Bioscan QC 2000 p counter (Bioscan Inc.

Washington D.C.) to determine activity of the probe.

2.2L.5 Hvbridisine the probe with RNA.

Generally, 30,000-60,000 cpm of probe was used, depending on the probe yield and

expression of RNA. This ensured that probe was in excess over RNA to facilitate

hybridisation of RNA and probe. The probe / RNA mixture was denatured at 80oC for 5 mins

and hybridised for at least 16 hours in a 45oC incubator.
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2.22 RNase A ASSAY

2.22.1 Disestion with RNase A.

Following hybridisation, single-stranded RNA was removed by digestion for 40 min at

26oC with 100 pl RNase A at the concentration suitable for efficient removal of single-

stranded RNA. This was determined for each new probe by initial titration experiments using

RNase-A at increasing concentrations, typically 2.5, IO and 40 pdml in RNase-A buffer'

Where 2 or more probes with different RNase A requirements were used simultaneously, the

RNase A concentration appropriate for the RNA of interest was used.

After digestion, the reaction was inhibited by the addition of SDS to a final

concentration of 0.I77o (v/v) and proteinase-K to a final concentration of 260 pglml' The

reaction mix was incubated at3'loc for 15 min and 110 ¡rl was transferred to a fresh RNase-

free microfuge tube containing 1 pl of 10 mg/ml tRNA and 100 pl of TE saturated phenol /

chloroform (1:0.8).

The reaction was phenol extracted and the aqueous phase removed to a fresh RNase-

free microfuge tube containing 250 ¡tl IO07o ethanol. The RNA was precipitated and the pellet

was then briefly dried and resuspended in 4 ¡rl formamide loading buffer.

2.22.2 ectronhoresis of D samnles.

The products of RNase protection were separated on a 67o polyacrylamide / 8 M urea

gel (usually Z}cmx 40cm) using combs with 4 mm teeth. The gel was pre-elecrtophoresed for

30 min at 58 mAmps. The samples were denatured for 3 min at 100oC and loaded into the

wells. The gel was run until the xylene cyanol dye had migrated 10 cm into the gel. The gel

was fixed in l07o (v/v) ethan ol, L07o (v/v) acetic acid and dried for t hour at 80oC on a Bio-
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Rad gel drier. The dried gel \r/as exposed to a phosphor-imager screen (Molecular dynamics,

Sunnyvale CA.) as required and relative intensity of bands corresponding to protected mRNA

fragments quantitated by using the associated Imagequant software (Section 2.22.3)

2.22.3 Ouantitation and analvsis of specifTc mRNA's.

The amount of specific RNA was quantitated by Phosphor-imager analysis of RNase

protection gels. The data was represented in graph form using GraphPad Prism (version 1.03)

software.

2.23 orthern blot ustng -labelled DN Drobe

capillarY transfer.

Upon the completion of the electrophoresis of the agarose gel, it was soaked in transfer

buffer (5 x SSC, 10 mM NaOH). The RNA was then transferred onto a piece of Hybond N

membrane by downward elution. Briefly, paper towels and filter paper cut to the size of the

gel were placed in a stack, with a piece of 3MM (pre-wetted) placed in between the towels and

filter. The gel was placed on top, followed by pre-wetted pieces of 3MM' 3 lengths of 3MM

were used to create a bridge from the buffer tank to the paper stack and transfer was allowed

to occur for 2 hours. The membrane was removed from the gels and placed into blotting paper.

The RNA was bonded to the nylon membrane by UV x-linking'
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2.23.2 Hvbridisation

The membrane was pre-hybridised by placing into a Hybaid hybridisation cylinder

wirh 5 ml of ExpressHyb (Clontech) for 30 mins at 65'C with rotation. The labelled probe

(described in section 2.23.3) was added to the ExpressHyb and allowed to hybridise to ihe

membrane for 2 hours at 65oC with rotation.

2.23.3 of DN nrobes

The Firefly luciferase gene was labelled by using the MegaPrime kit (Amersham lLife

Sciences) as recommended by the manufacturer. The probe was then purified from

unincorporated label by loading onto a G-25 sephadex spin column. The collected probe was

counted in a Bioscan bench top counter and the entire probe was added to the pre-

hybridisation mix and hybridisation allowed to occur for 2 hours at 65oC.

2.23.4 Washins of Nvlon filters for visualisation of bands

The filter was rinsed in2x SSC,0.17o SDS to remove the unbound probe. The filter

was washed twice in 2x SSC,O.IVo SDS for 10 min each at 65oC, then washed in 0.lx SSC,

containing 0.l7o (vlv) SDS for 15 mins at 68oC. The filters were sealed in a plastic bag and

either exposed to a phosphor-image screen or X-ray film'

2.24 3sS-Methionine Incorporation

NIH3T3 cells were plated at a density of 5 x 105 cells per 24 well dish and incubated for

24 hours, followed by a further incubation under either normoxic or hypoxic conditions. Cells

were then washed with PBS, and incubated in methionine-free DMEM, but containing 30
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pCi/ml L-3sS-methionine / cysteine. Cells were subsequently washed twice with PBS, four

times with TCA, and twice with ethanol, air dried and dissolved in 0.4 ml of 0.3 M NaOH'

After neutralisation with 80 pl of 1.5 M HCl, one half of the sample was subjected to liquid

scintillation counting (United Technology), and the other half used for measurement of total

protein concentration using Bradford reagent (Bio-Rad).

2.25 Analvsis

polysome analysis was performed essentially as described (Savant-Bhonsale et al''

IggZ). Briefly, three 100-mm' dishes of NIH3T3 cells at just sub-confluent density were used

for each polysome distribution analysis. Cells were washed three times with ice cold PBS

containing 100 pglml CHX, removed using a cell scraper, and lysed in polysome lysis buffer

(100 mM KCl, 5 mM MgCl2, 10 mM HEPES (p}j'7.4),100 ¡rgiml CHX, 0.5 7o NP-40, 20 U

RNasin. Nuclei were pelleted by centrifugation at 12,000 xg at 4"C for 5 min. Total RNA in

the resulting supernantent was determined by OD266, and equivalent amounts of RNA was

loaded onto each 15-50 7o (wtlvol) linear sucrose gradient. Gradients were centrifuged at

38,000 rpm for 2 hours at 4"C in a Beckman SW4lTi rotor. Gradients were analysed by

passing the contents through a Pharmacia single-path UV-l optical unit to monitor continual

oDzoo.

Total RNA from each fraction was extracted with phenol / chloroform, followed by

chloroform alone after incubation with SDS / proteinase K. The identities of the 40S and 605

ribosome peaks were confirmed by comparison to profiles from extracts to which EDTA was

added before centrifugation.
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2.26 W Blot

proteins were separated on a Laemmli SDS-PAGE protein gel and then transferred to

nitrocellulose using a BIO-RAD protein transfer apparatus in SDS-PAGE transfer buffer at

100 mA over night. (20 mM Tris-HCL, 150 mM Glycine, 207o Methanol (v/v) 0.17o SDS).

The filter was then blocked in a I7o Boehringer blocking reagent made up in a PBS/Tween 20

solution, (pBS plus 0.2Vo Tween 2O (v/v)) for I hour. The blocking reagent was then

removed, the filter placed in an appropriate volume of PBS/Tween 20 solution plus 17o BSA

(w/v) and primary antibody and left gently shaking overnight. To remove any excess binding

the filter was washed 2 times in PBS/Tween 20 + I7o BSA followed by 4 washes in the

pBS/Tween 20 solution. Each wash was for a duration of 10 minutes. The secondary

antibody (Horseradish peroxidase conjugated goat-anti-rabbit, DAKO) was diluted 1:2000 in

pBS/Tween 20 solution and incubated with the filter for t hour, gently shaking' The

secondary antibody solution was removed and the filters were washed as described above.

Antibody binding was detected using ECL reagents as described by the manufacturer

(Amersham Pharmacia Biotec) and exposed to X-ray film'
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Chapter 3

Hypoxia-Inducible Factor-Lø mRNA
contains an Internal Ribosome

EntrySite
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3.1

At the commencement of this thesis, only a handful of cellular IRESs had been

identified, and the mRNAs containing these elements were either expressed under stress

conditions, or required to be tightly regulated for correct cellular function. These cellular

IRESs, although lacking any obvious similarities with the viral IRESs, all contained relatively

long, G + C rich 5' UTRs. Of the six cellular IRESs found before 1998, all contained long

S'UTRs (ranging from 384 to 1164 nucleotides in length) and four of the six were G + C rich

(>57 7o) (Bernstein et a1.,1997); (Johannes et a1.,1998); (Nanbru et a1.,1997); (Stoneley er

a.t.., L998); (Vagner et a1.,1995); (Ye et at.,1997). Since the HIF-lcr 5'UTR is quite long (286

nucleotides) and G + C nch (72 7o),I hypothesised that it may be subject to translational

regulation, and is a good candidate to contain an IRES.

Gene expression of HIF-lcr is predominantly regulated at the protein level, which is

almost undetectable in normal oxygen conditions (Wang et al., 1993b)' The protein is

however, rapidly accumulated in response to hypoxia, suggesting that the regulation of HIF-

lcr be either via translational up-regulation, or the inhibition of protein degradation (Wang et

al., 1993b). Accumulation of the HIF-lct protein in hypoxic conditions requires de novo

protein synthesis, and since translation of the mRNA is likely to occur under conditions that

may not be favourable to maximal rates of protein synthesis, the 5'UTR may contain

specialised elements, which provides an alternative mechanism of translation initiation.

Together, this suggests that cap-dependent translation of HIF-lclt, may be compromised under

hypoxia, and alternate mechanisms of translation initiation may be present in the 5'UTR.

Here the translational regulation of HIF-lcx is investigated, and data is presented

indicating the HIF-lcx 5'UTR contains an internal ribosome entry site. I also show the HIF-1d
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IRES has similar activity to the c-myc IRES and deletion studies indicate that several regions

of the HIF-14 5'UTR are required for complete IRES function.

3.2 Construction of HIF-Lg reporter nlasmids for analvsis in mammalian

cells

To analyse the function of the HIF-lct 5'UTR, a series of constructs were made in

luciferase reporter vectors. Reporter vector pGL3 is shown in Figure 2.I of the material and

methods. The dicistronic pRF vector is shown in Figure 3.2, and all other reporter constructs

used in this chapter are shown in Figure 3.1 through 3.8.

The mouse HIF-lcr 5'UTR was cloned by 5'-RACE using a kit (Roche Laboratories)

and gene specific oligonucleotides 5'-GCCTTCCATGGCGAATCG-3', 5'-AACGCCGGCT-

CTGTCCGCG-3' and 5'-AAGAGACAAGTCCAGAGGCG-3, AS firSt, SECONd, ANd thiTd

primer, respectively. The HIF-1cr PCR product was digested with SalI, subcloned into the SølI

site of pKSBluescript II, cut with NheI and NotI, and ligated into the NheI and NolI digested

mouse HIF-lcx cDNA that was amplified by PCR as described (Kappel et al., 1999) to

generate pKSHIFIRES (A kind gift from Dr' A. Kappel).

The monocistronic luciferase reporter containing the HIF-lcx 5'UTR was made by

excising the HIF-1o 5'UTR from pKSHIFIRES by digesting with ApaLI, blunt-ending, and

digesting with Nco.I. The resulting236 base pair fragment was ligated in pGL3 digested with

PvuII and NcoI (Figure 3.1).

The dicistronic luciferase reporter construct, pRF, was a kind gift from Dr. A. Willis

(University of Leicester). The construction of this plasmid is shown in Figure 3'2. Briefly, the

coding region of the Renilla luciferase gene was obtained from pRL-CMV (Figure 2.3 of the
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Figure 3.L

Construction of a monocistronic reporter containing the HIF'1ø 5'UTR

The creation of pGL3HIF is shown. The 286 base pair HIF-lcr 5'UTR was excised from

pKSHIFIRES, and ligated into pGL3 as indicated. Cloning at the 3' end of the HIF-Iø

5'UTR utilised the NcoI site to ensure that the luciferase coding region remained 'in-

frame'.

Abbreviations: Amp', Ampicillin resistance gene; ori, origin of replication; luc*, firefly

luciferase; HIF-1q 5'IJTR, hypoxia-inducible factor-1o 5' untranslated region'
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Figure 3.2

Construction of the pRF dicistronic reporter

Construction of the pRF dicistronic reporter which contains two different luciferase genes

is shown. The coding region of the Renilla luciferase (RL) gene was excised from the

vector pRL-CMV by digestion with NheI andXbaI. To extend the length of the 3'UTR, this

fragement was blunt-end ligated into the HindIII site of pSKBluescript and subsequently

excised using EcoRY and XhoL The DNA segment was blunt-end ligated into the EcoRY

site of pGL3, generating pRF. This plasmid was created by Stoneley et al (1998).
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Materials and Methods section) by digestion with NheI and XbaI. To extend the Renilla

luciferase 3'UTR, this fragment was blunt end ligated into the HindnI site of pSKBluescript

(Figure 2.4 of the Materials and Methods section) and subsequently excised using EcoRV and

Xho1.This DNA segment was blunt end ligated into the EcoRV site of pGL3 to create plasmid

pRF (Figure3.2).

To create a plasmid containing a stable stem loop at the 5'end of the transcript of pRF,

an oligonucleotide cassette 5' -AGATCTGGTACCGAGCTCCCCGGGCTGCAGGAT-3' and

5'-ATCCTGCAGCCCGGGGACCTCGGTACCAGATCT-3' containing an internal PsrI site

was inserted into the EcoRV site of pRF. This vector was digested with PsrI and EcoRV and

the same oligonucletide cassette was ligated into these sites following digestion with PsrI,

such that two oligonucleotide cassettes were inserted into the EcoRY site. This resulted in the

formation of a 60 base pair palindromic sequence upstream of the Renilla luciferase coding

sequence to create pstemRF (Figure 3.3).

The dicistronic reporter containing the HIF-1cx 5'UTR was made by excising the HIF-lcx

5,UTR from pKSHIFIRES by digesting with ApaLI, blunt ending, and digesting with NcoI.

The resulting236 base pair fragment was isolated and ligated into pRF digested with Pvun' I

NcoI and pstemRF with SpeI, blunt-ended and digested with NcoI, to create pRhifF and

pstemRhifF respectively (Figure 3.4)

To construct a plasmid to use as a template for RNase protection probe synthesis to

detect the presence of dicistonic mRNAs, a624 nucleotide DNA fragment was PCR amplified

from pRhifF using primers Rlprobe and FFprobe (see section 2.3 of the Materials and

Methods). This product was digested with BamHI and Hind\I, and ligated into pGEM4Z

(Figure 2.5 ofthe Material and Methods section) to create plasmid pGemRhifF (Figure 3.5).
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Figure 3.3

Construction of dicistronic reporter with stable stem loop inserted near the 5' cap to

inhibit translation of the upstream cistron

Construction of pstemRF is shown. This plasmid is based on the pRF vector but contains an

additional oligonucleotide cassette inserted to create a stable stem loop. The cassette was

made by the insertion of the oligonucleotides 5'-AGATCTGGTACCGAGCTCCCC-

GGGCTGCAGGAT-3, and 5'-ATCCTGCAGCCCGGGGACCTCGGTACCAGATCT-3'

containing an internal Psfl site into the EcoRY site of pRF. This vector was digested with

PsrI and EcoRY and the same oligonucleotide cassette was excised with PsrI and ligated

into these sites creating a 60 bp palindronic sequence upstream of the Renilla coding

region. This results in the production of a hairpin structure with an energy of -55 Kcal/mol

(Stoneley et al, 1998).
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Figure 3.4

Construction of dicistronic reporters containing the HIF-lcr 5'UTR to assay IRES

activity

The creation of plasmids A. pRhifF or B. pstemRhifF is shown. Cloning at the 3' end of the

HIF-1.4 5'UTR utilised the NcoI site to ensure that the luciferase coding region remained

'in-frame'.

Abbreviations: Amp', Ampicillin resistance gene; ori, origin of replication; SV40, simian

virus early promoter.
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Figure 3.5

Construction of plasmid pGEMRhifF to be utilised as a template for RNase protection

probe synthesis

The construction of pGEMRhifF is shown. The intercistronic region of the pRhifF plasmid

was amplified by PCR, and cloned into the pGE,Ìll44Z vector as indicated (For details see

Figure 2.5). The ampicillin resistance gene and origin of replication are also shown. The

SP6 and T7 RNA polymerase promoters are indicated.

Abbreviations: Amp', Ampicillin resistance gene; ori, origin of replication; MCS, multiple

cloning site; RL, renilla luciferase; FF, firefly luciferase; HIF-lcr 5'UTR, hypoxia-

inducible factor- 1 c¡¿ 5' untranslated region.
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Dicistronic repofier plasmids containing the VEGF 5'UTR were generated by digesting

pBSV5 (Miller et al., 1998) with Hindlll and blunt ended, followed by digestion with NcoIto

excise the 1013 base pair murine VEGF 5'UTR. This fragment was ligated into pRF digested

with PwilI lNcol and pstemRF digested with SpeI, blunt-ended and digested with Ncol to

generate plasmids pRvegfF and pstemRvegfF respectively (Figure 3.6). pstemRmycF was a

kind gift from Dr. A. Willis, and contains the 396 nucleotide mouse c-myc 5'UTR amplified

by PCR as described (Stoneley et al., 1998). pRmycF was constructed by digesting

pstemRmycF with SpeI I NcoI and ligating the 396 base pair 5'UTR into similarly digested

pRF (Figure3.7).

Dicistronic deletion mutants of the HIF-lcr 5'UTR were generated by cloning into the

pRF vector (Figure 3.2). Construct pRhiffAl-136 was generated by digestion of pRhifF with

Psfl, blunt-ended followed by digestion with Ncol and the 150 base pair fragment ligated into

the SpeI I NcoI sites of pRF. pRhifF Ll36-286, was generated by digestion with PsrI, blunt-

ended, and digested with Spel, and the 136 base pair fragment ligated into the SpeI lNcoI sites

of pRF. All other deletions were generated by PCR amplification with primers containing a 5'-

Spel and a3' Ncol site (see section 2.3 of the Materials and Methods) and ligated into the SpeI

I NcoI sites of pRF, as shown in Figure 3.8. The following primer combinations were used for

the generation of the deletions. pRhifFAl-178 : HIF1 and HIF5 generating a 108 base pair

fragment; pRhifFA t-210 : HIF1 and HIF6, generating a 66 base pair fragment; pRhifFAl-

245 : geterating a 43 base pair fragment; pRhifFA245-286: HIF4 and HIF8, generating a245

base pair fragment; pRhifFA2l0-286 : HIF3 and HIF8, generating a 210 base pair product;

pRhifFAlT8-286 : HIF2 and HIF8, generating a 178 base pair fragment; pRhiffAl-68 :

HIF68 and HIF8, generating a 218 base pair product. The Stratagene QuickChangerM Site-
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Figure 3.6

Construction of dicistronic reporters containing the YEGF S'UTR to assay IRES

activity

The construction of plasmids A. pRvegfF and B. pstemRvegfF is shown. Cloning at the 3'

end of the VEGF 5'UTR utilised the NcoI site to ensure that the luciferase coding region

remained 'in-frame'.

Abbreviations: Amp', Ampicillin resistance gene; ori, origin of replication; SV40, simian

virus early promoter; VEGF, vascular endothelial growth factor; 5'IJTR, 5' untranslated

region.



A

HindIII-fi11

HindIII-fì11
I
I
I

Ncol

B

NcoI
I
I
I

NcoI

pRvegfF

Firefly Lucifem*

-àI

Renilla

o.
tr

SpeI-fill
NcoI

€" pstemRvegfF

o

Renilla Luci[eøre

Firefly Luciferas

àt



Figure 3.7

Construction of dicistronic reporters containing the c-myc 5'UTR to assay IRES

activity

Creation of plasmids A. pRmycF and B. pstemRmycF is shown. Cloning at the 3' end of

the c-myc 5'UTR utilised the Ncol site to ensure that the luciferase coding region remained

'in-frame'.

Abbreviations: Amp', Ampicillin resistance gene; ori, origin of replication; SV40, simian

virus early promoter.



A

NcoI
I
I
I

SpeI
I

B

NcoI
I
I

SpeI
I
I
I

NcoI

pRmycF

Fircfly Lucifemæ

o

q
&

Renilla

a
E

NcoI

€" pstemRmycF

o

Renilla

Firefìy Lucifems

à
e



Figure 3.8

Dicistronic reporter constructs containing various deletions of the HIF-14 S'UTR to

measure IRES activity.

The control dicistonic reporter pRF is shown in linear form (Refer to Figure 3.2). The entire

HIF-1cr 5'UTR (pRhifF) is shown, with the deletions represented below. The numbers refer

to the nucleotide sequence of the HIF-1o 5'UTR. All HIF-14 5'UTR deletions were

generated by PCR amplification, with subsequent SpeI I NcoI digestion and ligation into

pRF. The 'X' in pRhifFAPPT indicates where substitution mutations (5'-

TCTCTTTCTCC-3' to 5'-ACTATGTATCC-3') were made by "site-directed mutagenesis".

Abbreviations: SV40, simian virus early promoter; Luc, Luciferase, PPT, polypyrimidine

tract.
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Directed Mutagenesis kit was used to mutate the polypyrimidine tract (PPT) in the HIF-lcr

5'UTR from 5'-TCTCTTTCTCC-3' to 5'-ACTATGTATCC-3' to create pRhifFAPPT.

Mutation of the PPT in the pRhifFAPPT construct is represented with an "X" in the 5'UTR

(Figure 3.8).

3.3 s of the HIF-lcr S'UTR

Numerous long, G + C rich 5'UTRs have been shown to be translationally regulated,

including vascular endothelial growth factor, basic fibroblast growth factor and platelet

derived growth factor (Akiri et al., 1998); (Arnaud et al., 1999); (Bernstein et al., 1997);

(Kevil et a\.,1996); (Miller et a\.,1998); (Stein et aL.,1998); (Vagner et a|.,1995). The mouse

HIF-1c¡¿ 5'UTR is unusually long (286 nucleotides) and G + C rich (72%), indicating it may

also be regulated at the translational level of gene expression. To determine regions of the

5'UTR that may play a role in regulation, sequence alignment was performed. The sequences

of the HIF-lcr 5'UTR was available for four species (human, mouse, Xenopus and rainbow

trout), which were quite divergent across the different species, but the identity between human

and mouse was extremely high (80%) (Figure 3.9). The homology between human and mouse

was highest towards the 3' end of the 5'UTR, particularly the last 125 nucleotides, with only

several mismatches, suggesting this region may be important in HIF-1cx regulation. The HIF-

la coding region also shows a high conservation, with greater than 90 % identity between

human and mouse sequences at the amino acid level.

To determine a potential role of secondary structure formations, Figure 3.10 shows the

predicated folding pattern of the HIF-14 5'UTR using Ztkef s 'mfold' program. Extended

base pairing was apparent along the entire 5'UTR, containing several hairpin structures. The
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Figure 3.9

RNA sequence homology of the HIF-1c 5'UTR

Sequence homology of the HIF-14 5'UTR among human, mouse, Xenopus and rainbow

trout is presented. Numbers represent the base count of the human HIF-1o 5'UTR. Green

coloured doxes represent regions of high homology and blue boxes represent regions of

extremely high homology between the species is shown. The red box represents the

translation initiation start codon.
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Figure 3.L0

Model for secondary structure of the HIF-1ø S'UTR

A predicted secondary str-ueture of the mouse HIF-14 5'UTR using M' Zukers 'mfold'

program is shown. 5, and 3i ends of the mouse HIF-1o 5'UTR are indicated. Numbers

represent the nucleotides of the HIF-lcr 5'UTR (1-286). This structure is predicted to be

I most likely formed by free energy. The Yl andY2 hairpin structures are-formed in the

first 7 of the 20 predicted süuctures.
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structure folded quite readily with a free energy of -126 Kcal/mol and contained two "Y"-

shaped stmctures, of which similar structures have been implicated to function in internal

ribosome entry (Le et al., 1997). This finding led to the possibility that the HIF-1u 5'UTR

contains sequences that may regulate its translation.

3.4 Svstem to determine the of the HIF-lcr 5'UTR

To test the function of the HIF-1o 5'UTR, the dual luciferase repofier system was

employed. To determine the optimal conditions for reporter function in 24 well dishes, cell

density, DNA quantity and transfection reagent volumes were tested. To test the amount of

DNA required for transfection to obtain maximal activity, NIH3T3 and HeLa cells were

transiently transfected with increasing amounts of either pRL-TK or pGL3 DNA (See Figure

2.2 and Figure 2.1, respectively). Figure 3.11 shows increasing DNA amounts (up to 500 ng)

increased reporter expression whereas fuither increases in DNA resulted in a decrease in

activity for both reporters in both cell lines. Cell density was optimised such that cells were

confluent at harvesting. A transfection reagent volume titration was performed, with an

increase in activity up to 3 pl, with further addition not correlating with a substantial increase

in reporter expression (data not shown). The reporter system was therefore set up to yield

maximal expression of the reporters in the cell lines to test HIF-1o 5'UTR function.

3.5 The HIF-14 S'UTR allows efficient translation

To investigate the influence the long, G + C rich HIF-lcr 5'UTR has on translational

efficiency, luciferase mRNA reporters were constructed with or without the insertion of the

HIF-Icr 5'UTR. The complete HIF-1cr 5'UTR was inserted into pGL3 (Figure 3.1) so that the
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Figure 3.1L

Effect of DNA quantity on Luciferase Activity

Different quantities of pGL3 DNA (right columns) or pRL-TK (left columns) were

transiently transfected into A. NIH3T3 fibroblasts or B. HeLa cells. Renilla and firefly

luciferase activities were me as ured 24 h post-tran sfecti on'
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Chaoter 3 Hvooxia- Inducible factor- 1 cr mRNA contains an internal ribosome entrv site

luciferase initiation codon replaced the HIF-lcr initiation codon, thereby creating pGL3HIF.

pGL3HIF and a transfection control þSeAP-Control) were transiently co-transfected (at a

ratio of 10:1) into either NIH3T3 fibroblasts or HeLa cells and the levels of the reporters

measured 24 hours post-transfection. Contrary to expectation, insertion of the highly

structured HIF-1g 5'UTR had no inhibitory effect on the ratio of luciferase activity to SeAP

expression (Figure 3.I2), indicating the HIF-1o 5'UTR allows translation to proceed

efficiently.

3.6 The HIF-lcr 5'UTR contains an Internal Ribosome Entrv Site

Because the 5'UTR of HIF-Icr mRNA is rather long and G + C rich, but nevertheless

allows effrcient translation of the luciferase reporter gene, it was suspected it may contain an

internal ribosome entry site. To test this, the HIF-lcr 5'UTR was inserted into a dicistronic

reporter gene, between the cDNAs encoding two distinct luciferase enzymes (Renilla

luciferase and Firefly luciferase). The effect the HIF-lcr segment had on the relative

expression of activity from the downstream firefly luciferase cistron was examined. The

plasmids pRF (Figure 3.2), which contains a short linker sequence between the two luciferase

cistrons, and pRhifF (Figure 3.4A) which contains the HIF-1u 5'UTR between the cistrons,

were transiently transfected into NIH3T3, HEK293 and HeLa cells. The presence of the HIF-

la 5'UTR increased the expression of the downstream firefly luciferase relative to the renilla

luciferase by 3O-fold in NIH3T3 cells, 19-fold in HEK293 cells and 18O-fold in HeLa cells

(Figure 3.13), suggesting that the HIF-1o 5'UTR can indeed promote translation by internal

ribosome entry.
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Figure 3.12

Effect of HIF-1c on the translational efficiency of luciferase

The control plasmid pGL3 or pGL3HIF were transiently co-transfected with pSeAP-

Control into A. NIH3T3 fibroblasts or B. HeLa cells. 24 hours post-transfection, the media

was harvested and assayed for SeAP expression, and the cells lysed and assayed for

luciferase enzymatic activity. Translational activity is presented as ratios of Luciferase to

SeAP expression. The data is represented as the mean (t SEM) from triplicate samples

from three independent experiments.
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Figure 3.L3

Relative enhancement of expression of the downstream reporter enzyme by the HIF'

la 5'UTR in various cell tYPes

NIH3T3, IßK2g3 and HeLa cells were transiently transfected with pRF or pRhifF (see

Figure 3.2 and3.4, respectively) as indicated. Renilla and firefly luciferase activities were

determined 24 hours post-transfection. IRES activities are represented as ratios of firefly to

renilla luciferase. The ratios for each cell line are graphed relative to pRF, which was given

a value of 1. Data presented are the mean (tSEM) of triplicate samples from three

independent experiments.
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To check that firefly luciferase was translated by internal ribosome entry, and not as a

result of re-initiation of ribosomes that failed to dissociate from the mRNA after encountering

the stop codon of the upstream renilla luciferase, a 60-base pair palindrome sequence \ryas

inserted at the transcription start site, so that the transcript would have a strong stem-loop

structure adjacent to the 5'cap. This stem loop has previously been shown to inhibit cap-

dependent translation (Stoneley et al., 199S). The presence of the stem loop in pstemRhifF

(Figure 3.48) reduced expression of renilla luciferase without affecting expression of firefly

luciferase activity in both NIH3T3 and HeLa cells (Figure 3.14). This result demonstrates that

the translation of the hrefly luciferase does not result primarily from failure of ribosomes to

dissociate after translation ofthe upstream cistron.

To verify that the frrefly luciferase protein was slmthesised by translation of the

downstream cistron of an intact dicistronic transcript, rather than from a functionally

monocistronic mRNA generated by splicing or by use of a cryptic promoter within the

dicistronic gene, RNase protection mapping of the region spanning the end of the renilla

luciferase open reading frame into the firefly luciferase open reading frame was performed.

Assay of RNA from transfected NIH3T3 cells produced a major band of 490 nucleotides

which is the size expected from intact dicistronic mRNA, and a second band of 286

nucleotides, which is the size expected from protection by endogenous HIF-1cr mRNA (Figure

3.15, Lane 3). When RNA from mock-transfected NIH3T3 cells was assayed, only the

endogenous HIF-lcx product was seen, verifying the identity of this band (Figure 3.15, Lane

4). Assay of RNA from transfected HeLa cells produced a single major product of the size

expected from protection by intact dicistronic mRNA (Figure 3.15, Lane 6). No endogenous

HIF-1g from HeLa cells was seen because the probe only detects mouse HIF-lcr mRNA
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Figure 3.L4

Effect of a 5' stem-loop on relative expression of the downstream reporter enzyme

A. NIH3T3 and B. }JeLa cells were transiently transfected with pRF, pRhifF or pstemRhifF

(See Figure 3.2 and 3.4) as indicated. IRES activities are represented as ratios of firefly to

renilla luciferase. All luciferase ratios are graphed relative to pRF, which was given a value

of 1. Data are presented as mean (tSEM) of triplicate samples from three independent

experiments.
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Figure 3.15

Ribonuclease protection mapping of the intercistronic region of the dicistronic nRNA

A. A schematic showing the dicistonic mRNA containing the HIF-1cr 5'UTR hybridised to

the antisense RNA probe used for RNA protection analysis is shown. The lengths of probe

regions protected by the renilla luciferase coding region, HIF-14 5'UTR and firefly

luciferase coding region are indicated. B. The RNase protection gel is shown, with the size

relative to molecular weight markers indicated. Lane 1, undigested RNA probe; Lane 2,2

pg yeast tRNA; Lane 3, Poly(A)+ mRNA from NIH3T3 cells transfected with pRhifF;Lane

4, Poly(A)* mRNA from mock transfected NIH3T3 cells; Lane 5, Poly(A)* mRNA from

mock transfected HeLa cells; Lane 6, Poly(A)* mRNA from HeLa cells transfected with

pRhifF.
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(Figure 3.15, Lane 5). No product of a size that would indicate the presence of a cryptic

promoter or alternative splicing event was seen either in NIH3T3 or HeLa cells. Importantly,

apart from the endogenous HIF-Iø product in NIH3T3 cells, there was no product of a size

intermediate between the 490 nucleotide fragment protected by dicistronic transcript and 101

nucleotides, which is the minimal size product required from a transcript that encodes firefly

luciferase open reading frame. Hence, the increased expression of firefly luciferase that results

from insertion of the HIF-14 5'UTR must result from translation of dicistronic mRNA. To

fuither demonstrate the firefly luciferase expression was from an intact dicistronic mRNA,

Northern analysis was performed on RNA isolated from NIH3T3 cells transfected with

pRhifF. Probes for both renilla luciferase and f,rrefly luciferase detected a single RNA species

corresponding to the size expected of the dicistronic mRNA (3.2 kb) in transfected cells but

not in mock transfected cells (Figure 3.16).

3-7 Relative effÏciencv of the HIF-I ü IRES compared with other cellular

IRESs

A number of mRNAs that encode proteins involved in regulation of cell growth or

response to stress have been found to contain IRESs. These include eIF4G, X-linked inhibitor

of apoptosis (XIAP), NF-KB repressing factor (NRF), c-myc and vascular endothelial growth

factor (VEGF) (Akiri et al., 1998); (Gan et al., 1996); (Holcik et al., 1999): (Miller et al.,

1998); (Oumard et a\.,2000); (Stein et al., 1998); (Stoneley et al., 1998). To compare the

activity of the HIF-1o IRES with other cellular IRESs, NIH3T3 and HeLa cells were

transiently transfected with dicistronic reporters containing the HIF-1o 5'UTR (Figure 3.4), c-

myc (Figure 3.7) or the VEGF 5'UTR (Figure 3.6) (Figure 3.I7).In both cell types, the HIF-
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Figure 3.16

Northern Analysis of pRhifF mRNA in NIH3T3 cells

poly(A)* 6RNA was isolated from NIH3T3 cells either transiently transfected with pRhifF

or mock transfected as indicated. Northern analysis was performed using 32P-labelled DNA

probes for the renilla (RL) of firefly (FF) luciferase regions as indicated. The migration of

RNA size standards is indicated'
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Figure 3.17

Comparison of the activities of the HIF-10I, c-myc and VEGF IRESs

A. NIH3T3 and B. HeLa cells were transiently transfected with the various dicistronic

reporters described in Figures 3 .4, 3 .6 and 3.7 . Renilla and firefly luciferase activities were

determined 24 hours post-transfection and IRES activities are represented as ratios of

firefly to renilla luciferase, relative to the ratio obtained with pRF which is given a value of

1. Data are presented as the mean (tSEM) of triplicate samples from three independent

experiments.
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Chaoter 3 Hvooxia- Inducible factor-1o mRNA contains an internal ribosome entrv site

1cr IRES had activity comparable to the c-myc IRES, whereas the VEGF 5'UTR was two- to

threefold more active. All three IRESs were considerably more active in HeLa cells than in

NIH3T3 cells. A similar relationship between the activities of the different IRESs was seen

when a stem-loop was inserted upstream of the renilla luciferase cistron to inhibit cap-

dependent translation. The relative ratio of f,rrefly to renilla luciferase was increased two- to

threefold for each IRES, and in both cell types.

3.8 Mapping the HIF-Iü IRES

There have been repofts to date of up to 45 cellular mRNAs containing IRESs,

however their precise location within the 5'UTR or their mechanism remains poorly

understood. There are three themes appearing on potentially different mechanisms of IRES

function. The majority of cellular IRESs appear to require the formation of secondary

structure, as the larger the deletion, the greater the loss of IRES activity. It is therefore

possible that multiple regions are required for correct folding of the IRES, which seems to be

the most likely scenario for the c-myc IRES (Stoneley et al., 1998). The second class of

" 
Chemical probing of the c-myc IRES has led to the derivation of two structural motifs g

¡ that are required for function, with the ribosome landing downstream of these Mo rf

ft pseudoknots in a mechanism similar to several viral IRES elements (Le Quesne et. al. -¿

gr200l)' ^v v,rv'r1,',çu Dy rne utx mru\a, wnere a g-nucleottde sequence can

function independently as an IRES module (Chappell et al., 2000a). This 9-nucleotide

sequence can directly bind to 40S ribosomal subunits by base pairing to 18S rRNA (}{tt et ø1.,

1999a), providing a direct mechanism for ribosome recruitment to the mRNA.

74



Figure 3.L8

HIF-1o 5'UTR analysis

A. HIF-lcr 5'UTR hot spots. The sequence of the mouse HIF-lcr 5'UTR is shown. The

numbers represent the length of the HIF-lct 5'UTR as indicated. The region of 18S rRNA

complementarity is shown in green and the polypyrimidine tract is shown in blue. The

translation initiation codon is shown in red. B. Complementarity region of the HIF-lcx

5'UTR and 18S rRNA. The region of the HIF-1cx 5'UTR with complementarity to the 18S

rRNA is shown. The corresponding sequence of the 18S rRNA is presented. The potential

base pairing between the sequences is represented by the black bars. The bracket represents

the region of 1007o complementarity between the two sequences.



A
152
GCACAGAGCCTCCTCGGCTGAGGGGACGCGAGGACTGTCCTCGCCGCCGTCG

53 105
CGGGCAGTGTCTAGC CAGGCC CT GACAAGCTAGCC GGAGGAGC GCCTAGGAA

106 1s5 156
CCCGAGCCGGAGCTCAGCGAGCGCAGCCTGCAGCTCCCGCCTCGCCGTCCCG

157 r64 193 203 209
CCACCCCGCCTCTGGACTTGTCTCTTTCTC CGCGCGC

210 260
GCGGACAGAGCCGGCGTTTAGGCCCGAGCGAGCCCGGGGGCCGCCGGCCGG

261 286
GAAGACAACGCGGGCACCGATTC GGC ATG

B

5' 144 CCUCGCCGUCCCGGGGGGCGUCC 166 3' HIF 5'UTR

3' 338 GCAGCGGCGGUGCCCCCCGCACG 316 5' l8s rRNA
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Chanter 3 Hvooxia-Inducible factor-lcr mRNA contains an intemal ribosome entrv site

The presence of either a pyrimidine tract or a region of complementarity to 18S rRNA

was searched for in the HIF-1clc 5'UTR. A region of 100% complementarity to 18s rRNA was

found in the mouse HIF-1o 5'UTR at nucleotides 155 to 164 (Figure 3.18). The region of 144

to 166 of the HIF-lcr 5'UTR has only 3 mismatches with the 18S IRNA (nucleotides 316 to

338) (Figure 3.188). Additionally, the HIF-1o 5'UTR contains an 1l-nucleotide stretch of

pyrimidines from bases 193-203, which makes these regions potential "hot-spots" for IRES

function.

To determine whether the 18S rRNA complementarity region, the pyrimidine tract, or

secondary structure were important in HIF-14 IRES function, serial deletions of the HIF-lcr

5'UTR were made (Figure 3.8). The ability of these truncated sequences to promote internal

ribosome entry on a dicistronic mRNA \¡/as compared to the full-length 5'UTR in NIH3T3

cells. Removal of the first 136 nucleotides from the 5' end decreased activity of the

downstream cistron by 86Yo, and larger deletions of 178, 210 and 245 nucleotides resulted in a

reduction of IRES activity by 92,60 and 96%o respectively (Figure 3.19). Deletion of the 18S

rRNA complementarityregion (pRhifFAl-178) resulted in only a slight decrease in activity

from the slightly shorter deletion þRhifFAl-136), indicating this region may not play a

critical role in HIF-lcr IRES function. However, deletion of the pyrimidine stretch

úrRhifFAl-210) resulted in an increase in downstream reporter activity when compared to the

shorter deletion (pRhifFA l-I78), suggesting the pyrimidine tract may function as a repressor

site of HIF-19IRES function.

At the 3' end, deletion of 41 nucleotides (pRhifFA245-286) resulted in a reduction of

IRES activity by 20Yo. However, further deletion of another 35 nucleotides þRhiff L2I0-

75



Figure 3.L9

Deletion analysis of the IRES activity of the HIF-1c 5'UTR in NIH3T3 fTbroblasts

A schematic representation of the dicistronic constructs used in this analysis is shown.

Constructs are based on the pRF vector. Inserts include the entire HIF-14 5'UTR (pRhifF)

and deletions and fragments of this sequence is indicated. The HIF-lcx 5'UTR construct

designations indicate the exact nucleotide sequences deleted in each construct. Constructs

were transiently transfected into NIH3T3 cells and renilla and firefly luciferase activities

measured 24 hours post-transfection. IRES activities are represented as a percentage of the

full HIF-lcr j'UTR. Data are presented as the mean (tSEM) of triplicate samples from four

independent experiments.
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Chanter i Hr¡noxia-Inducible factor-1n mRNA contains an intemal entrv site

286)resultedinadecreaseof activity of 77%o. Anyfurtherdeletionfromthe3'enddidnot

result in any further loss of IRES activity.

The HIF-Ig 5'UTR deletions were also analysed in HeLa cells, as they had previously

been shown to contain higher IRES activity than any other cell line analysed (Figure 3.13).

Deletion of the HIF-lg 5'UTR at the 5' end, of 136 nucleotides (pRhifFAl-136) resulted in a

90Yo decrease in IRES activity. Deletion of the next 42 nucleotides (pRhifFAl-178), which

removed the 18S rRNA complementarity region, resulted in only a slight decrease in activity

(94%), however deletion of the pollpyrimidine tract (pRhifFAl-2I0) gave an increase in

IRES activity (36% of the total 5'UTR) (Figure 3.20). Further deletion, leaving just the last 41

nucleotides (pRhifFAl -245) completely abrogated activity. Deletion of 42,76, 108 and 150

nucleotides from the 3'end resulted in a decrease in IRES activity of 50%o, 84yo,85yo and 86Yo

respectively. These data indicate the l8S rRNA complementarity region is probably not

required in HIF-1cr IRES function, however, the polypyrimidine tract appears to be involved

in negative regulation of IRES function. Deletion of the first 136 nucleotides resulted in a

dramatic loss of IRES activity, indicating sequences within the 5' half of the 5'UTR are

important for IRES function. Additionally, the region of nucleotides 210-245 is important in

IRES activity, as deletion of this region from either end resulted in a large decrease in

downstream reporter activity, in both cell lines. This region is extremely G + C rich (74%),

suggesting it may be important in the fotmation of secondary structure to enhance HIF-lcr

IRES function.

Due to the dramatic loss of IRES function from several HIF-lcx, 5'UTR deletions,

secondary structure folds were predicated using Zuker's 'mfold' program in an attempt to find

regions of conserved secondary structure to explain loss of IRES function. Deletion of the first
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Figure 3.20

Deletion analysis of the IRES activity of the HIF-1c 5'UTR in HeLa cells

A schematic representation of the dicistronic constructs used in this analysis is shown.

Constructs are based on the pRF vector. Inserts include the entire HIF-lcr 5'UTR (pRhifF)

and deletions and fragments of this sequence are indicated. The HIF-lcr 5'UTR construct

designations indicate the exact nucleotide sequences deleted in each construct. Constructs

were transiently transfected into HeLa cells and renilla and firefly luciferase activities

measured 24 hours post-transfection. IRES activities are represented as a percentage of the

full HIF-lcr 5'UTR. Data are presented as the mean (ISEM) of triplicate samples from four

independent experiments.
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Chapter 3 Hwoxia-Inducible factor-lcx mRNA contains an internal ribosome entrv site

136 nucleotides resulted in a different predicated structure when compared to the entire

5'UTR (Figure 3.2IA vs. 3.10), with the absence of the Yl region and the presence of three

strong stem-loop structures. Deletion of the first 178 nucleotides resulted in a secondary

structure containing three stem loops, but lacked formation of either Y1 or Y2, resulting in

minimal IRES activity (Figure 3.218). Deletion of the first 210 nucleotides gave a predicted

secondary structure of a single stem-loop with four bulges in the stem (Figure 3.21C). There is

no clear indication of how this stem loop can initiate internal translation, particularly since

there is no structure maintained when compared to the full-length 5'UTR. Deletion from the 5'

end, leaving only 41 nucleotides resulted in a short stem loop structure, containing two bulges

within the loop, with a 9-nucleotide loop (Figure 3.21D). This structure did not resemble any

structure of the full-length 5'UTR, and lacked IRES activity.

Deletion from the 3' end of 41 nucleotides resulted in a structure that was similar to

that of the full-length 5'UTR (Figure 3.22A). The Yl structure and a number of bulges and

stem-loops v/ere completely conserved; giving indication why there is only a slight decrease in

IRES activity of this deletion. Removal of the last 71 nucleotides of the 5'UTR resulted in a

predicted secondary structure that changed quite noticeably. The Yl structure and several

stem-loops were maintained, however the arrangement of the loops were altered (Figure

3.228). This deletion resulted in a dramatic loss of IRES activity (Figure 3.19 and 3.20),

suggesting the Yl structure is not sufficient for IRES function. Further deletion from the 3'

end of 108 or 150 nucleotides, which did not show any further loss of IRES activity (Figure

3.19 and 3.20), had conserved the Y1 structure, but lost the other stem-loops in the centre of

the structure which appear to be important in the function of the IRES (Figur e 3 22C and D).
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Figure 3.21

Model for secondary structure of the HIF-14 s'UTR deletions

The predicted secondary structure of the mouse HIF-1Cr 5'UTR deletions using M. Zuker's

.mfold'program is shown.5' and 3' ends of the mouse deletions are indicated. Numbers

represent the nucleotides of the HIF-lc¡¿ 5'UTR deletions. A. A1-136 B. A1-178 C. A1-

2r0D. Lr-24s.
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Figure 3.22

Model for secondary structure of the HIF-1o 5'UTR deletions

The predicted secondary structure of the mouse HIF-1cr 5'UTR deletions using M. Zuker's

'mfold'program is shown. 5' and 3' ends of the mouse deletions are indicated. Numbers

represent the nucleotides of the HIF-Ict 5'UTR deletions. A. L245-286 B. A210-286 C.

Lt78-286 D.4136-286.
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To further characterise the location of the HIF-1o IRES, two further deletion

constructs were created. The first involved the deletion of the first 68 nucleotides (pRhifFAl-

68) to determine which region of the hrst 136 nucleotides was important in IRES function.

The second construct involved a substitution mutation of the polypyrimidine tract (5'-

TCTCTTTCTCC-3' to 5'-ACTATGTATCC-3') to determine whether the tract acts as a

repressor site as indicated by the deletion series (Figure 3.19 and 3.20). Each of these

constructs were transiently transfected into NIH3T3 and HeLa cells and compared to the full-

length 5'UTR. Removal of 68 nucleotides from the 5' end decreased the activity of the

downstream cistron by 32% and 37Yo in NIH3T3 and HeLa cells respectively (Figure 3.23).

Mutation of the polypyrimidine tract resulted in a dramatic increase in IRES activity in both

NIH3T3 and HeLa cells. When compared to the fulI length HIF-lcr 5'UTR, the increase in

activity was 21 fold in NIH3T3 cells and 17 fold in HeLa cells (Figure 3.23), suggesting this

site is acting as a repressor site.

To determine the effect of these deletions on the predicted secondary structure folding

patterns, Zuker's 'mfold' program was used. Deletion of the first 68 nucleotides gave a

predicted secondary structure which lacked both the Yl and Y2 structures (Figure 3.24A),

however still contained several of the internal bulges and stem-loops that were present in the

full length 5'UTR. This supports the notion that the Yl structure is not essential for IRES

function, with the internal loop outs and stem-loops likely to be the important regions for

activity. The four base substitution of the polypyrimidine tract (pRhifFAPPT), folded

identically to the wild-type 5'UTR (Figure 3.248), suggesting the polypyrimidine tract

probably acts as a specif,rc site for repressing IRES activity'
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Figure 3.23

Deletion and mutation analysis of IRES activity of the HIF-1ø 5'UTR

A schematic representation of the dicistronic constructs used in this analysis is shown.

Constructs are based on the pRF vector. Inserts include the entire HIF-lcr 5'UTR (pRhifF)

and deletions and fragments of this sequence. The HIF-1o 5'UTR construct designation

indicate the exact nucleotide sequence deleted in each construct. Constructs were

transiently transfected into A. NIH3T3 cells or B. HeLa cells and renilla and firefly

luciferase activities measured 24 hours post-transfection. IRES activities are represented as

a percentage of the full HIF-lcr 5'UTR. Data are presented as the mean (tSEM) of

triplicate samples from four independent experiments.
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Figure 3.24

Model for secondary structure of the HIF-lcr 5'UTR deletions

The predicted secondary structure of the mouse HIF-14 5'UTR deletions using M. Zuker's

'mfold' program is shown. 5' and 3' ends of the mouse deletions are indicated. Numbers

represent the nucleotides of the HIF-1u 5'UTR deletions. A. A 1-68 B. APPT.
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3.9 Summarv and Discussion

Initiation of translation of most eukaryotic mRNAs involves binding of the mRNA 5'

cap structure by the initiation factor eIF4E. The concentration of eIF4E in the cytoplasm is

rate limiting, creating a competitive environment for mRNAs to recruit eIF4E, which limits

the production of certain cellular proteins. This is particularly important for key regulators of

cell growth, especially those containing long and highly structured 5'UTRs (De Benedetti et

al., 1990); (Lazaris-Karatzas et al., 1 990).

Viruses such as poliovirus have developed an effective mechanism to bypass this

competition, allowing translation of viral mRNAs despite the limitation of eIF4E (Sachs et al.,

lgg7). These viruses turn off cellular translation of its host by cleaving eIF4G, which

uncouples the cap-binding protein from the rest of the initiation machinery. The viral mRNAs

continue to be translated because they contain internal ribosome entry sites, which allow

ribosome binding, and therefore translation, without the involvement of the 5' cap.

Here I show that, in contrast to the predicted structure of the 5'UTR, HIF-10 is

eff,rciently translated. This is shown by the insertion of the 5'UTR upstream of a reporter gene,

which has no effect on expression (Figure 3.I2). This observation and rationale led me to

explore the possibility that the HIF-1clt 5'UTR contained an internal ribosome entry site.

To determine whether the 5'UTR of HIF-10( can direct internal initiation, I used a

dicistronic 6RNA assay. This assay is considered the most valid test, but only if

complemented by a clear demonstration that the downstream cistron is translated from a

dicistronic 6RNA (Kozak 2001). The experiments in Figures 3.13 provided compelling

evidence that the 5'UTR of HIF-lcr contains a functional IRES. The possibility that the

inserted 5'UTR acted to facilitate re-initiation was unlikely since Figure 3.14 showed insertion
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of a stem-loop near the cap structure increased the ratio of firefly to renilla luciferase

expression.

A pattem that is emerging from studies of cellular IRESs relates to the large size and G

-| C richness of the 5'UTRs. In fact, I was first alerted to the possibility that HIF-Icr contains

an IRES by this property, and suggest that any gene found to have a 5'UTR that is G + C rich

and longer than approximately 250 nucleotides is a good candidate for containing an IRES.

Whether there are more specific features that are universally essential to IRES activity remains

to be determined, but the likely negative effect on cap-dependent translation of a large G + C

rich 5'UTR, combined with the frequency with which genes contain a long, G + C rich 5'UTR

makes it a good indicator.

Predicting the relative strengths of IRESs does not appear possible, because only a few

comparisons have been made, and no feature that correlates with IRES strength is evident. I

found that the HIF-1o IRES had a similar strength in the dicistronic assay to the c-myc IRES

and about half the activity of the VEGF 5'UTR in both a mouse and human cell line. The

greater activity of the VEGF 5'UTR does not appear to relate to its greater size, or to the fact

that it contains two independent IRES elements (Huez et al., 1998), because deletion of a

considerable portion of the 5'UTR can produce an even more active IRES (Stein et aL.,1998).

This is fuither supported by the finding that the c-myc 5'UTR contains two IRES elements,

and is of similar to size to the HIF- I a 5'UTR (Nanbru et al. , 2001). In fact, the efficiency of

the IRES may be influenced by the length between the two cistrons, indicating that IRESs

must be introduced in a precise position to allow efhcient expression of the second cistron in

dicistronic mRNAs (Attal et a1.,1999).
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Several observations suggest that the relative activity of an IRES may depend on the

cell tlpe. I found that the activity of the HIF-1o, c-myc and VEGF IRESs is greater in HeLa

cells than in mouse NIH3T3 fibroblasts. The c-myc IRES has also been found to be more

active in HeLa cells than in a number of other cell lines, including mouse Balb/c 3T3 and

COST cells (Stoneley et a1.,2000b). Presumably a factor that participates in IRES function is

present at limiting levels in some cells. Although I found IRES activity to be considerably

greater in HeLa than NIH3T3 cells, there was good concordance between the relative activities

of the different IRESs in the two cell lines.

The analysis of deleted versions of the 5'UTR may shed more light on the poorly

understood structure-function relationship of IRES elements in general, or may precisely

locate the IRES, depending on the type of IRES the HIF-1o 5'UTR contains (refer Section

1.2'10).In various viral IRESs, 3' end deletions that lie within the IRES completely ablate

internal ribosome entry (Borman et al., 1992); (Borman et al., 1995); (Pelletier et a\.,1988);

(Reynolds et al., 1995), whereas the HIF-14 IRES 3' end deletions resulted in a gradual loss

of activity, similar to the c-myc IRES (Stoneley et al., 1998). Deletion of specific regions of

the IRES that could be involved in mediating IRES function, such as the region with

complementarityto the 18S rRNA, had no apparent effect. Interestingly, no pair of HIF-1a

5'UTR truncation mutants (e.g. pRhifFA 1-136 and pRhifF A136-286) could recapitulate full

IRES function, indicating that numerous regions within the 5'UTR co-operate with each other

for complete function. This suggests that RNA interactions with trans-acting factors are likely

to involve specific recognition of sequence and / or structural elements. This has led to the

identif,rcation of a putative RNA structural motif that is conseryed in several IRES elements,

and is characterised by the presence of a "Y"-shaped hairpin close to the initiator AUG (Le er
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al., 1997). Secondary structure folding of the HIF-19 5'UTR failed to reveal a "Y"-shaped

structure near the AUG codon, however deletion analysis, associated with secondary structure

folding indicates that several stem-loop structures are essential for function (Figures 3.19,

3.20, 3.21, 3.22, 3.23, and 3.24).

Finally, initial deletion of the pyrimidine tract, slightly increased IRES activity in the

dicistronic reporter, suggesting it may be a repressor site of IRES function (Figure 3.23).ln

fact, mutation of four bases in this region with respect to the entire 5'UTR resulted in an

enhancement of IRES activity, which possibly indicates the disruption of a binding site for a

trans-acting factor involved in inhibiting IRES function. Several IRES-trans-acting factors

(such as polypyrimidine tract binding protein, La autoantigen and unr) have been implicated in

regulating IRES activity both positively (Holcik et al., 2000); (Kaminski et al., 1998);

(Mitchell et aL.,2001); (Pestova et al.,l996b); (Pilipenko et a|.,2000), and negatively (Kim e/

a1.,2000). Fufher studies are required to characterise this site of the HIF-Icr IRES, as it may

have therapeutic benefits in the activation, or suppression of HIF-1o protein expression for

treatment of ischemic tissues, or blocking tumour angiogenesis.

This is the first demonstration that translation of HIF-1o is mediated by an internal

ribosome entry site, and its activity is comparable to the efficiency of the c-myc IRES

(Johannes et al., 1998); (Nanbru et al., 1997); (Nanbru et a1.,2001); (Stoneley et aL.,1998).

Deletion studies suggest multiple and complex secondary structures are required for IRES

activify, and the polypyrimidine tract may act as a repressor site for regulating HIF-lcr IRES

function.

82



Cha ter 4

Hypoxia-Inducible Factor -L0r mRNA
is spared the general reduction of

translation under hypoxia, which is
mediated by the internal ribosome

a

en STte

ì

I

t



Chanter 4 HIF-1cr mRNA is snared the sen reduction of translation under hvnoxia

4.1, Introduction

When vertebrate tissues are deprived of oxygen, cellular metabolic responses are

initiated to conserve energy and enhance survival. These changes include affest in the cell

cycle (Amellem et aL, l99l); (Schmaltz et al., 1998), suppression of protein synthesis

(Kraggerud et aL,1995); (Tinton et a1.,1999), and increased expression of a number of genes

involved in energy metabolism. The mechanism regulating translation under hypoxia is poorly

understood, however hypoxia has been shown to reduce the availability of eIF4E by increasing

its association with 4E-BP1, although it is suspected that there are other mechanisms that

contribute to the suppression of protein synthesis (Tinton et aI., 1999). Therefore, it seems

likely that the lack of oxygen suppresses several regulatory steps of translation, including the

phosphorylation state of the initiation factors and other trans-acting factors.

The mRNA expression level of HIF-lct is unaffected by hypoxia (Wang et aL,1993b),

suggesting that de novo protein synthesis may be required under conditions not favourable to

maximal rates of translation during hypoxic stress. I wanted to determine the effect that

hypoxia had on total protein synthesis and whether the endogenous HIF-lcr mRNA could

bypass this suppression. In the previous chapter, data was presented indicating the HIF-lcx

5'UTR was not inhibitory to reporter gene expression, and contains an internal ribosome entry

site. Therefore, it was of interest to compare the effect of the reporter gene driven by the HIF-

lct IRES and a cap-dependent driven reporter gene in normoxic and hypoxic conditions to

determine whether the IRES functions in conditions that are not favourable to maximal rates

of protein synthesis.

In this chapter I show data indicating that protein synthesis is suppressed 50 7o in

NIH3T3 cells incubated in hypoxic conditions. I also show endogenous HIF-1a mRNA is
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translated efficiently in normoxic conditions, but is unaffected by hypoxia which may be a

function of the IRES present in the 5'UTR as indicated by experiments utilising the dicistronic

reporter mRNA.

4.2 Total translation is reduced durine hvpoxia but translation of HIF-14

mRNA is not affected

To determine the extent to which translation in NIH3T3 cells was suppressed by

hypoxia, the comparison of the rate of ¡3sS1 methionine incorporation into cells that had been

exposed to hypoxia for 6, 18 or 24 hours or cultured under normoxic conditions were

compared. Hypoxia caused no decrease in the rate of methionine incorporation after 6 hours

(Figure 4.14), a207o decrease after 18 hours (Figure 4.1B) and a 507o deqease after 24 hours

of exposure(Figure 4.lC).Incellsexposedtohypoxiafor5, I7 or23 hoursbutreturnedto

normoxia for t hour before measurement of methionine incorporation, the incorporation rate

returned to that of the control cells that had not been exposed to hypoxia, indicating that the

effect of hypoxia on translation was reversible'

To investigate whether the translation rate of HIF-lcr mRNA is reduced under hypoxia,

or whether there might be a mechanism that spares HIF-1o from the overall reduction in

translation, polysome profiles of HIF-1cx, under normoxic and hypoxic growth conditions were

examined. The HIF-lcr profiles v/ere compared with those of B-actin, a protein that is not

induced during hypoxia, and GAPDH, which, although often considered a housekeeping gene,

is induced during hypoxia. Cytoplasmic extracts from NIH3T3 cells grown under normoxic or

hypoxic conditions were sedimented through sucrose gradients (Figure 4.2A). The location of

the HIF-lcx, B-actin and GAPDH mRNAs within the gradient was determined by RNase
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Figure 4.1.

Effect of hypoxia on protein synthesis

Time course of incorporation of 3sS-methionine / cystein into TCA-precipitable protein. A.

NIH3T3 cells were pre-incubated for 6 hours under normoxia or hypoxia (I7o O) or

incubated for 5 hours under hypoxia, followed by t hour of normoxia. B. NIH3T3 cells

were pre-incubated for 18 hours under normoxia or hypoxia or incubated in hypoxiafor I7

hours followed by t hour of normoxia. C. NIH3T3 cells were pre-incubated for 24 hours

under normoxia or hypoxia, or incubated in hypoxia for 23 hours, followed by I hour of

normoxia. Also shown is the incorporation into normoxic cells in the presence of 10 ttdml

cycloheximide. Each measurement was nonnalised with respect to total protein as

determined by Bradford assay.

The data represent the mean (+SEM) from 3 independent experiments.
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Figure 4.2

Effect of hypoxia on the translation of HIF-1c, B-actin and GAPDH mRNA's

determined by polysome analysis

NIH3T3 cells were incubated for 24 hours in normoxia or hypoxia (l7o Où, and

cytoplasmic extracts were fractionated by I5-507o sucrose gradient centrifugation. A.

Examples of polysome profiles showing the location of 80S ribosomes and free ribosome

subunits are presented. The affow indicates where the sensitivity of the UV monitor was

increased five-fold. Transcripts that were being translated at the time of extract preparation

are polysome associated and sediment in fractionsJ-16, with the most actively translated

transcripts toward the bottom of the gradient. B. Cytoplasmic extracts from cells grown

under normoxic or hypoxic conditions were fractionated, RNA was prepared from each

fraction and the HIF-lcr, B-actin and GAPDH mRNAs were detected by RNase protection

assay. Each mRNA from the RNase protection assay was quantitated by phosphorlmager

and calculated as a percentage of the total for that mRNA. Data for fractions 1-6 and 7-16

were pooled and represented as translated or untranslated regions of the gradient,

respectively. Black bars show data for normoxic cells and white bars show data for hypoxic

cells. The data represent the mean (tSEM) from three independent experiments.
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protection assay of fractions from the gradient and the proportion of mRNA that was

associated with polysomes was quantitated (Figure 4.28). In cells grown under noünoxic

conditions, the majority of the p-actin mRNA was found in the polysomal fraction, with only

237o of the mRNA in the fractions corïesponding to untranslated mRNA. However, the

proportion of untranslated B-actin mRNA was substantially increased in cells grown under

hypoxia, with 467o of the mRNA located in the nonpolysomal region of the gradient' In

contrast, the proportion of HIF-lcx mRNA associated with polysomes was unaffected by

hypoxia, indicating the translation rate of HIF-1ct was maintained. The proportion of GAPDH

mRNA within the polysome region of the gradient was also largely unaffected by hypoxia.

The GAPDH 6RNA was less efficiently translated than either HIF-1o or p-actin under both

growth conditions with only 50-607o of the mRNA sedimenting within the polysome region.

These results indicate that translation of the HIF-1cr and GAPDH mRNAs is not suppressed

by hypoxia. The maintenance of translation of GAPDH mRNA under hypoxia has not been

investigated further. Unlike HIF-14, the GAPDH 5'UTR is of average length and base

composition, although it does contain a 5' terminal polypyrimidine tract.

4.3 HIF-1 cx IRES activitv d hvnoxia and serum vation

The function of the IRES in the HIF-lcx 5'UTR might be to allow efficient translation

during hypoxia. If this were the case, the translation of firefly luciferase from the dicistronic

RhifF pRNA would be expected to be relatively unaffected by hypoxia. To test this, NIH3T3

cells transfected with the dicistronic pRhifF gene were subjected to hypoxia fot 24 hours and

the relative luciferase activities were measured (Figure 4.3). Under hypoxia, renilla luciferase

activity was reduced50Vo of the level seen in normoxic cells (Figure 4.3A), consistent with
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Figure 4.3

IRES activity is maintained during hypoxia

NIH3T3 cells were transiently transfected with pRhifF (Figure 3.44). Four hours post-

transfection, cells were subject to either hypoxia or left under control conditions for a

further 24 hours before harvesting and assay for renilla and firefly luciferase. Each

luciferase activity is shown relative to the activity under normoxia, which is expressed as

lO0 %o. A. The histogram shows renilla luciferase activity with N = Normoxia (black bars)

and H= hypoxia (Red bars). B. The histogram shows firefly luciferase activity. C. Shows

the ratio of firefly to renilla luciferase activity. The ratios are graphed relative to the ratio

obtained with pRF under normoxia, which was given a value of 1. The data shown are

means (tSEM) of triplicate samples from each of five independent experiments. Statistical

significance of the difference between normoxia and hypoxia was tested using the two-

tailed Students / test (x** p<0.0001).
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the effect of hypoxia on total translation rate measured by incorporation of [3sS] methionine

(Figure 4.1). In contrast, firefly luciferase activity was the same in normoxic and hypoxic

cells, indicating that IRES-mediated translation is unaffected by hypoxia (Figure 4.38).

Together, these findings result in a significant increase in the ratio of firefly to renilla

luciferase activity, due to the decrease in cap-dependent translation (Figure 4.3C).

To examine whether the HIF-1cx IRES also conferred a translational advantage during

other forms of cellular stress, cells were also subjected to serum starvation for 24 hours.

Serum starvation reduced expression of both renilla luciferase and firefly luciferase (Figure

4.4A and B), but the renilla luciferase activity was the more affected, suggesting that IRES-

dependent translation was less sensitive than cap-dependent translation to the serum

starvation. When serum starved cells were subjected to hypoxia, the renilla luciferase activity

was further reduced by 507o (Figure 4.4^), but firefly luciferase activity was maintained at the

same level as in normoxic serum starved cells (Figure 4.48). Thus the ratio of firefly to renilla

luciferase was greatest in cells subjected to deprivation of both serum and oxygen (Figure

4.4C). The results are consistent with the function of the IRES being to maintain efficient

translation of HIF-1o during hypoxia.

4.4 The effect of hvnoxia and serum denrivation on the VEGF and c-mYc

IRES

The property of the HIF-lcx IRES of protecting translation from suppression by

hypoxia might be a specific feature of the HIF-lcr 5'UTR, or could be a general property of all

hypoxically induced genes. To investigate whether this property might be shared by other

hypoxically regulated mRNAs containing an IRES, the effect of hypoxia and serum
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Figure 4.4

IRES activity is maintain during hypoxia

NIH3T3 cells were transiently transfected with pRhifF (Figure 3.44). Fours hours post-

transfection, cells were subjected to either hypoxia (H, red bars), serum starvation (SS, blue

bars), serum starvation and hypoxia (H + SS, green bars) or were left under control

conditions (N, black bars) for a further 24 hours before harvesting and assay for renilla and

firefly luciferase. Each luciferase activity is shown relative to the activity under normoxia,

which is expressed as 100 7o. A¡. The histogram shows renilla luciferase activity. B. The

histogram shows firefly luciferase activity. C. The histogram shows the ratio of firefly to

renilla luciferase activity. The ratios are graphed relative to the ratio obtained with pRF

under normoxia, which was given a value of 1. The data shown are means (tSEM) of

triplicate samples from each of five independent experiments. Statistical significance of the

difference between normoxic and treatments was tested using the two-tailed Students / test.

(** p< 0.001; xxx p<0.0001). The effect of hypoxia on serum starved cells (H + SS vs SS)

is shown in brackets.
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deprivation was tested on the VEGF IRES, which also functions during hypoxia (Stein et al.,

1998). To test this, NIH3T3 cells were transfected with pRvegfF and subjected to hypoxia,

serum deprivation or hypoxia and serum deprivation for 24 hours and the relative luciferase

activities measured. Under hypoxia, renilla luciferase activity was reduced 507o of the level

seen in normoxic cells (Figure 4.54), whereas firefly luciferase activity was only marginally

reduced (Figure 4.5B). The VEGF IRES resembled the HIF-lcx IRES in being less sensitive to

serum starvation than was the cap-dependent translation of renilla luciferase, indicated by the

approximately two fold increase in the ratio of firefly to renilla luciferase (Figure 4.5C). The

differential sensitivity to hypoxia was maintained in cells starved of serum.

To investigate whether this property of the IRES was limited to IRESs in hypoxically

regulated genes, or a general property of cellular IRESs, the effect of hypoxia or serum

starvation was tested on the c-myc IRES, which is notknownto play a role in the response to

hypoxia. The dicistronic pRmycF gene was transfected into NIH3T3 cells, and subjected to

hypoxia, serum deprivation or hypoxia and serum starvation for 24 hours prior to harvesting

and assay for renilla and firefly luciferase activity. Firefly luciferase activity from the c-myc

dicistronic reporter was only marginally reduced by hypoxia, whereas renilla luciferase

activity was significantly reduced (507o) (Figure 4.6A and B). Serum starvation reduced

expression of both renilla luciferase and firefly luciferase, but renilla luciferase activity was

the more affected. When serum-starved cells were subjected to hypoxia, there was a further

507o reduction of renilla luciferase (Figure 4.61'), but firefly luciferase activity was

maintained at the same level of normoxic serum starved cells (Figure 4.6B). Therefore, the

ratio of firefly luciferase to renilla luciferase was greatest in cells subjected to both hypoxia
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Figure 4.5

IRES activity is maintain during hypoxia

NIH3T3 cells were transiently transfected with pRvegfF (Figure 3.64). Fours hours post-

transfection, cells were subjected to either hypoxia (H, red bars), serum starvation (SS, blue

bars), serum starvation and hypoxia (H + SS, green bars) or were left under control

conditions (N, black bars) for a further 24 hours before harvesting and assay for renilla and

firefly luciferase. Each luciferase activity is shown relative to the activity under normoxia,

which is expressed as 100 7o. A,. The histogram shows renilla luciferase activity. B. The

histogram shows firefly luciferase activity. C. The histogram shows the ratio of firefly to

renilla luciferase activity. The ratios are graphed relative to the ratio obtained with pRF

under normoxia, which was given a value of 1. The data shown afe means (+SEM) of

triplicate samples from each of five independent experiments. Statistical significance of the

difference between normoxic and treatments was tested using the two-tailed Students / test.

(** p< 0.001; *xx p<0.0001). The effect of hypoxia on serum starved cells (H + SS vs SS)

is shown in brackets.
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Figure 4.6

IRES activity is maintain during hypoxia

NIH3T3 cells were transiently transfected with pRmycF (Figure 3.7A). Fours hours post-

transfection, cells were subjected to either hypoxia (H, red bars), serum starvation (SS, blue

bars), serum starvation and hypoxia (H + SS, green bars) or were left under control

conditions (N, black bars) for a further 24 hours before harvesting and assay for renilla and

firefly luciferase. Each luciferase activity is shown relative to the activity under normoxia,

which is expressed as 100 7o. 4,. The histogram shows renilla luciferase activity. B. The

histogram shows firefly luciferase activity. C. The histogram shows the ratio of firefly to

renilla luciferase activity. The ratios are graphed relative to the ratio obtained with pRF

under normoxia, which was given a value of 1. The data shown are means (ISEM) of

triplicate samples from each of five independent experiments. Statistical significance of the

difference between normoxic and treatments was tested using the two-tailed Students t test.

(* p< 0.01;xx p< 0.001, xxx p<0.0001). The effect of hypoxia on serum starved cells (H +

SS vs SS) is shown in brackets.
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and serum deprivation (Figure 4.6C). Thus, the maintenance of activity during hypoxia may be

a general property of IRES-mediated initiation of translation.

4.5 Summary and Discussion

The data presented in this chapter show that protein synthesis in NIH3T3 cells is reduced

when cells are cultured under hypoxic (I7o C'2) conditions. Total protein synthesis measured

by methionine plus cysteine incorporation was reduced by 50 7o after 24 hours exposure to

hypoxia, and a similar reduction was seen in the level of cap-dependent luciferase reporter in

transfected cells subjected to hypoxia. These observations are consistent with previous reports

that hypoxia causes a suppression of protein synthesis by 55 Vo inrat astrocytes (Stein et aL,

1998), 70 - 85 7o in rat hepatocytes (Tinton et al., 1999) and 60 - 70 7o in the human cervical

cell line NHIK 3025 (Kraggerud et aL, 1995). Interestingly, the suppression of protein

synthesis was delayed upon exposure to hypoxia, as after 6 hours of treatment, protein

synthesis rates were relatively unaffected. This suggests that either cells can synthesise

proteins for a relatively long time as oxygen tension decreases, or the diffusion of oxygen out

of the cell is slow in this system. However, the former seems most likely as reoxygenation of

hypoxic cells for t hour resumed protein synthesis rates to normal, indicating diffusion of

oxygen back into the cell is a rapid process. Rapid reoxygenation of hypoxically cultured cells

is consistent with a previous report, in which cells exposed to hypoxia recovered to normal

rates of protein synthesis within 30 minutes (Lefebvre et aI., 1993).

Using polysome profile analysis to assess the effect of hypoxia on the proportion of B-

actin mRNA that cosedimented with polysomes, I found it was reduced in hypoxia, consistent

with the reduction in overall protein synthesis. However, the association of HIF-lcx mRNA
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with polysomes was unaffected by hypoxia, suggesting the HIF-14 mRNA is translated

equally well under normoxia and hypoxia. This finding is consistent with a recent report of the

effect of hypoxia on polysome profiles in HeLaS3 cells, in which the translational activities of

p-actin and the ribosomal protein L28 were reduced by hypoxia, but HIF-1o was unaffected

(Gorlach et a\.,2000).

In chapter 3, I presented data, using a dicistronic reporter, that the HIF-lcr mRNA

5'UTR contains an internal ribosome entry site. Because IRES elements do not require

association with the rate-limiting oIF4E cap-binding protein, and hypoxia had no effect on

HIF-1g translation efficiency as seen in polysome profiles, it was possible the IRES was

utilised to maintain efficient translation under low oxygen conditions. Indeed, I found using

the dicistronic reporter that the HIF-lcr IRES was unaffected by hypoxia when compared to

the effect of the cap-driven reporter. A number of cellular proteins that function during stress

conditions have also been found to contain an IRES, and it is reasonable to postulate that these

mRNAs contain IRESs to ensure their translation is not compromised during the stress

condition (Holcik et aI., 1999); (Stoneley et aL,2000a); (Vagner et a\.,1996)' This has been

proposed to be the function of the IRES in VEGF mRNA, which like HIF-lcr has an important

function during hypoxia (Stein et al., 1998). Although additional regulatory mechanisms

contribute to the expression of both HIF-1ø and VEGF during hypoxia, polysome profile

analysis indicates that both transcripts remain efficiently translated during hypoxia (Gotlach et

at.,2000); (Stein et a\.,1998) (Figure 4.2).

The maintenance of translation rate during hypoxia is not restricted to hypoxia-induced

genes, because the c-myc IRES also had this property. Furthermore, I also found that

translation from the HIF-Iø, VEGF and c-myc IRESs was less inhibited by serum starvation
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than was the translation of a cap-dependent reporter, and a similar observation has recently

been made with the IRES from the X-linked inhibitor of apoptosis (XIAP) mRNA (Holcik e/

al., 1999). Thus, the preservation of translational efficiency during cellular stress may be a

common feature of all cellular IRESs.
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5.1

The accumulation of HIF-lcr protein can be increased by genetic alterations that affect

either HIF-1cr protein synthesis or prevent ubiquitination and proteasomal degradation. These

genetic alterations can include loss of function mutations in tumour suppressor genes encoding

p53, PTEN, and VHL, as well as gain of function mutations in oncogenes that activate the

phosphatidylinositol-3 kinase (PI3K), Src, and mitogen activated protein (MAP) kinase signal

transduction pathways (Jiang et al., 1997b); (Maxwell et al., 1999); (Ravi et al., 2000);

(Zhong et a1.,2000); (Zundel et a1.,2000). Notably, loss or gain of HIF-I activity is negatively

and positively correlated, respectively, with tumour growth and angiogenesis (Carmeliet et ctl.,

1998); (Jiang et aI., I991b); (Kung et a1.,2000); (Maxwell et al', 1997); (Ravi et a1.,2000);

(Ryan et a\.,1998); (Ryan et a\.,2000).

One of the most recognised genetic alterations identified in breast cancer is the

increased activity of the ImR2 receptor kinase, which is encoded by the ERBB2 gene (Pegram

et aI., 1998). IIER2 overexpression is associated with activation of AKT via the PI3K

signaling pathway and this overexpression, or stimulation of cells with heregulin, has been

shown to induce VEGF mRNA and protein expression in cancer cells (Baghei-Yarmand et

a\.,2000); (Ltu et a\.,1999); (Yen et a|.,2000); (Zhou et a\.,2000).

Because HIF-I has been shown to lie downstream of FIER2 and PI3K-AKT signaling

and upstream of VEGF expression in tumour cells (Feldser et a\.,1999); (Zhong et aL.,2000),

it is likely HIF-1a levels are also increased. Indeed, upon stimulation of cells with heregulin,

an accumulation of HIF-1a protein in non-hypoxic conditions is observed. This accumulation

of HIF-lcr protein through activation of the PI3K pathway by heregulin does not affect HIF-

lcr protein stability, but dramatically increases the rate of protein synthesis (Laughner et aI.,
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2001). mTOR, a downstream target of AKT has also been shown to be required for HIF-lcr

protein synthesis, by the observation that addition of rapamycin markedly inhibited heregulin

induced HIF-lcx translation (Laughner et al., 2001). A potential mechanism involves the

phosphorylation of 4E-BP by mTOR (Gingras et a\.,1999b); (Hara et a\.,1997); (Peterson e/

al., 1999), decreasing its ability to bind to eIF4E, and thereby enhancing cellular translation

rates. However, this mechanism provides a general mechanism of translation up-regulation,

rather than a specific activation of HIF-lcr protein synthesis.

Laughner et al (2001) showed a luciferase reporter driven by the HIF-1cx promoter, and

containing the 5'UTR, increased expression approximately five-fold upon heregulin

stimulation. However, deletion of the last 252 nucleotides of the 5'UTR abolished the

heregulin stimulated gene reporter expression. In chapter 3, I showed data indicating the HIF-

lcl¿ 5'UTR contains an internal ribosome entry site. This led me to hypothesise that the

mechanism of HIF-1a protein up-regulation in response to heregulin stimulation may involve

a specific activation of the IRES.

To assess whether the HIF-lcx IRES was activated by heregulin stimulation, MCFT

breast cancer cells were transfected with the HIF-Iø dicistronic IRES reporters. Data in this

chapter indicate activation of the PI3K pathway by heregulin can concomitantly increase both

cap-dependent translation and HIF-lcr IRES activity and this activation of the HIF-1o IRES

appears to act in an Akt-independent signaling pathway.

5.2 Akt constructs

To assess whether Akt is involved in the up-regulation of the HIF-lcr IRES, two Akt

constructs were used (A kind gift from Dr. Mark Guthridge) as described (Guthridge et al.,
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2000). Briefly, pHA-AKT contains the Akt coding region, driven by the CMV promoter

(Figure 5.1). pmyrAKT-HA contains the SRC-myristylation signal, resulting in a

constitutively active AKT protein. These constructs can be utilised to determine the difference

between overexpression of Akt in cells, and an overexpression of a constitutively

phosphorylated form of Akt to determine whether upstream signaling is required to activate

Akt, and exert its affect on its target genes.

s.3 H stimulation increases HIF-14 Drotein. but not levels

There is conflicting data in the literature on the accumulation of HIF-lcx in response to

activation of the PI3K signaling pathway. Several groups have shown data suggesting the

PI3K pathway can increase HIF-1cr protein levels in non-hypoxic conditions, with little effect

on mRNA levels (Alvarez-Tejado et al., 2002); (Jiang et a1.,2001); (Stiehl et al., 2002);

(Treins et a1.,2002). However, this accumulation appears to be cell line specific, because in

certain cell lines, activation of the PI3K pathway has little effect on HIF-1o protein levels

(Alvarez-Tejado et a1.,2002); (Arsham et a1.,2002). Since the PI3K pathway has been shown

to increase HIF-1cx protein expression in response to activation by epidermal growth factor; I

wanted to determine whether this same accumulation of HIF-14 protein occurred by a

translational mechanism that utilised the IRES present in the 5'UTR of the HIF-lcx mRNA.

Heregulin stimulation will mimic the effect of I{ER2 overexpression, and allow the

determination of the involvement of HIF-1o expression in breast cancer cells.

MCFT cells were serum starved, and subjected to stimulation by fetal calf serum (FCS),

heregulin, or FCS and heregulin, followed by RNA and protein extraction. Stimulation of

serum-starved MCFT cells did not affect HIF-14 mRNA levels, however GAPDH mRNA
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Figure 5.1.

Plasmid maps of the Akt expression vectors pHA-Akt and pmyc-Akt-HA.

A. The plasmid map of pHA-AKT is shown. The AKT coding region is driven from the

CMV Early promoter, which contains an N-terminal HA-tag. The ampicillin resistance

cassette and origin of replication (ori) are also shown. B. The plasmid map of pmyrAKT-

HA is shown. The AKT coding region is driven from the CMV Early promoter, containing

the sequence of the myristylated c-src (myr). The C-terminal HA-tag is shown. The

ampicillin resistance cassette and origin of replication (ori) are also shown. The sequence

from the HindIII to the XbaI site, containing the SRC myristylated residues is also shown.
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levels were increased approximately three-fold in response to all stimuli (Figure 5.2 A and B).

Stimulation with heregulin, or FCS, did not alter HIF-1a mRNA, consistent with previous

results (Laughner et al.,20Ol). HIF-lcx, protein was undetectable in non-stimulated cells, but

upon stimulation with FCS for 24 hours, a band of the approximate size of HIF-lcr was

detected (Figure 5.2C). This same band was also present with cells stimulated with heregulin,

however, to confirm equal loading, blotting with a control is required. This data suggests that

activUpon stimulation with heregulin, an additional band at approximately 40 kDa was 
o

.-^_- observed. The identity of this band is unknown, but may represent cross-reactivity with
trans

the secondary antibody.

5.4 Cap-dependent translation and HIF.lcr IRES activity are

concomitantlv up-regulated in response to herequlin stimulation

Laughner et al (2001) has shown that the 5'UTR of HIF-lcr is essential for increased

protein synthesis in response to heregulin treatment. To test whether this increase in

expression was mediated by the HIF-14 IRES, I subjected stable transfectants of MCFT

cancer cells expressing the dicistronic reporters, pRF, pRhifF, or pstemRhifF to stimulation

with FCS, heregulin, or FCS and heregulin together.

Treatment of serum-starved MCFT cells with FCS, expressing pRF (which is the

control dicistronic reporter construct, containing only a linker sequence between the two

reporter genes), stimulated Renilla luciferase activity (cap-dependent translation)

approximately two-fold, whereas heregulin stimulation resulted in a six-fold increase (Figure

5.34). Treatment of serum starved cells with heregulin and FCS had a more modest

stimulation of the Renilla reporter gene expression (less than three-fold). Firefly luciferase

expression was extremely low, but detectable above background (refer Chapter 3) and in
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Figure 5.2

Endogenous HIF-1a protein levels increase upon heregulin stimulation

MCFT cells were serum starved for 24 hours and exposed to no treatment (SS), 10 Vo FCS

(FCS), 100 nglml heregulin -o (Her) or 10 7o FCS and 100 nglml heregulin-a together

(H+F) for 24 hours prior to harvesting for RNA. A. RNA analysed by RNase protection

assay, using an HIF-lcr specific probe (top panel) or GAPDH internal control (bottom

panel) is indicated. B. RNA was subjected to quantitation by phosphorlmager. The

histogram on left shows HIF-1o mRNA levels, the middle histogram shows GAPDH

counts and the histogram on right shows the ratio of HIF-lcx mRNA to GAPDH mRNA.

The data presented is the mean (tSEM) of duplicate samples from two independent

experiments. C. Western analysis. Cell lysates were prepared from stimulated and

unstimulated cells as indicated and subjected to immunoblot assay with an anti-HlF-lq

polyclonal antibody. The HIF-lcr protein is indicated. The migration of protein size

standards is shown.
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Figure 5.3

Effect of heregulin stimulation on cap-dependent translation

Stably transfected MCFT cells expressing pRF (See Fig 3.2) were serum starved and

exposed to no growth factor (SS, black bars), 10 % FCS (blue bars), 100 ng/ml heregulin

(Her, yellow bars) 10 7o FCS and heregulin together (green bars) for 24 hours and cell

lysates were prepared for dual luciferase assays. A. Histogram showing renilla luciferase

activity. B. Histogram showing firefly luciferase activity. C. Histogram showing the ratio

of firefly to renilla luciferase, with the ratio obtained under serum free conditions given a

value of l. The data shown are means (ISEM) of triplicate samples from each of three

independent experiments. Statistical significance of the difference between SS and

treatment was tested using the two-tailed Students / test (* p< 0.05; ** p< 0.001; *x* p<

0.0001).
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contrast, to renilla luciferase expression, was unaffected by stimulation with FCS or heregulin

(Figure 5.38). This suggests stimulation of serum-starved MCFT cells with heregulin or FCS,

results in a significant increase in renilla luciferase expression, indicating these stimuli can

increase the rate of cap-dependent translation.

Treatment of serum starved MCFT cells expressing pRhifF with FCS or heregulin,

stimulated renilla luciferase activity approximately two fold indicating an up-regulation of

cap-dependent translation, (similar to pRF, Figure 5.34) (Figure 5.44). Firefly luciferase

expression, driven from the HIF-lcr IRES was also increased between 1.5- to 2-fold upon

stimulation with FCS, heregulin, or a combination of the two (Figure 5.48). Due to the

concomitant increase in both renilla and firefly luciferase activity, the ratio of renilla to firefly

luciferase remained largely unaltered in response to all of the stimuli (Figure 5.4C).

To confirm activation of the HIF-lcr IRES in response to heregulin stimulation, and

avoiding the effect of translation of the upstream reporter, (since serum-starvation may create

a more competitive environment for cap-dependent translation of certain mRNAs) the

pstemRhifF dicistronic reporter plasmid was expressed in MCFT cells. Cells were serum

starved and subjected to stimulation with FCS or heregulin, and luciferase activities measured

24 hours post-stimulation. Renilla luciferase activities were low, and unaffected by FCS or

heregulin stimulation, indicating the stem-loop at the 5'end of the mRNA transcript was

suppressing cap-dependent translation (Figure 5.54). The expression of firefly luciferase upon

stimulation with FCS resulted in only a modest increase in activity (1.5 fold), whereas

stimulation with heregulin gave an increase of l.8-fold (Figure 5.58). Exposure to both

heregulin and FCS resulted in l.7-fold increase in firefly luciferase expression, suggesting

heregulin stimulation can saturate HIF-1o IRES expression via PI3K signaling. This results in
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Figure 5.4

Effect of heregulin stimulation on the HIF'1a IRES reporter

Stably transfected MCFT cells expressing pRhifF (See Figure 3.4A) were serum starved

and exposed to no growth factor (SS, black bars), I0 7o FCS (blue bars), 100 ng/ml

heregulin (Her, yellow bars) 10 7o FCS and heregulin together (green bars) for 24 hours

and cell lysates were prepared for dual luciferase assays. A. Histogram showing renilla

luciferase activity. B. Histogram showing firefly luciferase activity. C. Histogram showing

the ratio of firefly to renilla luciferase, relative to the ratio obtained for pRF (Figure 5.2)

under serum free conditions, which was given a value of 1. The data shown are means

(tSEM) of triplicate samples from each of three independent experiments. Statistical

significance of the difference between SS and treatment was tested using the two-tailed

Students / test (* p< 0.01; x* p( 0.001; t<xx p< 0.0001).
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Figure 5.5

Effect of heregulin stimulation on HIF-a IRBS activity

Stably transfected MCFT cells expressing pstemRhifF (See Figure 3.48) were serum

starved and exposed to no growth factor (SS, black bars), 10 % FCS (blue bars), 100 nglml

heregulin (Her, yellow bars) 10 7o FCS and heregulin together (green bars) for 24 hours

and cell lysates were prepared for dual luciferase assays. A. Histogram showing renilla

luciferase activity. B. Histogram showing firefly luciferase activity. C. Histogram showing

the ratio of firefly to renilla luciferase, relative to the ratio obtained for pRF (Figure 5.2)

under serum free conditions, which was given a value of 1. The data shown are means

(ISEM) of triplicate samples from each of three independent experiments. Statistical

significance of the difference between SS and treatment was tested using the two-tailed

Students / test (* p< 0.05; ** p< 0.01; xx* p< 0.001).
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a ratio of firefly to renilla luciferase that increases significantly in response to stimulation with

heregulin (Figure 5.5C), indicating HIF-1o IRES driven firefly luciferase expression may be

increased in response to activation of the PI3K pathway by heregulin.

5.5 of serum-starved MCFT cells with hereeulin does not alter

fTreflv luciferase mRNA levels

The increase of renilla and / or firefly luciferase expression seen in serum starved MCFT

cells containing the pRF, pRhifF, or pstemRhifF reporters stimulated with heregulin or FCS

could be due to an increase in mRNA levels rather than a concomitant increase in reporter

expression due to an up-regulation of translation. To determine the effect of heregulin and

FCS on 6RNA expression levels, RNase protection analysis was performed on RNA extracted

from serum-starved MCFT cells expressing pRF (Figure 5.6A), pRhifF (Figure 5.68), or

pstemRhifF (Figure 5.6C), stimulated with FCS, heregulin, or FCS and heregulin together.

Firefly luciferase mRNA levels for all three reporter plasmids (pRF, pRhifF, and

pstemRhifF) were relatively unaffected upon stimulation with FCS or heregulin (Figure 5.7,

left histograms), indicating the RNA levels of the dicistronic reporter were unaffected by

exposure to stimulus. Quantitation of the internal control, GAPDH, was also measured, and as

seen in Figure 5.2, GAPDH mRNA levels were increased approximately two-fold upon the

stimulation of serum starved cells with FCS, or heregulin (Figure 5.7, middle histograms).

Because the level of GAPDH mRNA, which is used as an internal standard, is increased as a

result of stimulation with FCS or heregulin, data is presented without normalisation, to show

that there is no apparent bias of the HIF-1cr mRNA levels. The levels of GAPDH mRNA were

consistently increased two- to three-fold upon stimulation of MCFT cells with FCS or
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Figure 5.6

Analysis of mRNA levels following Heregulin-c stimulation in MCFT cells

MCFT cells expressing A. pRF, B. pRhifF, C. pstemRhifF were serum starved and exposed

to no growth factor (SS), 10 Vo FCS, 100 nglml heregulin-ø or 10 7o FCS and 100 nglml

heregulin-cx for 24 hours prior to harvesting for RNA. RNA from duplicate samples in

separate dishes was analysed by RNase protection assay and protection products for probe

to firefly luciferase of the reporter plasmid and the protected product for the GAPDH

internal control is indicated.
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Figure 5.7

RNA levels upon Heregulin-ctr treatment in MCFT cells remains relatively unaltered

RNA from figure 5.6 was subjected to quantitation by phosphorlmager. Firefly luciferase

counts are shown in the left histograms and GAPDH counts are shown in the right

histograms. RNA from MCFT stable cell lines expressing A. pRF; B. pRhifF; C'

pstemRhifF are shown. The stimulation of the serum starved cells were 10 % FCS (Blue

bars), 100 nglml heregulin-ø (yellow bars), 10 % FCS and heregulin-cr (green bars) and no

growth factor (Black bars). Data is presented as the mean (tSEM) from duplicate samples

from three independent experiments.
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heregulin, resulting in GAPDH not being an ideal internal control in normalising HIF-1g

mRNA levels. Since HIF-14 mRNA levels were unaltered without normalisation to the

fluctuations observed with GAPDH mRNA levels, this indicates the increased expression of

both renilla and firefly luciferase protein levels (Figures 5.3, 5.4 and 5.5) was due to an up-

regulation of translation, and not increased mRNA expression.

5.6 The PI3K sienaline nathway resulates HIF-La IRES activity

In section 5.4 and 5.5, results indicated that stimulation of MCFT cells with heregulin

causes an increase in HIF-14 IRES activity. To determine whether this increase in HIF-lcx

IRES activity was regulated via the PI3IIAKT signaling pathway, MCFT cells were treated

withLY294002, or wortmannin, which act to specifically inhibit PI3K activity. Treatment of

cells expressing the control dicistronic reporter, pRF, with LY294002, or \ /ortmannin, resulted

in a decrease of renilla luciferase activity (Figure 5.84 left histogram). The decrease in

expression of renilla luciferase was noticeable after 5 hours of treatment, with longer exposure

resulting in a more dramatic loss of expression, holever secondary effects of these chemicals

may contribute to loss of reporter expression at the 24 hour time-point. Firefly luciferase

expression appeared to be decreased to a more modest extent upon treatment with LY294002

or wortmannin, however the expression from the downstream cistron in the absence of an

IRES is extremely low, and quantitation is not reliable (Figure 5.84, middle histogram). This

results in a ratio of firefly to renilla luciferase that remains largely unaffected by treatment

with the PI3K inhibitors (Figure 5.84, right histogram)

MCFT cells expressing the dicistronic reporter plasmid containing the HIF-lcr IRES

(pRhifF) were subjected to the PI3K inhibitors, LY294002 and wortmannin. Renilla luciferase
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Figure 5.8

Effects of PI3 kinase inhibitors on HIF'La IRES function

MCFT cells were transiently transfected with A. pRF or B. pRhifF. Four hours post-

transfection, cells were subjected to either 2 pt}d Wortmannin (W; white bars) or 10 pM

Ly2g4OO2 (LY; blue bars) or left under control conditions (black bars) for either 5 hours or

24 hours as indicated. Cells were harvested and renilla and firefly luciferase acitivities were

measured. The histograms at left show renilla luciferase activity, the middle histograms

show firefly luciferase activity and the histograms at right show the ratio of firefly to renilla

luciferase. The ratios are graphed relative to the ratio obtained for pRF under normal

conditions, which was given a value of 1. The data shown are means (tSEM) of triplicate

samples from two independent experiments.
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Chapter 5 Activation of the PI3K sisnalins nathwav HIF-loIRES activitv

expression was reduced in cells exposed to both of these inhibitors and to a similar extent to

the control plasmid (pRF) (Figure 5.88, left histogram). Firefly luciferase expression was also

decreased concomitantly with renilla luciferase expression (Figure 5.88, middle histogram).

This indicates either there is a decrease in mRNA levels upon exposure to the inhibitors, or

inhibition of the pI3K pathway results in a decrease of both cap-dependent or IRES mediated

translation initiation.

The activation of the PI3K signaling pathway results in the phosphorylation of several

proteins implicated in translation. Signaling from PI3K to AKT and its downstream target,

mammalian target of rapamycin (mTOR) has been shown to phosphorylate 4E-BP, which

positively regulates translation (Gingras et al., 1999b); (Hara et al., 1997); (Peterson et al',

lggg). Other targets of mTOR include the p70 and p85 kinases, which phosphorylate the 56

protein of the 40S ribosomal subunit (Peterson et al., L999), up-regulating translation. Since

HIF-lcr IRES activity increased in response to heregulin (which activates PI3K), and was

suppressed upon inhibition of the PI3K pathway, it was possible that the PI3K-AKT-mTOR

signaling pathway regulates HIF-1o IRES activity. To determine the role of AKT in the

regulation of HIF-lcr IRES function, co-transfection experiments were performed with an

AKT expression vector (pHA-AKT) and a constitutively phosphorylated AKT vector

(pmyrAKT-HA) (Figure 5.1). Co-transfection of pHA-AKT with the dicistronic control

reporter (pRF) resulted in no change in expression of renilla or firefly luciferase when

compared to empty vector (Figure 5.94). Approximately, a l.S-fold increase in renilla

luciferase activity was observed in cells transfected with the constitutively active AKT

plasmid (pmyrAKT-HA), with a more modest effect seen on the downstream cistron. The

AKT plasmids had no effect on firefly luciferase activity when co-transfected with the HIF-1cx,
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Figure 5.9

Regulation of the HIF-14 IRES is not downstream of AKT

MCFT cells transiently co-transfected with A. pRF or B. pRhifF, with empty vector (8.V.),

pHA-AKT (AKT) or pmyrAKT-HA (Akt*) is indicated. Cells were harvested 24 hours

post-transfection and renilla and firefly luciferase activities \ryere measured. The histograms

at left show renilla luciferase activity, the middle histograms show firefly luciferase activity

and the histograms at right show the ratio of firefly to renilla luciferase. The ratios are

graphed relative to the ratio obtained with pRF co-transfected with empty vector, which

was given a value of 1. The data shown are thee mean (tSEM) of triplicate samples from

two independent experiments.
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Chapter 5 Activation of the PI3K si snalins oathwav increases HIF-1cr IRES activitv

IRES, whereas renilla luciferase expression was increased 1.5 and 2-fold with pHA-AKT and

pmyrAKT-HA, respectively (Figure 5.98). This suggests that AKT can positively regulate

cap-dependent translation, however activation of the HIF-lcx IRES may be via another

signaling molecule.

5-7 Summarv and Discussion

The phosphatidylinositol-3 kinase (PI3K) signaling pathway is activated by several

growth factor receptors, including the receptors for IL-3, GM-CSF, PDGF, EGF and insulin

(Guthridge et a1.,2000). The FIER2/neu receptor tyrosine kinase, which is encoded by the

ERBB2 gene, can also activate the PI3K signaling pathway, and this mutation is a common

mutation in breast cancer cells (Pegram et aI., 1998). A downstream target of PI3K is the

serine-threonine kinase, Akt, which, like HIF-I, can induce VEGF mRNA and protein

expression (Barthel et al., 1999); (Jiang et a1.,2000); (Zundel et a1.,2000). An antagonist of

the PI3K signaling pathway is the protein phosphatase, PTEN, which blocks Akt activity and

is frequently mutated in tumour cells (Zundel et al',2000).

The accumulation of HIF-1cr in response to PI3K signaling is somewhat controversial'

Several reports indicate that activation of the PI3K pathway results in an accumulation of HIF-

lcr protein at normal oxygen tension (Jiang et al.,2O0L); (Stiehl et a1.,2002); (Treins et al.,

2OO2); (Zhong et aI., 2000), whereas other groups indicate it is not absolutely required

(Alvarez-Tejado et al., 2002); (Arsham et aI., 2002). Nevertheless, it appears that PI3K-

dependent signals can regulate both the synthesis and stabilisation of HIF-10¿ in tumour cells

(Hudson et a\.,2002); (Laughner et a\.,2001); (Zundel et a\.,2000)'
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The regulation of HIF-1o translation upon stimulation of the PI3K signaling pathway

was first suggested in a study of MDA-MB-Z3I and MDA-MB-468 breast cancer cells, which

have a constitutively activated PI3IlAkt pathway due to a ras mutation and PTEN mutation,

respectively. Blancher et al (2001) showed VEGF expression was reduced in both normoxic

and hypoxic conditions by an inhibitor of PI3K, LY29400} and additionally, HIF-1cr protein

levels were also reduced by the inhibitor under hypoxia. To determine the mechanism of HIF-

lcx protein accumulation via PI3K signaling they utilised a cell line deficient in the VHL

protein, of which VHL is known to be required for ubiquitination and proteasomal degradation

of the HIF-I protein. Their observation was HIF-14 protein levels were regulated in this cell

line, suggesting PI3K signaling may regulate the translation of HIF-lcr. Furthermore, the

synthesis of HIF-lcx protein in response to activation of the PI3K signaling pathway by

heregulin has been shown to be dependent on the 5'UTR (Laughner et a1.,2001). I have

further extended this finding, by showing that stimulation of PI3K by heregulin can up-

regulate the HIF-1o IRES in a dicistronic mRNA. Unlike Laughner et al (2001), who showed

HIF-lcr translation was increased by the PI3K pathway in an Akt - mTOR dependent

pathway, the HIF-1a IRES was not activated by Akt overexpression or a constitutively active

form. This contrast in results may reflect a differing mechanism between the human and the

mouse HIF-1cr 5'UTRs as the human 5'UTR contains three polypyrimidine tracts of 8, 9, and

17 residues (Iyer et aI., 1998b), whereas the mouse 5'UTR contains only one pyrimidine

stretch of 11 nucleotides (Figure 3.9), and these pyrimidine rich regions are potential binding

sites for many proteins implicated in translational regulation.

Laughner et al (2001) showed an approximate 8-fold increase in expression of a

luciferase reporter in response to heregulin, whereas I found IRES activity was increased by
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less than 2-fold. This difference can, in part, be explained by activation of cap-dependent

translation in response to PI3K signaling. Since both the cap-dependent reporter (Renilla

luciferase) and the HIF-lcr IRES driven reporter (firefly luciferase) in the dicistronic reporter

had a combined increase in activity of approximately 4 -5-fold, this possibly suggests the

increase observed from the monocistronic reporter gene may partially be due to an increase in

cap-dependent translation (Laughner et al., 2O0l).

The mechanism by which PI3K signaling increases translation rates of certain classes of

mRNAs is poorly understood, however several key translation factors could be involved. The

most likely involves the phosphorylation of the 4E-BPs, which releases the rateJimiting

translation initiation factor, eIF4E, and positively regulates translation (Raught et a\.,2001). I

have also demonstrated that overexpression of Akt can increase cap-dependent translation, but

has no effect on HIF-1cr IRES activity.

The observation that renilla luciferase activity was increased in response to heregulin

and overexpression of Akt, probably suggests cap-dependent translation of all mRNAs was

increased, suggesting that the total cellular protein levels were also increased. This is however,

not the case as renilla luciferase is likely to be more affected than that of the bulk cellular

protein due to its short half-life, and is therefore more susceptible to stimulated cell growth

and / or cell division. Furthermore, since total cellular protein concentration is with respect to

a number of highly expressed, stable proteins (e.g. p-actin, tubulin, etc.), total protein is not

likely change within the timecourse of the experiments.

Surprisingly, heregulin stimulation had a more dramatic effect on renilla luciferase

activity with the no IRES control reporter (pRF) compared to the plasmid containing the HIF-

1cr IRES (pRhifF). The reason for this difference is unknown, however one possibility is that
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the presence of two potential translation initiation sites in the HIFlcr lRES-containing mRNA

may compete for binding factors, whereas this competition does not exist in the pRF control.

How the pI3K pathway up-regulates translation of the HIF-1o IRES is unknown, as

there has been no implication of any translation initiation factors involved in IRES-mediated

translation (Gingras et aI.,I999a); (Raught et a\.,2001). A plausible explanation involves the

activation of a trans-acting factor, which may bind to the HIF-IG IRES upon stimulation with

heregulin. Surprisingly, Akt overexpression had no effect on HIF-14 IRES function (Figure

5.8), suggesting the IRES may be activated by a pathway independent of Akt and mTOR. In a

recent review, Raught et al (2001), suggest PI3K signaling can activate several translation

initiation factors, such as eIF4G, oIF4B, and inhibit the activity of the 4E-BPs in an mTOR

independent manner, through the activity of unknown kinases. Therefore, the increase in HIF-

la IRES expression from PI3K signaling may involve the activation of other signaling

molecules, by an Akt-mTOR independent mechanism.

since there is approximately a 3 fold-increase in HIF-1d protein expression' but only a

1.5 fold increase in IRES activity, it seems possible that like the c-myc mRNA, the HIF-

1g mRNA is also translated by cap-dependent and cap-independent mechanisms'
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6.L Introduction

A major control point in gene expression is the regulation of mRNA decay. Specific

interactions between mRNA structural elements and RNA-binding proteins, which can be

general or mRNA-specific, regulate the stability of a particular mRNA. Regulated mRNA

stability is achieved through fluctuations in half-lives in response to developmental or

environmental stimuli such as nutrient levels, cytokines, hormones and temperature shifts as

well as environmental stresses such as hypoxia, hypocalcemia, viral infection and tissue injury

(Henriksson et aI., 1996); (Levy et al., 1996); (Moallem et al., 1998); (Short et a1.,2000);

(Staton et a1.,2000); (Trawick et aL,1997).

Several regions of mRNAs have been implicated in the regulation of mRNA decay. Of

these, the 3'UTR has emerged as having a major role in containing elements that control

mRNA decay. The AU-rich element (ARE), has been recognised as a potent destabilising

element in the 3'UTR of a wide variety of short-lived mRNAs such as proto-oncogenes and

cytokines (Section L1.2.3). The codingregion of mRNAs such as c-fos, c-myc and B-tubulin

have been shown to contain decay elements, indicating several regions of these classes of

mRNAs contain elements capable of regulating their gene expression (Bachurski e/ at.,1994);

(Schiavi et a1.,1994); (Wisdom et a1.,1991).

The 5'UTR has often been considered as the region of the mRNA involved in

regulation of translation, but is now being recognised as playing a potential role in mRNA

stability. For example, studies have identified elements within the 5'UTR of the interleukin-2

mRNA, which in part, is involved in its stabilisation during T-cell activation (Chen et aI.,

103



Chanter 6 Lons G C rich 5'IITRs containinq IRESs mav be more suscentihl to mRNA
instability

2000). Therefore, mRNAs subject to this mode of regulation may provide a link between

mRNA stability and translation in the expression of genes.

Our laboratory has investigated the stabilisation of VEGF mRNA in response to

hypoxia. Surprisingly, the VEGF mRNA contains destabilising regions within the 5'UTR,

coding region, and 3'UTR, which can independently promote mRNA degradation, and act in

concert to cause rapid degradation (Dibbens et a\.,1999). Stabilisation of the VEGF mRNA in

response to low oxygen tension requires cooperation of elements in each of the 5'UTR, coding

and 3'UTR. In addition, our laboratory and others have shown that the VEGF 5'UTR contains

an internal ribosome entry site (Akiri et al., 1998); (Huez et a1.,1998); (Miller et aL,1998);

(Stein et aI., 1998). This led me to hypothesise that VEGF IRES activity may be associated

with mRNA destabilisation.

In this chapter, data from deletions of the mouse VEGF 5'UTR indicate a link between

VEGF IRES activity and mRNA instability. Analysis of mRNA instabiliry of 5'UTRs

containing IRESs (X-linked inhibitor of. apoptosis (XIAP), HIF-lcx and c-myc) is also

presented.

mRNA instabilitv

To determine the region(s) of instability in the VEGF 5'IJTR, a series of deletion

constructs were made in the pfGH reporter vector (Figure 2.6 of the Materials and Methods

section). The entire mouse VEGF 5'UTR was cloned into the 5'UTR of the pfGH vector by

incorporating an NcoI site at the growth hormone initiation codon by PCR amplification with

oligonucleotides 23135V and 24129Y from pV5NBgl163 (Damert et al., 1997) and cloning a
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HindIIIto NcoI fragment (sequence coordinates 1218 to 2234 (Shima et al., L996)) into the

same sites of pfGH (Dibbens et a1.,1999) (Figure 6.1) (forprimer sequences, referto section

2.3 of the Materials and Methods). Deletions were made by PCR amplification of pfvegfGH,

using oligonucleotides containing a 5' HindIII and 3' NcoI site to clone into the 5'UTR of

growth hormone (Figure 6.1). pfv42GH contains the first 738 nucleotides (coordinates l2l1 -
1955) of the \IEGF 5'UTR and was PCR amplified using oligonucleotides 48124Y and

23/35V. To construct pfv43GH, PCR amplification was performed using oligonucleotides

49127V and 23135Y, producing a 480 base pair fragment (coordinates l2l7 - 1697), and,

cloned into pfGH. pfv44GH contains the first 325 nucleotides (coordinates l2l7 - 1542) of

the VEGF 5'UTR and was PCR amplified using oligonucleotides 50/26V and23l35Y.To

generate pfv45GH, PCR amplification was performed using oligonucleotides 5I/32Y and

24129V, producing a 685 base pair fragment (coordinates 1594 - 2234), and cloned into pfGH.

To construct pfv46GH and pfv47GH, PCR amplification was performed using

oligonucleotides 52/32V and 24/29V and 53/33V and 24/29Y, producing a 685 (coordinates

1677 - 2234) and a 282 (coordinates L952 - 2234) base pair fragment and cloned into pfGH,

respectively. pfv48GH was constructed by digesting pV5NBgl163 (Damert et a1.,1997) with

B glI and EagI, generating an 499 base pair fragment (coordinate s 1562 - 2061), and blunt-end

ligated into pfGH (Figure 6.1).

The same VEGF 5'UTR deletion series was inserted into the dicistronic reporter, pRF, to

measure relative IRES activity. To clone the same VEGF deletions into pRF, the VEGF

deletions were excised from the pfGH vector by digestion with NheI and NcoI, and ligated into

the reporter plasmid digested with SpeI and NcoI, to produce pRv42F through pRv47F (Figure

6.2). The dicistronic reporter containing the v48 deletion was created by PCR amplification

105



Figure 6.L

fGH reporter constructs containing various deletions of the VEGF S'UTR to measure

instability

Constructs shown in this figure were made by Dr. Justin Dibbens. A. and B. The creation of

the reporter plasmid pfvegfGH (Figure A) and the corresponding deletions (Figure B) is

shown. The numbers refer to the nucleotide sequence of the VEGF 5'UTR, where 1

represents nucleotide number L2l7 of Genbank accession number U41383. All VEGF

5'UTR deletions were generated by PCR, digestion with HindnI and NcoI, and ligation into

pfGH. The NcoI site was utilised to ensure the VEGF 5'UTR was 'in-frame' with the

growth hormone coding region.

Abbreviations: c-fos, chicken fos promoter; HGH, human growth hormone; VEGF,

vascular endothelial growth factor; Neo, neomycin; BGH, bovine growth hormone poly(A)

signal; Amp, ampicillin resistance gene
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Figure 6.2

Dicistronic reporter constructs containing various deletions of the VEGF S'UTR to

measure IRES activity.

The control dicistonic reporter pRF is shown in linear form (refer to Figure 3.2).The entire

VEGF 5'UTR (pRvegfF) is shown, with the various deletions below. The numbers refer to

the nucleotide sequence of the VEGF 5'UTR. All VEGF 5'UTR deletions were generated

by digestion of their corresponding pfGH vectors (See Figure 6.1) with NheI and NcoI, and

ligation into pRF, except Rv48F, which was generated by PCR amplification.

Abbreviations: SV40, SV40 early promoter; Luc, Luciferase; VEGF, vascular endothelial

growth factor.
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using oligonucleotides 5'V48 and 3'V48 containing an SpeI and NcoI site, respectively,

generating a fragment of 499 base pairs, and ligated into pRF'

To create the plasmids pRxiapF and pRxiap(-43144^A)F, the XIAP 5'UTRs were PCR

amplified from plasmids ppgal/huTR/cAT and ppgal/Py(-43l44AAyCAT (A kind gift from

Dr. M. Holcik) with oligonucleotides XIAP5Spe and XIAP3wt; and XIAP5Spe and

XIAp3mut respectively (see section 2.3 of the Materials and Methods). This generated

fragments of 990 base pairs, which were ligated into pRF digested with SpeI and NcoI (Figure

6.3). The same 5'UTRs were inserted into the pfGH reporter vector by PCR amplification,

using the dicistronic reporters as the templates and oligonucleotides XIAPSHind and the

appropriate 3'primer as described above. These PCR products were cloned into pfGH,

digested with HindIII and NcoIto generate pfxiapGH and pfxiap(-43144A^)GH (Figure 6.4)'

To create pflrifGH and pfmycGH, the respective S'UTRs were excised from pRhifF and

pRmycF, respectively, and digested with spel and NcoI (generating fragments of 286 and396

base pairs). These PCR fragments were ligated into the 5'UTR of growth hormone of pfGH

digested with NheI and NcoI (Figure 6.5)'

6.3 VEGF 5'UTR mRNA bilisation correlates with IRES activitv

On the basis of previous results, the VEGF 5'UTR contains elements that confer mRNA

instability in normal oxygen condition (Dibbens et al., 1999). To further investigate the

region(s) of the 1017 nucleotide 5'UTR, deletions into pfGH were constructed (these

constructs were created by Dr. Justin Dibbens) (Figure 6.1). These deletion constructs, along

with, pfGH (refer Figure 2.6) and the full length VEGF 5'UTR (Figure 6'1) were transfected

into NIH3T3 cells, and a polyclonal population of G418 resistant cells was established'
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Figure 6.3

Construction of dicistronic reporters containing the XIAP 5'UTR to assay IRES

activity

A. and B. The construction of the reporter plasmids, pRxiapF (Figure A) and pRxiap(

43,44AA)F is shown. The XIAP 5'UTRs (As described in Holcik et al, 1999; Figure

6.104) were amplified by PCR and inserted into the pRF vector. Cloning at the 3' end of

the XIAP S'UTRs utilised the NcoI site to ensure that the firefly luciferase coding region

remained 'in-frame'.

Abbreviations: Amp', Ampicillin resistance gene; ori, origin of replication; SV40, SV40

early promoter; XIAP, X-linked inhibitor of apoptosis'
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Figure 6.4

Construction of pfGH reporters containing the XIAP 5'UTR to assay mRNA

instability

A. and B. The creation of plasmids pfxiapGH (Figure A) and pfxiap(-43,4444)GH (Figure

B) is shown. The XIAP S'IJTR's are as described previously (Holcik et al, 1999; and

Figure 6.104). Cloning at the 3' end of the XIAP 5'UTRs utilised the NcoI site to ensure

the HGH coding region remained 'in-frame'. The 'X' represents the region of mutation in

the XIAP 5'UTR of 5,-UGUUCUCUUUUU-3' tO 5'-AGAACUCUUULIU-3,.

Abbreviations: Amp', Ampicillin resistance gene; HGH, human growth hormone; Neo,

neomycin; BGH, bovine growth hormone poly(A) signal; c-fos, chicken fos promoter;

XIAP, X-linked inhibitor of apoptosis.
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Figure 6.5

Construction of pfGH reporters containing the HIF-1o or c-myc S'UTRs to assay

mRNA instability

A. and B. The creation of the reporter plasmids pftrifGH (Figure A) and pfmycGH (Figure

B) is shown. Cloning at the 3' end of the HIF-lcr and c-myc 5'UTR utilised the NcoI site to

ensure that the HGH coding region remained 'in-frame'.

Abbreviations: Amp', Ampicillin resistance gene; HGH, human growth hormone; Neo,

neomycin; BGH, bovine growth hormone poly(A) signal; c-fos, chicken fos promoter; HIF-

1ø, hypoxia-inducible factor-1cx.
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Transcription of the normally stable fGH mRNA is driven from the c-fos promoter, from

which a brief pulse of transcription can be generated by serum stimulation, allowing

subsequent degradation of the mRNA to be monitored (Dibbens et al., 1999); (Lagnado et aI.,

L994). This system allows a direct means of determining the stability of mRNAs, rather than

an indirect means, such as changes in the steady-state levels of reporter enzymes or the use of

nonspecific inhibitors of transcription.

Insertion of the VEGF 5'UTR into the reporter gene substantially destabilised the fGH

reporter mRNA under normoxic conditions (Figure 6.6 A and B), demonstrating the presence

of destabilising elements in the 5'UTR. Deletion of the VEGF 5'UTR from the 5'end resulted

in a more stable reporter mRNA when compared to the full length S'UTR, with the larger the

deletion, the more stable the mRNA (Figure 6.64). Deletion from the 3' end gave a similar

result, with the larger the 5'UTR inserted into the pfGH reporter, the more unstable the

mRNA. Additionally, pfv48GH, which contains an intemal region of the VEGF 5'UTR

(coordinates 345 - 844) could recapitulate the instability observed with the full length 5'UTR,

indicating this 499 nucleotide region contains elements sufficient for destabilisation of the

fGH reporter mRNA.

To determine whether mRNA destabilisation and IRES activity were linked, the same

VEGF 5'UTR deletions were cloned into the pRF dicistronic reporter vector (Figure 6.2).

These constructs were transiently transfected into NIH3T3 and HeLa cells, and renilla and

firefly luciferase activities measured 24 hours post-transfection. Deletion of the last 279

nucleotides of the VEGF 5'UTR (pRv42F), resulted in no loss of IRES activity compared to

the full length 5'UTR in both NIH3T3 and HeLa cells (Figure 6.7 and 6.8 respectively). A

further deletion from the 3' end of the 5'UTR of 258 nucleotides (pRv43F) resulted in more
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Figure 6.6

The effect of deletions of the VEGF s'UTR on the reporter mRNA

Total RNA was isolated after serum stimulation of NIH3T3 cells expressing the fGH

transcript, the fvegfGH transcript or various deletions of the VEGF 5'UTR and subjected to

RNase protection analysis. Time courses of the RNase protection data is shown- Each line

on the graphs is labeled with the sequence name. Data presented is representative of 3

independent experiments. Data presented in this figure is work performed by Dr. Justin

Dibbens.
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Figure 6.7

Deletion analysis of IRES activity of the VEGF S'UTR in NIH3T3 fibroblasts

A schematic representation of the dicistronic constructs used in this analysis is shown.

Constructs are based on the pRF vector. Inserts include the entire VEGF 5'UTR (pRvegfF)

and deletions and fragments of this sequence are indicated. The VEGF 5'UTR construct

designation indicates the exact nucleotide sequence deleted in each construct. Constructs

were transiently transfected into NIH3T3 cells and renilla and firefly luciferase activities

measured 24 hours post-transfection. IRES activities are represented as a percentage of the

full VEGF 5'UTR. Dafa arc presented as the mean (tSEM) of triplicate samples from four

independent experiments.
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than a 70 7o reduction in IRES activity, with further deletion from the 3'end having only a

modest effect on VEGF IRES function in both NIH3T3 and HeLa cells (Figure 6.7 and 6.8).

Deletion of the VEGF 5'UTR from the 5' end resulted in only a mild decrease in IRES

activity in both cell lines when 332 nucleotides were removed (pRv45F). Deletion of 460 and

735 nucleotides from the 5'end showed a gradual loss of firefly luciferase reporter expression

in NIH3T3 cells (Figure 6.7). However, in HeLa cells, deletion of 460 nucleotides did not

result in any further loss of activity, whereas removal of 735 nucleotides saw a loss of 70 7o

(Figure 6.8). Deletion of both the 5' and 3'ends (pRv48F) showed a45 %o decrease in IRES

activity in both cell lines, indicating multiple regions of the VEGF 5'UTR are required for

maximal IRES function. These findings are consistent with other VEGF 5'UTR deletion

studies on IRES function, which indicate that multiple regions are required for maximal IRES

function (Akiri et a\.,1998); (Huez et a\.,1998); (Miller et aL,199g); (stein et al.,l99s).

To compare the effect of VEGF mRNA destabilisation in the fGH reporter, pRNA

half-lives were calculated and compared to the 7o of IRES activity (Figure 6.9). The half-life

of the fGH mRNA without any insert was greater than 8 hours, however, with the VEGF

5'UTR inserted upstream of the growth hormone coding region, the half-life was shortened to

0.9 hours. Deletion of the last 279 nucleotides of the VEGF 5'UTR (construct v42) resulted in

a further increase in stabilisation of the reporter mRNA, with no loss of IRES activity.

However, a further deletion of 258 nucleotides (constructs v43) resulted in a further increase

in mRNA stabilisation, and a dramatic loss of IRES function. Further deletion from the 3, end

(construct v44) results in a further loss of both IRES function in both cell types, and a gain in

mRNA stability, suggesting there may be regions within the VEGF 5'UTR that share function

with IRES activity and mRNA destabilisation.
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Figure 6.8

Deletion analysis of IRES activity of the VEGF 5'UTR in HeLa cells

A schematic representation of the dicistronic constructs used in this analysis is shown'

Constructs are based on the pRF vector. Inserts include the entire VEGF 5'UTR (pRvegfF)

and deletions and fragments of this sequence are indicated. The VEGF 5'UTR construct

designation indicates the exact nucleotide sequence deleted in each construct- Constructs

were transiently transfected into HeLa cells and renilla and firefly luciferase activities

measured 24 hours post-transfection. IRES activities are represented as a percentage of the

full VEGF 5'UTR. Data are presented as the mean (tSEM) of triplicate samples from four

independent experiments.
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Figure 6.9

correlation between VEGF IRBS activity and mRNA instability

A schematic representation of the VEGF regions used in the analysis of IRES activity and

6RNA stability is shown. VEGF regions include full length 5'UTR (vegÐ with deletions

and fragments of this sequence. Control plasmids for IRES activity (pRF) and mRNA

stability (pfGH) are indicated. ND, not determined.



vegf

v42

v43

v44

v45

v46

v47

v48

PRF

pfGH

1 101?

1 73f

1 480

1 325

460 rcL'l

735 toL'l

345 844

mRNA Ll2llfe
(Hours)

0.9

r.6

I.4

7o IRES Activity

NIH3T3 HeLa

100 100

98.2 r02.2

27.1 31.1

t9.3 18.8

79.7 77.5

62.r 97.8

46.9 2r.3

49.7 48.7

2.9

ND

1.0

1.9

1.0

ND

7.r

11

ND ND

332 101t



to
instability

Deletion from the 5' end indicates the larger the deletion into the 5'UTR, the more

stable the reporter mRNA becomes, and the greater the loss of IRES activity is observed,

consistent with there being a direct correlation between IRES activity and instability of the

mRNA.

6.4 The XIAP IRES cannot destabilise fGH mRNA

To test the possibility that IRES activity may promote pRNA instability, a literature

search was performed to find an IRES with associated deletion studies showing a functional

and non-functional IRES. The 1007 nucleotide long X-Linked inhibitor of Apoptosis (XIAp)

5'UTR contains an IRES, and deletion of the polypyrimidine tract, located 35 - 44 nucleotides

upstream of the initiation codon, resulted in a complete ablation of IRES activity (Holcik er

al., 1999). To determine the effect of the wild+ype XIAP 5'UTR and the pyrimidine tract

mutant (pBgal/hUTR/CAT and ppgalÆy(-43144AA)/CAT (A kind gifr from Dr. Marrin

Holcik) (Figure 6.104), the S'UTRs were cloned into the dicistronic reporter vector, pRF

(Figure 6.3) and the activity of the XIAP 5'UTR and mutant were assayed in my system.

Consistent with Holcik et al (1999), the XIAP 5'UTR initiated translation of the downstream

firefly luciferase reporter, 300 fold in NIH3T3 and 800 fold in HeLa cells compared to the

control vector (Figure 6.10B and C, respectively). The two base pair substitution in the

polypyrimidine tract of the XIAP 5'UTR, had a complete loss of firefly expression, in both

cell lines, indicating loss of IRES activity. Therefore these results indicate this pyrimidine

stretch is important in IRES function. The 5'UTR of XIAP, therefore provided a good model

system containing a mutant with a complete loss of IRES function and a wild-type 5,UTR

with good IRES activity to assess whether IRES activity regulates mRNA instability.
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Figure 6.10

IRES actÍvity of the XIAP S'UTR

A. A schematic representation of the XIAP 5'UTR constructs received from Dr. Martin

Holcik. The human XIAP 5'UTR was inserted into the dicistronic plasmid ppgal/CAT (P-

gal is B-galactosidase). The sequence of the polypyrimidine tract is indicated for both

constructs, with the base substitutions underlined. B. XIAP IRES activity in NIH3T3 cells.

NIH3T3 cells were transiently transfected with pRF (control) pRxiapF (wild-type) or

pRxiap(-44,4344)F (mutant). Renilla and firefly luciferase activities were determined 24

hours post-transfection, and IRES activities represented as ratios of firefly to renilla

luciferase. The ratios for each cell line are graphed relative to pRF, which was given a

value of 1. Data presented are the mean (ISEM) of triplicate samples from three

independent experiments. C. XIAP IRES activity in HeLa cells. HeLa cells were transiently

transfected with pRF (control) pRxiapF (wild-type) or pRxiap(-44,43AA)F (mutant).

Renilla and firefly luciferase activities were determined 24 hours post-transfection, and

IRES activities represented as ratios of firefly to renilla luciferase. The ratios for each cell

line are graphed relative to pRF, which was given a value of 1. Data presented are the mean

(tSEM) of triplicate samples from three independent experiments.
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To determine whether the XIAP 5'UTR could destabilise the fGH reporter mRNA, the

wild-type and mutant XIAP 5'UTRs were cloned into the pfGH vector (Figure 6.4). NIH3T3

cells expressing pfGH, VEGF S'UTR, XIAP 5'UTR or XIAP(-43,44AA) were subjecred to

serum stimulation, and subsequent degradation of the reporter mRNA was measured. Insertion

of the VEGF 5'UTR into the reporter gene substantially destabilised the fGH reporter mRNA

(Figure 6.11, pfGH and pfvegfGH), as shown previously (Dibbens et aI., 1999). However,

insertion of the XIAP 5'UTR into pfGH had no destabilising effect on the reporter mRNA

(Figure 6.11, pfxiapcH). Additionally, mutation of the pyrimidine tract in the XIAP 5'UTR

had no effect on the fGH reporter mRNA (Figure 6.11, pfxiap(-43,44AA)GH), indicating the

pyrimidine tract is not important in the regulation of XIAP mRNA stability. It remains

possible that the XIAP IRES may function by a different mechanism to the majority of cellular

S'UTRs that contain IRESs because the XIAP 5'UTR is unusual in that it is A + T rich (70 7o),

and IRES function is located within a small stretch of the long 5'UTR. Most cellular IRES

discovered, tend to have a high G + C rich content (Table 1.1), and deletion often reveals a

distribution of IRES activity throughout the 5'UTR. This difference in IRES function may

indicate why the XIAP 5'uTR could not destabilise the fGH reporter mRNA.

6.5 G+ C rich S'UTRs containins IRESs mav also contain mRNA

destabilisation elements

To determine whether IRES activity of G + C rich cellular 5'UTRs can destabilise the

fGH reporter mRNA, the HIF-lcr and c-myc 5'UTRs were utilised. The HIF-1o and c-myc

5'UTRs are G + C rich (72 and65 7o, respectively) and contain an IRES (Figure 6.12).To

determine the efficiency of IRES function, the HIF-1o and c-myc 5'UTRs were inserted into
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Figure 6.LL

The XIAP 5'UTR cannot destabilise the fGH reporter

A. Phospholmager analysis of representative RNase protection gels. RNA was isolated at

the indicated times after serum stimulation of NIH3T3 cells stably transfected with variants

of the fGH gene containing the indicated sequences inserted upstream of the growth

hormone coding region. The upper band is the protection product from probe for the growth

hormone region of the fGH reporter; the lower band is the protection product from the

GAPDH internal control. Representative RNase protection gels are shown for each

construct. Also shown are the undigested and digested (in the presence of 10 pg tRNA)

probes for growth hormone and GAPDH. B. Time course of degradation of the fGH

reporters. Each line on the graph is labeled with the sequence name. Data presented is the

mean (tSEM) of duplicate samples from two independent experiments, normalised with

respect to GAPDH.
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Figure 6.L2

HIF-1o and c-myc IRES activity in NIH3T3 and HeLa cells

A. and B. HeLa cells were transiently transfected with pRF, pRhifF or pRmycF as

indicated. Renilla and firefly luciferase activities were determined 24 hours post-

transfection and IRES activities represented as ratios of firefly to renilla luciferase. The

ratios for each cell line are graphed relative to pRF, which was given a value of 1. Data

presented are the mean (tSEM) of triplicate samples from three independent experiments.

Modified from figure 3.17.
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the pRF dicistronic reporter plasmid, and luciferase activities quantitated 24 hours post-

transfection. The HIF-lcr and c-myc 5'UTRs could both initiate translation of the firefly

luciferase cistron to a similar rate, indicating that these IRESs are of a similar strength in this

reporter system in both NIH3T3 and HeLa cells'

To assess whether G + C rich S'UTRs containing IRES elements are intrinsically

destabilising, the HIF-lcr and the c-myc S'UTRs were inserted into the 5'UTR of the fGH

reporter gene, yielding pftrifGH and pfmycGH, respectively (Figure 6'5)' Decay of the

reporter 
'RNA 

was measured after serum stimulation of the c-þs promoter. Both the HIF-Iü

and c-myc 5'UTRs destabilised the reporter mRNA (Figure 6.134 and B), demonstrating that

these G + C rich 5'UTRs contain functional destabilising elements. Despite the size difference

between the VEGF, HIF-lcr and c-myc 5'UTRs (1014, 286,396 nucleotides, respectively), the

decay of the reporter mRNA was similar with each 5'UTR, indicating the relative size of the

5,UTR is not important in the destabilisation of the fGH mRNA. This suggests that G + C rich

5'UTRs containing IRESs may also be susceptible to mRNA instability'

6.6 Summarv and

previous work in our laboratory identified multiple, independently functional

destabilising elements of the VEGF mRNA (Dibbens et al., 1999). These destabilising

elements were located in the 5'uTR, coding region and 3'uTR, and at least two regions of the

mRNA were required to recapitulate the destabilisation of the entire VEGF transcript.

Sequences within the 5'UTR that affect translation initiation have also been shown to

influence mRNA half-lives, providing a possible link between mRNA stability and translation

(Oliveira et a\.,1995); (Ross 1995)'

to
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Figure 6.L3

The HIF-lcr and c-myc S'UTRs confer instability in NIH3T3 fÏbroblasts

A. Phosphorlmager analysis of representative RNase protection gels. RNA was isolated at

the indicated times after serum stimulation of NIH3T3 cells stably transfected with variants

of the fGH gene containing the indicated sequences inserted upstream of the growth

hormone coding region. The upper band is the protection product from probe for the growth

hormone region of the fGH reporter; the lower band is the protection product from the

GAPDH internal control. Representative RNase protection gels are shown for each

construct. B. Time course of degradation of the fGH reporters. Each line on the graph is

labeled with the sequence name. Data presented is the mean (ISEM) of duplicate samples

from two independent experiments, normalised with respect to GAPDH'
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The 5'UTR of VEGF has been shown to contain an internal ribosome entry site (Akiri et

aI., 1998); (Huez et al., 1998); (Miller et al., 1998); (Stein et al., 1998), and contains an

additional characteristic of an in-frame open-reading frame that can support alternative

translation initiation from upstream CUGs (Meiron et a\.,2001). Because of the possible link

between 6RNA stability and translation, it was possible the presence of the IRESs in the

5'UTR may contain mRNA instability elements. I found by deleting regions of the VEGF

5,UTR and assaying for both mRNA stability and IRES activity in the pfGH and pRF reporter

plasmids, respectively, there was a correlation between IRES activity and mRNA instability.

Several deletions that showed a large decrease in IRES function also showed an increase in

stability of the mRNA, suggesting these regions contain elements that function in both mRNA

stability and IRES function. Notably, IRES activity was more severely affected than stability,

possibly for two reasons. Firstly, the sensitivity of the luciferase reporters is higher than the

fGH reporter system, and secondly, the fos promoter produces a transcriptional pulse for

approximately 30 minutes (Rivera et al., 1990), and may not be able to resolve half-lives

significantly less than I hour (Dibbeîs et a1.,1999)'

VEGF is the first example of an mRNA that contains both an IRES and mRNA

instability elements in the 5'UTR. My expectation was cellular mRNAs containing IRESs may

also be subject to mRNA instability, linking IRES-mediated translation with mRNA instability

as a common mechanism of gene regulation. However, the Xlinked inhibitor of apoptosis

(XIAP) 5'IJTR, although capable of initiating internal ribosome entry in two different reporter

systems, and in different cell types was unable to destabilise the fGH reporter mRNA' This

indicates that not all mRNAs containing IRESs in the 5'UTR contain instability elements.

However, the XIAp IRES is unusual in that it is A + T rich and IRES activity is strongly

regulated by a small polypyrimidine tract (Holcik eî al., 1999)' This is not a common
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characteristic of most cellular IRESs, which are generally G + C rich, and the activity of the

IRES is not easily definable, as multiple regions are required in the formation of secondary

structure, constituting the IRES (Le et a\.,1997).

Analysis of the HIF-lcx and c-myc 5'UTRs revealed that they both contain IRESs

(Nanbru etaI., 1997); (Nanbru etaL.,2001); (Stoneley eta\.,1998)(Chapter3)andbothcan

destabilise the fGH mRNA to a similar extent to the VEGF 5'UTR. The finding suggests that

G + C rich 5'UTRs that contain IRES elements may also be subjected to regulation by mRNA

instability. The c-myc mRNA transcript contains instability elements in the 3'UTR and coding

region (Herrick et aI., 1994); (Wisdom et aI., 1991), and I have identified the 5'UTR as

containing an instability element, indicating, like the VEGF mRNA, the c-myc transcript

contains independent instability elements in the 5', coding and 3'UTR.

The HIF-lcx mRNA transcript has been shown to be constitutively expressed in

normoxic and hypoxic conditions (Iyer et aL,1998b), however, it has been postulated it may

be subject to regulation at the mRNA level of gene expression due to the presence of several

AREs in the 3'UTR (Iyer et al.,I998b); (Lagnado et aL, L994); (Wang et al.,I995a).I found

the HIF-1o 5'UTR can destabilise the fGH reporter mRNA, suggesting that the HIF-lcx

mRNA may be subject to regulation by mRNA destabilisation in normal oxygen conditions,

however this is yet to be determined. The significance of this finding indicates that like VEGF,

HIF-14 is subject to tight regulation at multiple levels of gene expression to ensure it is

induced rapidly in response to external stimuli, but can also be rapidly switched off upon

removal of the stimulus.

A number of genes in plants, Escherichia coli, Saccharomyces cerevisiae, and animals

show regulation of mRNA via elements in their 5'UTRs. These include, nitrate reductase
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(Cannons et aI., 2002), chloroplast genes rbcl- and atpB (Anthonisen et al., 200I),

Saccharomyces cerevisiae AP-l like transcription factor Yap2 (Vilela et al., 1999), a pre-

spore-specific mRNA AC9I4 (Chiaberge et aL,1998) and E. coli omp{ transcript (Arnold er

a1.,1998). Because this type of gene regulation is present in bacteria, yeast, and plant, it is not

surprising that it is now being recognised in mammalian cells, with this study identifying the

HIF-1o and c-myc 5'UTRs as containing destabilising elements. Whether the genes listed

above also contain IRESs in their 5'UTRs remains to be determined, but the majority have

relatively long and G + C rich S'UTRs, making them good candidates.

Data presented in this chapter suggests that cellular mRNAs containing IRES elements

may contain mRNA instability elements, which may provide unique therapeutic strategies in

controlling these genes, when they are inappropriately expressed. This is the first example of

mRNAs containing an IRES and instability elements in their 5'IJTRs, and provides a potential

link between mRNA instability and translation and further indicates the complex regulation of

genes containing long 5'UTRs.
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7.1 Final Discussion

The main aim of work presented in this thesis was to examine the function of the

5'UTR present in the hypoxia-inducible factor-lcr mRNA, which had similarities with other

S'UTRs containing IRESs. The majority of eukaryotic mRNAs have S'UTRs of 20 - 100

nucleotides, and shortening to less than 72 nucleotides impairs the efficiency of translation

from the first AUG codon (Kozak 1987); (Kozak 1991). Increasing rhe length of the 5'UTR

can increase the efficiency of translation, however many mRNAs with unusually long 5'UTRs

are poorly translated due to the presence of upstream AUGs, CUGs, upstream open reading

frames and / or secondary structure (Kozak 1987); (Kozak l99I). It has been recently

discovered that a number of mRNAs with long 5'UTRs contain internal ribosome entry sites

(Hellen et a\.,200I); (Vagner et aL.,2001). Work presented in this thesis demonstrated that the

5'UTR of HIF-1cr contained an internal ribosome entry site, and it is utilised under conditions

that may be inhibitory to cap-dependent translation.

The HIF-14 IRES adds to the list of internal ribosome entry sites discovered in cellular

mRNAs. The question remains however, how many cellular mRNAs contain an IRES in their

5' UTR? Interestingly, not all long G + C rich 5'UTRs contain IRESs, as our laboratory has

shown that the 5'UTR of the early-growth response-l (EGR-l) mRNA (which is 280

nucleotides long and G + C nch Q7 Vo)), poorly initiates translation of a downstream reporter

gene in a dicistronic assay (R. Grepin and G. Goodall, unpublished observation). All genes

containing IRESs reported to date, are required to be translated under conditions that may not

be favourable for maximal rates of cap-dependent translation. Several IRESs that have been

shown to be required during a cellular stress condition, and are likely to impact on global

translation rates includes: c-myc and X-linked inhibitor of apoptosis during apoptosis (Holcìk
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et a1.,2000); (Stoneley et a1.,2000a); cat-l during amino acid deprivation (Fernandez et al.,

2001); ODC and p58 during cell-cycle (Cornelis et a\.,2000); (Pyronnet et a\.,2000), Rbm3 in

hypothermic conditions (Chappell et a1.,2001); and VEGF and HIF-lcr under hypoxia (Stein

et al., 1998Xthis studY).

I have shown data indicating that exposure of cells to low oxygen fot 24 hours

suppresses cellular translation rates by 50 7o altough the mechanism by which hypoxia

suppresses translation is poorly understood. It is postulated that the phosphorylation status of

initiation factors, like eIF4E and eIF2 are central to the regulation of global translation rates,

and it is likely that these two factors are tightly controlled, particularly under stress conditions,

like hypoxia (Gingras et al., lggg) (Sachs et aL, 1997). Several other initiation factors that

may be involved in regulating global translation rates are eIF4B, oIF4G and eIF3, and are

further implicated in the suppression of translation in response to stress, such as hypoxia,

however no detailed analysis of their regulation has been shown (Gray & Hentze, 1998)

(Marcotrigiano et at.,1999) (Morley et al., 1997)'

One study has shown the availability of eIF4E is reduced due to its association with 4E-

Bpl in hypoxic conditions, however it is thought that other mechanisms contribute to the

suppression of protein synthesis (Tinton et aI.,1999). Since oIF4E is only partially responsible

for the suppression of translation under hypoxia, it is reasonable to suspect that the

phosphorylation status of eIF2 is affected, although this has yet to be shown. In normal

cellular conditions, eIF2 binds GTP and the initiator tRNA and delivers this complex to the

small ribosomal subunit (pain, 1996). Phosphorylation of eIF2 results in an inhibition of GTP

cycling, resulting in a suppression of translation (Gray et al., 1993)' This mechanism of

translation inhibition is utilised under conditions such as heme deficiency, uncharged tRNAs
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or double-stranded RNA (Clemens et aL, 1997); (Hershey et al., 1996), and may also play a

pivotal role in the regulation of translation under hypoxia.

Although its regulation is not well understood, eIF4G is also a good candidate for global

regulation of translation, particularly under stress conditions as it has been suggested to be

limiting in cells (like eIF4E), and it appears to be tightly regulated in cells, with its level of

synthesis and turnover controlled (Gan et aI., 1996); (Gan et al., 1998); (Johannes et al.,

1998); (Morley et al., 1997).It appears that proteins known as eIF4G decoys (referred to as

NATI, DAP-5 or p97), may regulate the level of eIF4G in the cell (Morley et a1.,1997). These

eIF4G decoy proteins appear to act through their affinity for eIF3 and eIF4A, and thus can

suppress both cap-dependent and lRES-mediated translation (Hentze L997); (Imataka et al.,

1991). This mechanism of translational down-regulation may explain, in part, the decrease in

reporter gene expression from both the cap-driven and IRES-driven reporters of the dicistronic

mRNA under conditions of serum deprivation.

The analysis of IRES activity from HIF-10( 5'UTR deletions indicated multiple regions

were required for maximal activity of the IRES. This is in concordance with many other

cellular IRESs reported including VEGF (Huez et al., 1998), c-myc (Stoneley et al., 1998),

and FMRl (Chiang et al.,2O0I). Two other classes of IRES elements have been implicated in

cellular 5'IJTRs, namely an 18S rRNA complementarity region and a polypyrimidine tract,

which is central to the activity of the IRES (Chappell et a1.,2000a); (Holcik et al., 1999).

Surprisingly, the HIF-1cr 5'UTR contains both types of these elements, with data indicating

that the 18S rRNA complementarity region was not essential for IRES function, and the

polypyrimidine tract, in contrast to the role of most IRESs (particularly the viral IRESs)

seemed to have a repressing function in HIF-14 IRES activity. It seems likely that a trans-
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acting binding protein is involved in the regulation of HIF-lcr IRES activity via the

polypyrimidine tract, however this has yet to be elucidated. Several trans-acting factors have

been shown to bind to pyrimidine residues in the S'UTRs of both cellular and viral IRESs, and

play a role in the regulation of the IRES (Gosert et a\.,2000); (Hellen & Sarnow, 2001). These

factors do not appear to play a role in promoting translation initiation, but rather bind to attain,

or maintain a conformation, allowing the recruitment of the initiation factors (Hellen et al.,

200L). The notion that trans-acting factors regulate the efficiency of IRES activity is

supported by observations indicating IRES expression is increased in rabbit reticulocyte

lysates upon the addition of HeLa extract, and the differing efficiencies of IRESs in different

cell types (Borman et al., 1991). These trans-acttng factors include, polypyrimidine tract

binding protein (PTB), La autoantigen and poly (rC) binding protein (PCBP) (Mitchell et al.,

2001); (Holcik & Korneluk, 2001). PTB has been reported to repress IRES function of the Bip

IRES (Kim et al., 2000), with all other trans-acting factors shown to be involved in the

activation of IRES activity (reviewed in (Hellen et aL.,2001))

The finding that the polypyrimidine tract in the HIF-1c 5'UTR may act as a repressing

site potentiates this as a site for therapeutic intervention. Since there are benefits for the

expression and inhibition of HIF-lcx, protein levels in ischemic tissue and tumours,

respectively, regulation of the IRES may be a possible site of controlling expression.

However, due to the increasing numbers in cellular mRNAs containing IRESs, a general

activation or suppression of IRESs is not likely to be beneficial, particularly when one

considers the diversity of genes encoding mRNAs that contain an IRES. The most attractive

and specific mechanism of regulating IRESs may be to target the trans-acting factors that bind

to the IRES, and in the case of HIF-lct, it may be possible to target the potential binding
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protein to the polypyrimidine tract and control the amount of HIF-lcr protein that is

synthesised.

Data presented in chapter 5 indicated that the HIF-1crIRES had increased expression in

response to activation of the PI3K signaling pathway by heregulin. HIF-1crIRES expression

was concomitant with an increase in cap-dependent reporter levels, that was shown to be due

to a translational affect, as mRNA levels were constant. The PI3K signaling pathway has been

implicated in the regulation of translation initiation, via signaling through mTOR and

phosphorylation of 4E-BP, releasing eIF4E and up-regulating translation (Gingras et aL,

1999b); (Hara et al., 1991); (Peterson et al., 1999). The mechanism by which activation of

translation initiation factors could specifically activate the HIF-1cxIRES is unknown, since the

majority of these factors would also increase cap-dependent translation. Since there is a dual

increase in expression of both reporters of the dicistronic mRNA, its seems possible that

activation of the PI3K signaling pathway does not specifically increase expression of the HIF-

1a IRES, but rather an up-regulation of factors involved in global translation.

The finding that overexpression of Akt (a downstream target of PI3K) had no affect on

HIF-1cx IRES function, but resulted in an increase in expression of the cap-dependent reporter,

suggests that other signaling pathways may be involved in the activation of the IRES.

Downstream targets of PI3K, other than Akt and mTOR are relatively unknown, however

there is some evidence for the activation of the mitogen activated protein kinase (MAPK)

members by PI3K (Graness et aI., 1998). Interestingly, activation of the epidermal growth

factor receptor in MCFT cells leads to the phosphorylation of Akt and ERK1/2 (Weng et al.,

2OO2). Therefore, heregulin activation of MCFT cells may also result in the phosphorylation of

ERK|/2, providing an alternative mechanism of translational up-regulation, as activation of
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the MAPK pathway has been shown to phosphorylate eIF4E, and increase translation rates

(Fukunaga et al., 1997); (Waskiewicz et aI., L997). Specific inhibition of PI3K blocked this

activation of both cap-dependent and IRES-mediated reporters, indicating that PI3K does play

a role in HIF-1o IRES mediated translation. This suggests that HIF-lct IRES-mediated

translation is increased via activation of PI3K, through a pathway that is independent of Akt,

but may involve activation of the ERK/MAPK signal transduction pathway. This could be

determined by the use of chemical inhibitors that are specific for the ERK/MAPK signaling

pathway to determine whether this has an effect on HIF-lcr IRES function.

This is only the second demonstration of a cellular IRES that is regulated by a signaling

pathway, the tìrst being the up-regulation of c-myc IRES activity in response to activation of

the MAPK pathway (Stoneley et a1.,2000a). This result is consistent with the finding of

increased expression of the dicistronic mRNA reporters containing the HIF-la 5'UTR

(pRhifF) upon heregulin stimulation, showing a concomitant increase in expression of both the

cap-dependent driven reporter and the IRES driven reporter. The specificity of up-regulation

of cellular IRES activity in response to these signaling pathways remains to be determined, but

may involve a factor involved in both cap-dependent and lRES-mediated translation since

there was an increase in expression of both reporters from the dicistronic mRNA.

In this thesis I have demonstrated an interesting correlation between IRES activity, and

mRNA instability (Chapter 6). This observation was based on instability data from regions of

the VEGF 5'UTR (Dr. Justin Dibbens, unpublished), that correlated with IRES deletion data.

However, this characteristic is not present in all cellular IRESs, as the XIAP 5'UTR could not

destabilise the fGH reporter mRNA.
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The finding that the HIF-lcx and c-myc 5'UTRs could destabilise the fGH reporter

mRNA indicates that this mode of regulation is not restricted to the VEGF mRNA. The

mechanism of how these cellular IRESs can promote mRNA destabilisation is not understood,

however it appears that sequence may be important. It has been shown that the VEGF 5,UTR

can bind PTB and this binding is independent of IRES activity, suggesting that it may have

another role (Huez et al., 1998). PTB has been implicated to play a role in mRNA stability

(kwin et al., l99l); (Tillmar et al., 2002), which may provide a mechanism for its binding to

the 5'UTR in VEGF mRNA. Analysis of the 5'UTR sequences of HIF-1o, c-myc and XIAp

yielded the presence of 1 (11 nucleotides in length), 4 (8,7,11, and 7 nucleotides in length)

and 2 (8 and 11 nucleotides in length) pyrimidine stretches, respectively. The pyrimidine

stretch in the XIAP 5'UTR has been shown to bind La autoantigen (Holcik et a1.,2000),

which indicates PTB may play a role in the instability of these mRNAs, assuming that it can

bind to these pyrimidine rich regions of the HIF-1o and c-myc 5'UTRs. This notion links the

mechanism of mRNA instability and lRES-mediated translation as PTB has been shown to

play a role in both cellular functions (hwin et al., I99l); (Kaminski & Jackson, l99g); (I{tm et

aI., 2000); (Mitchell et al., 2001). This unidentified protein may yield some interesting

findings, and may be the missing link between IRES function and mRNA instability.

In this thesis I have shown that the HIF-1o 5'UTR contains an IRES, and this provides

an alternative mechanism of translation under hypoxia. I also raise the possibility that

signaling through the PI3K signaling pathway may activate the HIF-1cr IRES and provides a

novel mechanism of gene expression. I show for the first time that the HIF-lcr IRES contains

mRNA instability determinants, and further indicate that IRES activity from G + C rich

5'UTRs may promote mRNA destabilisation. Overall, this thesis has contributed to the
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understanding of the function of the HIF-lcx 5'UTR, and that multiple modes of regulation

exist.
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